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ABSTRACT 

Zeolite L is a novel synthetic zeolite-for which 

promising adsorption properties have previou'sly been 

reported. The sorption behaviour of Zeolite L and of. the 

structurally related zeolites erionite and offretite were 

studied in the present work, using rare gases as sorbates. 

Ion-exchanged forms prepared for the adsorption experiments 

were 	Na-, K-, Cs-, Ba- and La-enriched forms of L; Na-

and K-enriched forms of erionite; and decationated forms from 

all three zeolites. The degrees of ion-exchange,  were found 

to be restricted within specific limits for a given zeolite. 

Unit cell parameters of the ion-exchanged forms of L were 

determined and a dependence on cation composition found. 

Reversible changes in the structure at high temperature were 

found for all ion-exchanged forms of Zeolite L (except LiL 

and HL) and for decationated offretite. Irreversible altera-

tions were observed fOr the exchanged forms of erionite. For 

the Ba-form of zeolite L an X-ray structure analysis showed 

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), 

equilibrium constants - for Kr and thermodynamic properties of 

the sorbent/sorbate systems were determined. 

Further studies were made on selected systems as follows: 

a) Krypton isotherms on KL, BaL and LaL were used to 

evaluate the coefficients, A, of the isotherm equation.  

=Ilexp(2AI  Cs A2s  C2  11A 
3 s C3 	...) and the thermodynamic 

properties in the standard state;- 

b) from argon and xenon adsorption on NaL, KL and BaL, 

isosteric heats, entropies and other thermodynamic properties 

were determined; 

c) 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 and related structures yielded 

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

and Li, K-VV; and poorly crystalline offretite. 'Reproduc-

ible co-crystallisation of zeolite L, erionite and offretite 

was found and attributed to building units common to the 

three zeolites. Epitaxy of L and offretite and intergrowth 

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

Among the alumosilicates(1) zeolites present an 

individual group, because of their typical open frame-

work structures, enclosing channels and cavities. These 

interstices comprise the free volumes of a structure, 

and are filled with cations and water molecules, both 

loosely bonded and capable of replacement(2). 

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(3) 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. Its emptied 

channels and cavities, which now provide a free pore 

system, have diameters of molecular dimensions. The 

diameters are "quite precise and controlled as accurately 

as the nositions of the lattice atoms surrounding them".(5) 

The nores are tailored all to one or a few sets of dimen-

sions(6). These facts form the main basis for the extensive 

application of zeolites in industry as molecular sieves(3) 

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

The structure of a given zeolite is its most specific 

and individual characteristic, dominating even its chemical 

composition. On the basis of their structures, zeolites 

are classified in seven groups(6) named after typical 

members: 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 chcmists(10). It 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(119 12). 

The members of the chabazite group are normally hexa-

gonal or trigonal. They possess a common type of simple 

chains of 4-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 closer 

relationship. 

Information about space groups, unit cell dimensions, 

chemical composition and free volumes of these three zeolites 

is presented in Table 1. Each of the considered zeolites 

has, parallel to its c direction, chains of alternatively 

following cancrinite cages and hexagonal prisms (Figs. la, 

b and c). For zeolite L and offretite the chains are 

identical, having in each layer exactly the same orientation 

of the cancrinite cages (Fig. 2a). The chains in erionite 

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

* SBU - secondary building units. 
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TABLE  1 

The space groups and unit cells with their 

contents for the three zeolites considered 

Offretite Erionite Zeolite L 

pZin2 P6
3 
/mmc P6/mmm 

o o o 
a = 13.31A a = 13.26A a = 18.4A 

o 0 0 
c = 	7.59A c = 15.12A c = 	7.5A 

(Ca,Mg,K2)2.5A45  

si 	1-I 130  3oA5 2o  

(Ca,Mg,Na2,K2)4.5  

AZ9si27072271120  

K6Na3A.
9 

Si2707221H20  

Bennett and Gard Staples and Gard Barrer and Villiger 
(1967) (1959) (1969). 

Sheppard and Gude 
(1969) 

V*1 	= 	1160 V = 2320 V = 2205 

vf*2  = 	400 Vf= 800 vf= 610 	. 

Vf 	= 	0.40 Vf= 0.40 Vf= 0.28' 
V V V 

0./ 
*1  V - volume of the unit cell, 

o 
*2  V1- free volume of the unit cell, A3. 



a 

b 

Figs. la, b and c. The structures viewed down a axis. 
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Fig 2 a 

Chain 	in 

Zeolite L and 

Offretite 

Fig 2b 

Chain in 

Erionite 



on its axis through 60o relative to the previous cage. 

(Fig. 2b). 

In zeolite L the chains are joined together to form 

planar twelve membered rings, which circumscribe wide 

channels running in the c direction with "entrances" of 
o , 

7.1-7.8A and largest free diameters of 13A (Figs. 3a and 
4a). The joining of the chains in erionite and 'offretite 

does not result in planar twelve membered rings. Distorted 

twelve membered rings are formed with a maximum free dia- 
0 

meter of 6.3A. In offretite these twelve membered rings 

form cylindrical channels, parallel to the c direction 

(Fig. 3b and 4b). In erionite they circumscribe only cavi- 

ties down the c direction (Fig. lc) with the above diameter 

and with a length of 15.12A. The cavities are capped at 

the top and bottom by six membered rings (Fig. 3c and 4c) 

and are joined together by eight membered rings with free 

diameter 3.5A. Apertures of eight membered rings exist also 

in offretite. They give access from the main channel to 

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

From the above description and figures it is easy to 

visualise not only the identical chains (see p. 15 ) parallel 

to the c direction in zeolite L and offretite, but also 

identical layers, perpendicular to c direction, in erionite 

and offretite (Fig. 4b and 4c). This exact resemblance of 

particular domains of the structures of zeolite 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 three 

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. lb,c 
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a 

Figs. 3a, b and c. The structures viewed down c-axis. 
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a. 	Zeolite L. 

b. Offretite. 	c. Drionite. 

Figs.. 4a, b and c. c projection. Unit Cells. 
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and 3b,c). Since it is in the free volumes within the 

structure that the adsorption takes place in case of 

zeolites, this resemblance is 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, penetrating 

the eight membered rings, the adsorption behaviour of 
erionite and offretite will be closely comparable. 

However, the type and magnitude of the free volumes 

in a 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 heiiagonal prism; 

TABLE 2* 

Cation Site 
Fractional 
Occupancy. x y z 

Na,K A 0.7 1/3 2/3 0 

K(1) B 1,0 1/3 2/3 1/2 

K(2) C 009 0 1/2 1/2 

Na(2) D 0.6 0 0.303 0 

* 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 Break 

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 

adsorption 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 flarrer and Marshall(16) had obtained from Ba 

containing aluminosilicate gels crystals termed Ba-G which 

sorbed oxygen, and were subsequently found to resemble 

zeolite L. However at that time the sample was not further 

invesigated. 

In a series of syntheses 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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(C1-c7), 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 observed in the bulk liquids. The sample used was 

identical with L-IC (see p. 68 ). 

Barrer and Kanellopoulos(19) established that sorption 

of ammonia and "ammonium chloride" vapour on the K form of 
zeolite L was reversible and that sorption from the mixture 

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 ammonia 

were investigated. 

Natural erionite was first described by Eakle in 1898(20) 

and natural offretite by Gonnard in 1890(21). Erionite is 

abundant 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 zeolites is of 

interest. After comparing the X-ray powder patterns Hey and 

Fejer(24) stated that offretite and erionite 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 the 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 refraction that are higher 

than those for erionite and in addition that offretite has a 
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negative optical sign, while erionite has a positive one. 

Those facts can be used as auxiliary means for distinguish-

ing between the two zeolites. 

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 -196oC. Peterson et al(28), on the other hand, 

found a considerable uptake even of C111, and sorption of 

nitrogen at -780C on a sample rich in K. Both studies reported 

a maximum degree of ion exchange of 50%. Peterson et al(28) 

noticed differences in sorption properties among the eight 

samples investigated. 

Barrer and Peterson(29) calculated interaction potentials 

between n-paraffins and the oxygen atoms of eight membered 

rings in erionite, chabazite and zeolite 5A. In accord 

with the calculated values they found for one of the samples 

investigated that the rates of adsorption of n-paraffins 

were in the order: 5A>chabazite>erionite. However, a 

second sample of erionite showed rates of adsorption nearly 

the same as those in 5A. 

Eberly found(30) that adsorption rates of n-paraffins 

(C5-C8) 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 replacement series independent of the 

hydration state of the entering cations(32). 

Adsorption and ion-exchange studies on natural offretite 

have not been published so far. 

In 1960 Brock and Acara patented a synthesis of zeolite 

T(33) which was believed to be a synthetic erionite. The 

zeolite is prepared from (K,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 patentl 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 erionite, 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 adsorption(39,40) 

properties of synthetic samples considered as erionite. 

Shirinskaya et al(37) prepared crystals enriched in Ni, Co, 

Zn, Cd, Ca, Sr, Ba, Mg and Ph and found degrees of ion 

exchange between 40 and 670; and also a reversible exchange 

back into the original (K,Ya)- 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-

gated(38) by X-ray powder method and water adsorption. No 

damage of the structures was observed. Zdanov and Novikov(40) 

prepared decationated forms by acid treatment and found 

that the water sorption on these products and on the NH44.  

form depended on the temperature of outgassing. 

Sherry carried out an ion-exchange study(41) on zeolite T 

after Bennet and Gard's publication. lie 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 NH4  

Further relevant details from the above papers will be 

discussed at appropriate 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 

prepared to investigate the dependence of the properties 

of zeolite L upon the cation composition. Rare gases 

were chosen for this purpose, because of the simplicity 

of their molecules. Conclusions drawn from such systems 

can give basic information about the behaviour of both 

polar and non-polar Eorbates(42). 

The thermostabilities of different ion-exchanged forms 

of zeolite L 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 positions in the hydrated and the dehydrated 

state for one sample. 

The conditions of syntheses of zeolite 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 zeolite L. 

The theoretical one was connected with the importance of 

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 zeolite has been 

far from sufficient and therefore a further investigation 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 contradiction due mainly 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. For 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 theoretically. 



CHAPTER I  

2 6 . 

THEORETICAL BACKGROUND AN]) GENERAL INFORMATION 
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1. DIFFRACTION METHODS FOR 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 structure requires 

a determination of the space group(43), the size and the 

shape of the unit cell and the position of all atoms in the 

unit cell. The elaborate and sophisticated way of achieving 

this by diffraction of X-rays from a single crystal or 

crystalline powder is based on two main facts: 1) The 

specific 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 aspects of 

the above problem will be dealt with briefly. They are 

indexing of X-ray powder patterns; calculation of intensities 

of the diffracted lihes; 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 G hk,e 
to the indices (hi-a) through the squared reciprocal lattice 

2/ vector r* 031. The latter is often called, in practice, Qlikt, • 
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r*2 	1 	4sin29hkt 	.... (1.1-1) hlc8 	 d2 	A 2
hk 8 

h2a*2 4.  k2h*2 + e2c*2  
r*2 =+ 21]ka*b*cosY* + 

2hea*c*cosp* + 

2keb*c*cosd:* ... (1.1-2) 

(hke) Miller indices. Give the coordinates of a point in 

the reciprocal space. 

dhke spacing between planes (hkt) 

Ohke Bragg angle(43). 

wavelength of X-ray. 

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

01:*,p * and V** interaxial angles of the reciprocal lattice 

unit cell. 

In the case of a hexagonal lattice, the above equation 

is simplified to 

Qhke 	(h2 hk  4.  k2)a*2 e20*2 = a* IN 	
2 4.e  2c* 	(1.1-3) 

1, 3, 4, 	• • • etc. 	„e 2 = 1, 4, 9, 16 	etc. 

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 to estimate a 

change in the magnitude of the lattice parameters or to 

interpret an alteration in the intensity of certain lines. 

1.1.3 Scattering 'of X-rays 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 

f 	 A = a  
Ac 

.... (1.1-4) 

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 on its total atomic composition and 

arrangement. The resulting scattering of a unit cell is 

expressed by a complex quantity F - a structure factor(44) 

J 

Flike = 	f e 2Tri(hx 	kyi 	zj) .... (1.1-5) 
j=1 

J 	- 	number of atoms in a unit cell . 

fi - 	atomic scattering factor. 

x.
J
,y and z. - fractional coordinates of an atom in the 

unit cell. 

(lake) - Miller indices. 

The structure factor is often expreSed in terms of 

its real and imaginary components: 

Fhk4 = A + iB 

A = 2:f
3 
 cos2Tt(hx

3 
 4. ky

3 
 + ez

3 
 ) 

B = Ilf
i 
 sin2Tt(hx3 	J 

+ ky. 4- Ez
i 
 ) 

. (1.1-6) 

. (1.1-6a) 

. (1.1 -6b) 

The magnitude of the structure factor is called the 

structure amplitude 

IFhke. = 
	A .4. B2 
	

• • • • (1.1-7) 

The intensity of scattering is directly related to 

Fhkei
2 . For the powder method the relation is: 



V  LEE Fhk6exp(-2ni(hx fi ky 	Ez) ) 	(1.1-9 1)(xYz) = h k 

cal 

hke 	I 	LpMi 	Is Fhke  2  ()  1.1-8) 
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Io - intensity of the direct X-ray beam. 

multiplicity factor of reflecting planes, which 

is given by the number of planes in a crystal which 

contribute to the same diffraction arc. 
14-cos28 

Lp  - Lorentz polarization factors(44) L - p 	sinGcos0 ,where 0 is 

the Bragg angle. 

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

reflections recorded on one photograph. 

1.1.4 	Fourier syntheses 

As the atoms are arranged in a periodic fashion in 

space, the electron density also varies periodically through 

the crystal. The structure could be deduced, or structural 

alteration found, from the positions of peaks of the electron 

density map. The three dimensional electron density function 

is the Fourier transform of the sum of all the f(xyz) 
structure factors Fhke.  with their phases. 

V - volume of the unit cell. 

The other quantities are as defined previously. 

The summation is to be made over all possible values 

of hke and requires knowledge of the structure factors and 

their phase angles(44). The last are not experimentally 

obtainable(44), so the Fourier 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), taro typesof Fourier maps are 

computed: maps based on the calculated values of 

the structure factor, F, and maps based on the 

"observed" values, Fo
, of the structure factor. From 

the differences of the corresponding i(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(F) =fobs I cal I)  I Fobs 
	... (1.1-10) 

R(1)  =[ E Iobs-ical)  I /E Iobs ..-. (1.1-11) 

R(p) 	reliability factor based on the structure factor. 

R(1) - 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*1 are broadly similar. There are, 

however, a number of important differences which enable 

the results from the two methods to complement each 

other(45,46). 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 more readily with 

matter than X-rays, and this makes it necessary to use in 
0 	 0 

practice very Yuan single crystals of 500A up to 1000A 

edge. Thus, the ED is a useful method for studying fine 

crystalline materials, from which a single crystal large 

enough for X-ray diffraction cannot be selected. This isofter, 

the situation in the case of synthetic zeolites. 

The short wavelength has its theoretical importance 

in explaining the formation of ED patterns from single 

crystals(45,47) and their resemblance Co the X-ray ones 

from the precession camera(48). It is also the reason 

for extremely low limits of the Bragg angles in ED.' This 

last result follows from a direct application of Bragg's 

law 

Example: A= 0.042A at V = 80kv. 

= 0.5A dhict 
SinG nt= hk~ A 

2d 

*1 Electron diffraction will be abbreviated to ED. 

*2 Fast electrons(45) are under consideration. In the 

text the term "electrons"will refer only to fast ones. 
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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 

of the unit cell and thus the nroviding of data for 
indexing X-ray powder patterns; examination of selected 

areas from a crystal agglomerate; and correlation of 

the morphology 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 microscope. 

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

tg2Ohke 	R 	... (1.2-1) 

radius of a reflection ring from (h,k,l) planes. 

L - "length" 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 (die) 

... (1.2-2) 

- wavelength of the electron beam at a given voltage. 

A L 
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. Specimen 	Viewing screen 
Electromagnetic lens • 

Diffracted electron beam 

Fig. 5 	Basic elements of electron diffraction camera(47). 
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Fig. 6 Ray paths in the electron microscope 

(a) under microscopy conditions 
(b) diffraction conditions(47). 
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The "length" L, as described above, is in fact 

a fictitious 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 N.L 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 comprises 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 

0 
larger (27A

4 
 at 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 plane(47). 

Thus, if a plane of the reciprocal 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. 

(Fig. 7). 

• 	• 

• 

• • 

Fig. 7. 
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In order to derive the formulae used for solving 

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

atoms. In Fig. 8(49) such a case is presented. The 

electron beam falls at an angle 	o, while the diffrac-

ted beat: is propagated at an angle § . From the above 

figure it follows that: 

1) = 71- 	- 	 .... (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 = acos 0 	acos 	.... (1.2-4) 

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: 

hA  

asinf ,o 

Further consideration of Fig. 8 gives 

.... (1.2-5) 

tgf S 
L (1.2-6) 

which helps to transform equation (1.2-5) to one of the 

final relationships used for solving ED patterns of 

single crystals. 

h s - AL  
asinr o 

.... (1.2-7) 

s - separation distance between diffraction bands. 

AL - diffraction constant of the electron microscope. 
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Fig 9 



when the electron beam is Perpendicular to a row, 

equation (1.2-7) is simplified to: 

h A L  s 	 ... (1.2-8) 
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: 

38. 

sa* 
AL AL sb*  
a 

... (1.2-9) 

sa* separation of the rows along a* direction. 

sb* separation of the rows along b* direction. 

The relation between the reciprocal lattice constants 

a* and b* and the real lattice constants a and b follows 

from equation (1.2-9) and simple geometrical consideration 

of Fig. 9 
sa* = a*sin(71--0 = AL 

a resp. b*s in (11.--Y) 

 

= 
b* ... (1.2-1 

 

1r- angle between lattice directions a and b. 

As the reciprocal lattice constants 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 relationships have 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 from disordered stacking of layers 

in a crystal structure. The presence of such faults can 

be proved by an examination of the electron- or X-ray 

diffraction patterns of a single crystal. An elongation 

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 = 	 ... (1.2..11) 

t 

B - width of the spot. 

t - thickness defined as above. 

JAL - 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 the 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 by the number of consecutive, Correctly stacked 

layers. The lower this number, the thinner-the region and 

the longer the spots. 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 ZEOLITES 

2.1 MODIFICATION OF ZEOLITES 

2.1.1 Modification by ion-exchange and decationation 

A simple way of modification of zeolites is by ion-

exchange. Cations are always present in the zeolite voids 

in number electrochemically equivalent to the negative 

framework charge whereas water and other neutral molecules 
are only casual visitors(51). 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 apertures or windows giving 

access to intracrystalline cavities will, by obstrUcting 

the windows, reduce rates of intracrystalline diffusion of 

molecules, especially when the windows are of small or moder-

ate size - for example, when they are eight 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. Usually only the cations 

in the first two kinds of position readily undergo ion-

exchange at room temperature 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+  i=± Cs+) alters the fraction of the 

free volume occupied by cations, while the density of 

cations remains constant. An exchange of cations of 
N 

different valency, but of comparable size k2K+--4  Bat+  ) 

produces the opposite result. When the difference in 

valency is greater (3K+z4La3+), 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 certainty as those of the framework 0, At 

and Si(6). Thermal and positional disorder, partial 

occupancy of sites, twinning and other imperfections, and 

frequently lack of crystals big enough for single crystal 

X-ray diffraction, have usually hampered the investigations. 

Considerable success has been achieved in the case 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 exist(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 hydrogen 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 NI-fit-zeolite: 



42. 

\I/ 	\I/ 
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Decationated forms are usually reported as less stable 

to heating than the parent forms, containing Na, 

etc. (57,58). Completely opposite observations were 

recently announced(59), claiming stability of decationised 

zeolite Y up to 1000°C. An explanation of this effect was 

offered(60), based on the role of the chemical water and 

formation of cationic aluminium: 
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The above mechanism in fact treats a case where decat-

ionation is followed by dealumination(61). However, if 

this mechanism is correct any technique in which a little 

of the chemical water is kept in the system during the 



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/At 

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 recrystalli-

sation into another structure has been observed(62). An 

impressive example of that is the formation of basic sodalite 

from NaA, after treatment of the latter,with 10 Na0H(64). 

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 quick and reversible modification of certain zeolites 

has been achieved by presorption, at low temperatures, of 

small polar molecules like NfL, H20, CH3NH2. Such molecules, 

strongly held and immobile at low temperatures, can reduce 

the diffusion coefficientsof other non-polar 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 cooling rates 

result in a different, non-equilibrium distribution of the 

presorbed molecules. 
A 

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 zeolites(66,67) indicate that one may easily 

leave residual water. 
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2.1.3 Thermal stability of zeolites 

The chemical reactivity of zeolites towards 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 temperature 

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 sample. 

Zeolites with high Si/As. 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 

both 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 hardly 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 zeolites can be influenced 

by the sorbate, such as gaseous hydrogen halides or water. 

In the case of such sorbates, damage can occurafter a 

single adsorption/desorption cycle (110). 

Thermal stability can be influenced by the degree of 

washing of the zeolite. It has been found(73) that the 

stability 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 Factors governing zeolite crystallisation 

In nature zeolites are formed under alkaline, 

hydrothermal 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 final product. 

Important 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 depends also on the state and origin 

of the raw materials 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. For a particular synthesis, one 

usually restricts the ratio of Si and Ae , water content, 

pH and nature of cations. Some authors emphasise 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 formation 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 important are the order of introducing 

the ingredients of the mixture .(15),the manner and the 

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

the components and processing them, i.e. time of ageing (77), 

time of. heating (75),and time of keeping the crystals in 

contact with the mother liquor(78). 

Long-term emperical 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 temperature hydrothermal conditions 

at saturated water vapour pressure; and a high degree of 

supersaturation of the components in the gel, which leads 

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

2.2.2 Mechanism of zeolite crystallisation 

Synthetic zeolites are often not true equilibrium 

phases because where highly reactive amorphous reactants 

are used - which is the case with the mixtures for zeolite 

syntheses - metastable ensembles may 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 SiO44- 
 
and Ag045- tetrahedral ions and cations by 

the developing lattice. Barrer considers(75) that a conden-

sation polymerisation of polygonals or polyhedral ions is a .  

more probable way of zeolite growth: One could think of a 

variety of simple comtlex anions of joined Si-Ae, 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). 

If some terminal OH groups are visualised in the above 

secondary building units (SBU), a further condensation 

polymerisation could take place and produce larger aggregates 

like those shown in Fig. 10b. Such chains of 4-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 joining 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). 

Physical 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 phase of the reaction mixtures are responsible 

for the growth of zeolite crystals. 

The systems, from 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-O-At network in the gel skeleton. 

In almost all cases investigated, 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 rearrangement of the structure 

of the (Si-O-A2 ) network of the gel but with changes in 

its composition. An example of the role of the liquid 

phase is the case of recrystallisation of zeolite A into 

zeolite X when its mother liquor is washed out and replaced 

by tnNa0H(81). Several similar examples have been also 

observed(64). 

2.2.3 Co-crystallisation of zeolites 

The simultaneous 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 



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 involves competitive 

nucleation of several metlastable phases, as discussed 

in the previous section. Information given in Table 3 
illustrates cases of co-crystallisation. 

49. 
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TABLE 3. 

Data from hydrothermal syntheses 

Co-crystallising phases Cation+
4  

Reference 

Analcite, mordenite. Na (117),(121),(63: 

Analcite, 	sodolite. Na (121) 

Analcite, mordenite, ferrierite. Ca (119) 

Analcite, nhillipsite. K (83) 
Analcite, phillipsite. Na (63) 

Analcite, mordenite, wairakite. Ca (82) 

Analcite, cancrinite. Na (75) 
Epistilbite, harmotome. Ca (119) 

Epistilbite, heulandite. Na (120).  

Faujasite, chabazite, phiAlipsite. Na,K (81) 

Faujasite, phillipsite, 	sodalite, 
Linde Y. Na (81) 

Faujasite, sodalite. TMA*2  (119) 

Faujasite, phillipsite, erionite. Na,K (40) 
Sodalite, harmotome, TNA (119) 

NaX, NaY, sodolite. Na (63),(122) 

Chabazite, phillipsite, Ti-I. K (122) 

Chabazite, phillipsite, 	zeolite F. K (34)1 (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, 	epistilbite. Ca (119) 

Zeolite A, 	sodalite. Na (81), 	(140) 

*1  Cation contained in the alumosilicate gel. 

*2  Tetramethyl ammonium cation. 
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ADSORPTION 

. 3.1 THERMODYNAMICS OF ADSORPTION 

In spite of the long history of the study of 

adsorption and extensive experimental work in thin 

field, the application of thermodynamics to physical 

adsorption in a comprehensive way is quite recent. 

There are several ways in which the adsorption system 

could be regarded from a thermodynamical point of view. 

In modern thermodynamics 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(84), but developed 

in detail by Hill(85). The method leads to an evaluation 

of partial molarthermodynamic properties. The latter 

have been found(86,87) to be more sensitive to small 

differences in energy of the adsorbed molecules, than 

the corresponding molar 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 sorbent phase. This approach leads to 

an evaluation of the molar thermodynamic properties and 

operates with the so-called "spreading pressure", g(88) as 

an independent characteristic of the sorbate. The evalua-

tion of g is tedious and may lead to errors in the calcu-
lated properties. In general this method is less often 

applied. 

In the present work the approach of solution thereto. 
dynamics is employed more frequently, but this of adsorption 

thermodynamics is also used. 



3.1.1 Thermodynamic properties of the sorbent/sorbate 

system. 

Isosteric heat. 

The most explicit and widely used thermodynamic 

characteristic of a given adsorption process is its iso- 

steric heat, gst,(89)  which is usually evaluated from 

the Clausius-Clapeyron equation. For a vapour which 

obeys the laws of perfect gases, this equation is given 

in the following well known form: 

52. 

( Estnii) 

ST 	RT2 
a 

- 	1. = 11„1,2 cist 
RTC 

• • • 3.1-1) 

P - equilibrium pressure of adsorption. 

T - equilibrium temperature of adsorption. 
co 
Hg - molar entalpy of the sorbate in the gas phase. 

R1-  differential entalpy of the sorbate in the adsorbed 
phase. 

The isosteric heats are obtained by plotting LnP 

for a fixed uptake vs 1/T for each of a series of experi- 

mental isotherms measured at different temperatures. The 
c•2 

integral (molar) heat of adsorption, 	can be estimated 

by a graphical integration of plots of the differential 

quantities,ALT _- ( 	q st) against the corresponding amounts 

adsorbed, n; 

co 
46.H.1  = 

ni  

H1  dn 
• • • 3.1-2) 

If we define an ideal surface as one which is 

energetically homogeneous (case A) and an ideal sorbate 

(case 13), as one whose molecules do not interact with each 

other, we can present four typical curves showing the depen- 



53. 

dence of -4811 (or -41H1 ) on the amount adsorbed (89). The 

curve will be horizontal only when both cases A and B are true. 

Entropy of sorption 

The differential entropy of sorption(90), d S1 , can 
be expressed as: 

- S 
	

AH1 
	

(3. 1-3) 

0 
S
g 
 - molar entropy of the sorbate in the gas phase. 

T - equilibrium temperature. 
co 

The value of S
g 
 can be computed from the tabulated 

standard entropies of gases, S 
g
o(91). For this purpose the 

following formula can be used. 	T 

4 

GO 	co  - 
c dT 

0 
P
o
, 	- standard pressure and temperature respectively 

equilibrium pressure and temperature respectively. 

cp 	- specific heat of the sorbate at pressure p. 

If we combine equations.(3.1-3) and (3.1-4) we obtain 

the following expression: 

— 0 	 Po = 	ATLI  + Sg
o  + 11 in . 	 --- 

T 	P 

T 
c ndT 

To 

(3. 1-5) 

g 	g 	 fp 

which can be used for evaluation of the differential entropy 

of the sorbed phase, 'di. From the latter one can calculate 

the integral (molar) entropy of the sorbed phase, Si, by 
cto , 

the method described for the calculation of AH1 kp :52 ). 

An examination of equation (3.1-3) shows that when 

is,,witn experimental error, independent of T, 
An  (----q.t) 	nhi 

dT 
the function (S 

g - T +r--41)called the half standard entropy 

of sorption - is also,within experimental error, temperature 

S1 - differential entropy of the sorbate in the sorbed phase. 
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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 chemical potential,-6,11, when a 

mole of sorbate is transferred isothermally and reversibly 

from the gas phase of standard pressure Po into an infinite 

amount of sorbate-sorbent mixture at equilibrium pressure 

P is expressed as: 

-Litt 	RT _L n 	 (3.1-6) 

The values of 	are a measure of the affinity 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 Thermodynamic properties of the sorbent. 

When adsorption takes 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 

sorbent, At...4.2, is given by the following-expression: 
A' 

J 	 jr 
Ati2 	(-1.2-142° = 	RTC 	x dP 

VdP - (3.1- 

(42 
 - the chemical potential of the lattice forming units 

of the sorbent, when the sorbate is imbibed. 

the chemical potential of these units when free of /4 - 2 
sorbate. 

V 	- the volume of the lattice forming units. 

M 	- molecular weight of the above volume. 

x 	- weight sorbate in z per sorbent 

m 	- molecular weight of the sorbate. 

P 	- equilibrium pressure. 



55. 
P 

.The term VdP is usually ignored and4N can be 

evaluated by graphical 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 localised 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 equation deduced for this model is the well 

known Langmuir isotherm: 

0 =22- 
1+bp 

O - degree of coverage of the surface. 

p - pressure of the gas in equilibrium with the sorbed phase. 

b - constant. 

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

b = K e-q/kT 
0 

.,. (3.2-2) 

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 application of 

the Langmuirts equation. Accordingly,Langmuir's isotherm 

follows under rather wider conditions than those normally.  

given. 

For ideal localised sorption the differential entrcpy 

of adsorption, gi , can be expressed as the sum of the 

... (3.2-1) 
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differential thermal entropy, Sth, and the configurational 

entropy, Sc: 

g1  = .S7 th c 
	• 	(3.2-3) 

According to the localised model, the last term, 

Sc, is given by: 

	

Sc  = R Ll n 	9 
	 (3.2-4) 

Hence, equation (3.2-3) allows evaluation of the differential 

thermal entropy, Sth, which must be independent of O. 

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 energy 

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 	0 	(3.2-5) 

	

1-0 	1 

The effect of interaction between sorbed molecules has been 

considered by Hi/1(98) and the above equation has been 

altered accordingly, assuming van der Waals equation of state. 

Experience has shown that the above two models, and 

their variations - including the BET equation - are seldom 

quantitatively valid. The discrepancies are commonly 

attributed to the heterogeneity of real surfaces(89). In 

the case of microporous 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 
0 

Pores with radii below 16A 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 view and 

in the early 1930's he introduced(100) the term per-

sorption to describe 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 

Recently the specific feature of adsorption in micro-

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

We can describe the peculiarities of adsorption 

in micropores in the following way: Owing 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 is likely to be more a process of volume 

filling than of surface covering. Indeed, in the limited 

space of the micropores, the molecules successively 

adsorbed cannot form adsorption layers and the customary 
convention of layer by layer coverage and monolayer 

surface area(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-

layer equivalent area"(101) as one which should replace 

for the case of zeolites, the classical term of monolayer 

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



58. 

microporous sorbents. 

If, in the case of adsorption in micropores, the 

classical Langmuir or Volmer view of surface coverings is 

unsatisfactory, the alternative is to turn to a general 

adsorption theory, which does not specify a model of the 

sorbed phase, such as Polanyi's potential theory of 

adsorption(102). According to this theory, the adsorption 

space in the vicinity of a solid surface is characterised 

by a series of equipotential surfaces. The adsorption 

potential, E , of each such surface is different and is 
given by the following expression 

'P 
e= rat n 

• 
(3.3-1) 

Po 
- 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 

X 

=

P. 
(3.3-2) 

- weight of gas adsorbed in grams at the equilibrium 

pressure P. 

- density of the liquid at the equilibrium temperature T. 

A plot of 6 vs W produces a temperature independent 
characteristic curve(102) for a given sorbent/sorbate system. 

From this curve it is possible to predict the adsorption at 

different temperatures. 

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, (3 , and accepting a Gaussian distribution 

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, E, 
and a standard one, Po , 

(3.3-3) 

The equation of the adsorption isotherm is as follows: 

Wo pexp K 	(2.303RT lo 10 poat ..(3.3-4) 

15  
x - amount adsorbed in prams. 

Wo- total volume of all the micropores. 

P 	eqilibrium pressure of the gas. 

Po- saturation vapour pressure of the gas. 

K - constant, characterising the pore size distribution. 

Front plots of logx against logP0/P, one can estimate 

the total volume of the micropores, Wo, which is the 

desirable characteristic of a microporous sorbent. Further 

in his method Dubinin suggests equations-for isosteric 

heats and some thermodynamic functions(99). 

Although a development of Polanyi's theory, Dubinin's 

method, is based on some different concepts from those 

accepted by Polanyi. The latter considers the equipotential 

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"). 
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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, keeps the method still 

far from a real theory. However, numerous experiments(99) 

have 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 empirical isotherm equation and 

evaluation of the thermodynamic properties of the sorbent/ 

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

isotherm: 

( 

as 	
as

o  

A G = -RT en  4- RT t n 
a ° 
g 	

... (3.4-1 
a 
g eq 
	

) 

4,0 - change of the free energy of adsorption. 

as - activity of the gas, 
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 as
o = a 	= 1, equation (3.4-1) 

leads to an estimation of the equilibrium constant of 

adsorption, K, through the change of the standard free 

energy , AG°: 



_se G° H° se 	nK RenK + RT 
T 	 S T 

(3.4-3) 

Combining equations 

11-2 =111/  

(3.1-7) 

x  dP -17  

and (3.4-5) we get: . 

(3.4-6). MRT 

a 
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AG°  AG = 	= -RT n = eq 

change 

-RT 	nK 

of the Further we can involve the 

(3.4-2) 

entropy and 

entalpy at standard state, AS
o 
resp. 

The equilibrium constant can be also expressed as: 

.„.( a K  ) 

ag  eq 
... (3.4-4) 

cs - concentration of the adsorbed phase as the number
.  

moles per.litre free volume of zeolite. 

- 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 potential 

P
of the sorbent is given as: 

A y 2 m  Pi dP MRT 

0 

(42 may also be written 

At42 	VdP 	 ... (3.4-5) 
0 

- 3T is the tension that would have to be applied to the • 
sorbate free zeolite to reduce its chemical potential to 

that of the zeolite when sorption has taken place. A 
is the equivalent of an osmotic pressure. 

(3.1-7) 



The ratio M x represents C
s 
and equation (3.4-6) can V m 

be rearranged as: 
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1 
csRT 	Cs 0 

C
s
dP ... (3.4-7) 

  

7C  
For the osmotic ratio C RT we can write an 

ordinary virial equation: 

71.7 
RT = 1 + AlCs + A2Cs

2 + A3Cs
3 + • • ... (3.4-8) Cs  

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

the following expression for the adsorption isotherm: 

4 
K = Cs/P exp (2A1Cs  + A2Cs

2  + -5  A C
s
3 

• • •) ... (3.4-9) 

, 	3 	4 whereir = expk2AlCs  + 2  A2Cs2  + A3Cs  • • •) ... (3.4-10) 
Thus the equilibrium constant K may be obtained from plots 

of inCs/P vs. Cs, as inK is the extrapolated value of 

GnCs/P when Cs 	If sufficient data is not available 

for extrapolation, K 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 activity of the sorbate, 
. 	- 

a
s
, must be unity.. By substituting this in equation 

(3.4-4) we can estimate graphically the concentration C°  

in the standard state. 

The method described 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 the adsorption results from interatomic 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 dispersion forces(104) originate through the 

rapidly changing electron density in an atom (visualised 

by London as "orchestra of instantaneous dipole moments"), 

which induces a corresponding electrical moment in a near 

neighbour and thus leads to attraction between the two 

atoms. The potential energy, E0, of the two isolated 

atoms, separated by a distance r is given as: 

A 
ED 	

---g  
r 

A - constant of interaction. 

... (3.5-1).  

According to Kirkwood and Willer(105) the constant A 

relates the polarizabilities al  and CC and magnetic 

susceptibilities ael  and (722  of the two atoms with the 
mass of the electron, e, and the velocity of light, c. 

The relation is as follows: 

A = 6mc2 	c6 12  ... (3.5-2) 
(X/921  + a 2 2 

The potential energy of dispersion forces between 

adsorbed molecules and a plane surface, EDa, is given(106) 
as: 

(3.5-3) 

- the perpendicular distance from the adsorbed atom 

a 
ED 

NIZA 
6z3  



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 
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n E
R 

 
r12 

B - constant; B = 

... (3.5-4) 

, where r
o 

is the equilibrium 
6 

-Aro 
2 

separation distance. 

The potential energy resulting from dispersion and 

repulsion interaction of two atoms is then given by 

Lennard-Jones 6:12 potential: 

1 
ED  4. ER  = -A(7-7 

r 

ro
6  

(3.5-5) 
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, 

Find' The potential energy, E , of this introduction is: 

ri F2 -2 	(3.5-6) 
P ILLind d  

o ` 

- the mean polarisability of the atom (molecule). 

If we consider a field created by an isolated cation 

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

the corresponding energy, E CAT  , will be expressed as: 

CAT 	2 

P 
- 	/gr4 	(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 surface 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 dispersion energy of molecules 

at different surface environments. 

3.5.2 Interpretation of heats of adsorption in terms 

of intermolecular forces. 

We can consider the isosteric heat at 0oK, qst4' 
At such a low temperature only the potential energy need 

be considered and if zero-point energy is neglected, we 

can write: 

ci
st

o 
 - 	n1 8 n 

0  
1 	... (3.5-8) 

QI - interaction energy of the sorbate with the sorbent. 

ni- moles sorbate in the mixture. 

n2- 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 (E p) components, so: 

0 = ED ER Ep 
	 (3.5-9) 

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 

P,T,n2  



numerical values 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 and carbon dioxide in 

faujasite(109 & 110).. 

66. 
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67. 

MATERIALS, APPARATUS AND METHODS 
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1 MATERIALS  

1.1 	SORBATES 

The sorbates used were spectroscopically pure Ar 

and 02, Kr (99-100% balance Xe) and Xe (99-100% balance 

Kr). All sorbates were supplied by British Oxygen 

Company Limited. 

1.2 SORBENTS 

The sorbents used were: 

Name Supplied from Supplied as Label Note.  

zeolite L 

Synthetic 
zeolite L 

Synthetic 
offretite 

Natural 
erionite 

Synthetic  

Union Carbide(15) 

These laboratories 

M. Dam. 	. 

These laboratories 

R. Aiello. 
Pine Valley,Nevada,K,Ha 
U.S.A. 

K,Na form 

K,Na form 

I 
K,(CH1)4N+ 

1 form "' 

form 

f 

L 

L-IC 

OFF 

ER 

Contaminated 
by gibbsitc,  
ER and OFF. 

• 

The following ion-exchanged forms were prepared 
from the above samples: 

Sample Ion-exchanged forms 

( 

Label 

L 
Hydrogen, lithium, sodium, 
potassium, caesium, barium 

( 	and lanthanum. 

HL; 	LiL; 	NaL; 
KL; 	CsL; 	BaL; 
LaL. 

L-IC Sodium, potassium and calciumNaL-IC; KL-IC; CaL-IC. 

OFF Hydrogen. H-OFF. 

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; KL and CsL) and for different 

structures (NIL and KL; DER and K-ER). 

2. 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 framework (HL, H7GFF 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 ILL 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 4). 

The mixtures were left at room temperature for about 

72 hours, shaken from time to time and then filtered, 

washed and dried. The washing should ideally be continued 

until the crystals were free of chloride-, but because of 

hydrolysis, excessive washing was avoided, and traces of 

C. may have remained in certain of the samples (see Table 4). 
All the ion-exchanged forms after washing and drying were 

left for equilibration with water vapour for at least a 
week, in a desiccator with saturated NH4Ce. 

1.2.2. Preparation of decationated forms (H-forms) 

of zeolite L, erionite and offretite. 

ILL and H-ER were prepared from the NH4-form of the 
corresponding zeolite, following heating at 350°C for at 

least 24 hours in a stream of 02  • ' 



TABLE 4  

Ion Exchange 
form Salt Purity 

Concentration of 
the saturated 

solution  

Concentration 
0100 	g.H20 Notes 

NaL,NaL-IC,Na-ER 

KL,K1-IC,K-ER. 

CaL-IC 

BaL 

LiL 

CsL 

LaL 

NaCL 

KNO
3 
KCl 

CaCi.2.6H2O 

BaC/2.2H20 

LiCt.6H2  0 

CCt.sci 

LaCt3.3H20 

AnalaR 

AnalaR 

AnalaR 

AnalaR 

AnalaR 

AnalaR 

BDH29008 

36.5 g/100 g. 
H2O at 25 C 

31.6 g/100 g. 
H0 at 20 , 	2 	, 

H2O at 25°C) 
74.3 g/100 G. 
H2O at 25 C 

39.9 g/100 g. 
H2O at 25 

78.5 g/100 g. 
H2O at 20 

186er/100 6. 
H2O at 25 C 

- 

(27.6 g/100 or  

30  

28 

60 

35 

70 

100 

50 

Traces of Ce' 
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K1-x [ (CH3) 4N x  -Zeolite + 15x02 

500°C in a constant flow of 02: 

+ 4xCO2 + 22xH2
0 

4  { 
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202 + 2NH4-zeolite —I. 2H-zeolite + 4H20 + N2 
	... (2.1-1) 

The NH4-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 

-x x H -Zeolite 

(2.1-2) 

2 APPARATUS  

An apparatus was built (Fig. 11) consisting of three 

volumetric systems (A, B and C); two gas reservoirs 
(D

1 
 and D

2" )• Toepler pump (E); two outgassing systems `  
(F1  and F2); 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 AND VOLUMETRIC SORPTION SYSTEM 

The pumping system consists of a sinfle stage mercury 

diffusion pump, hacked by a rotary oil pump. A single 

volumetric system (Fig. 13) contained a bulb gas burette(1); 

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

(dead volume, VD), joining volume VB  and cold volume V. 

The manometers were constructed from 0.6 cm. diameter 

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). 



Ncx 

HIGH VACUUM LINE 

LOW VACUUM LINE 

.Fig. 11. 	VACUUM VOLUMETRIC SYSTEM for ADSORPTION 



• Fig. 12 	GAS RESERVOIR and TOEPLER PUMP 	 Fig. 13 	SINGLE VOLUMETRIC SYSTEM 
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2.2 THERMOSTATS-  AND TEMPERATURE CONTROL 

Thermostats as described previously(68) were 

used for obtaining temperatures between -20°C and -150°C. 

The organic liquids, used for filling the internal 

Dewar of the thermostat, were as follows:- 

TABLE 3 

Temperature interval Liquid 

-20°C to -40°C Methanol 	- 

-40°C to -100°C Petroleum ether 

-100°C to -150°C Isopentane 

The temperature control was realized by a Sunvic 

controller(68) and the accuracy obtained was +0.1°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°C to -68°C Ammonia 

-70°C to -108°C 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. 

.OUTGASSING OF THE SAMPLE 

About 0.5g of the sample was placed in a weighed 

sorption bulb and its weight determined accurately. 

The bulb was then, carefully 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 was 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
oC per hour, up to 350oC. Outgassing was* ' 

continued at 350°C for 24 hours (or longer, for the 

initial outgassing) and finally the temperature was 

slowly lowered to room temperature over an interval of 

at least 3 hours. Outgassing of sorbates between runs, 

was 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 cooling has usually been neglected. Possible re-

siting of cations at high temperature during outgassing(6) 

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 temperatures. 

The time allowed for reaching the equilibrium was about 
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an hour for temperatures lower than -1500C, 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 CuKcx radiation, was 

used for the following purposes: 

a) identification of species from syntheses, 

b) characterisation of the ion-exchanged formsi 

c) estimation of the changes in the sample after 

outgassing' 

d) observation of the alteration, which occurs while 

heating the zeolite 

e) estimation of the positions of the cations before 

outgassing 

estimation of the positions of the -cations after 

outgassing. 

For a, b and c a Guinier camera was used. This 

technique was found to be not satisfactory fOr case c, 

because of low accuracy in estimation of the intensities 

and an inevitable rehydration of the sample. Attempts 

to overcome the first difficulty by X-raying a mixture 

of the sample and a standard (Pb(NO3)2, quartz or a chosen 

convenient zeolite) did not give sufficient improvement, 

but using a diffractometer instead of a Guinier camera 

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 diffraction pattern to be taken, during heating, 

in the range from room temperature to 1200°C. A comparison 

of the patterns on the Lenne camera at room temperature, 

before heating, and at high temperature, after outgassing, 

gave the information needed, although a pumping system 

attached to the Lenne camera would be an improvement. 

For case d continuous patterns, taken from room 

temperature up to .5500C or 7000C on the Lenne camera, were 

used. For case f powder patterns were obtained, on the 

same camera, at 550°C 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. 

3.4 ELECTRON 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 were spread on a microscopy slide and allowed 

to dry, leaving a thin film in about one minute. The film 

was cut into small, roughly-square pieces (about 3mm2 area) 

The glass with the film was then gently dipped into water, 

on the surface of which the film-squares floated. By insert- 

ing an electron-microscope grid, held in a 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 suspension was put on top of the already prepared 

grid, covered With a film, left for about 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 micrographs 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 4-fold in printing. 

Electron diffraction patterns were taken at 80kv 

or 100107 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 the 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 standard electron diffraction pattern 

of Au was taken and used as a reference for moreaccurate 

?L 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°C over a period of about 5 hours, using the slow 

cam.(113). The charts obtained were used for several 

purposes: 



a) to estimate the loss of water at atmospheric 

pressure up to 500°C, where a plateau was usually 

observed. The water content so obtained was 

considered along with that determined by ignition;.  

b) to compare the TGA curves of different samples; 

c) to characterise the behaviour of the zeolite in 

the whole temperature interval, for comparison with 

DTA data and X-ray patterns from LENNE. 

A classical DTA were carried out on Dupont 900 DTA. 

A direct heating of the reference material and the sample 

from room temperature was found to be unsatisfactory and 

the samples were therefore cooled with liquid nitrogen 

before starting the run: 

3.6 CHEMICAL ANALYSES AND SPECTROSCOPICAL METHODS 

Classical silicate analyses(114) were employed for 

determining the complete composition ofthe sorbents. 

The degree of ion-exchange was determined spectrophoto-

metrically(175) after full digestion of the zeolite(115). 

K, Na4. and 
Ba+.4- 

were determined using absorption spectra, 

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

The degree of decationation was estimated by deter-

mination of the cation deficiency of the decationated 

form compared with the original sample. 

79. 
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RESULTS AND DISCUSSION:. 
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1. ZEOLITE CRYSTALLISATION 

Syntheses of zeolite L were carried out for practical 

and theoretical reasons. It was found (p.160) that samples 

L-IC (p.68 ) had higher adsorption capacities towards rare 

gases, compared with sample L (p.68), but lower stability. 

Comparison by electron microscopy (EM) and X-ray techniques 

revealed, 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(11) 

and naturally occurring, was the practical aim. Repeated 

and reproducible co-crystallisation of phases with common 

building units made the phenomenon of zeolite co-crystalli-

sation and the role of the secondary building units 'of 

theoretical interest. 

1.1 SYNTHESES 

Two types of syntheses have been completed. Firstly 

the reported compositions for syntheses of zeolite L(15) 

and zeolite T(33) (which was originally considered (p.g2 ) 

to be erionite) were used. Secondly, variations of these 

compositions were explored. 

Examination of the reported compositions (Table 7) 

indicates close similarity in the conditions for syntheses 

of zeolites L and. T. The mole ratio of silica to alumina 

was 	20 for all except LT, for which it was 17.7. The 

alkali-oxide to silica ratio was close to 0.4 for all cases, 

except T3, for 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). 



TABLE 7. 

Compositions and conditions of synthesis of 
Zeolitos L and T(15,33) 
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L1 
L2  T1  T2 T

3 

1 KOH(g) 28.7 13.7 41.1 7.16 '8.57 

2 NaOH(g) - 7.3 43.2 15.3 15.9 

3 NaAL02(g) - 5.0 30.0 - 5.0 

4 AL(OH)3(g) 5.6 - - 5.0 - 

5 "SYTON"(g) 130.0 124.0 145.0 130.0 124.2 

6 H20(cm3) 17.1 84.5 501.0 86.1 127.3 

7 t°c 100 100.0 100.o 10o 120.0 

8 T(hrs) .169 64.0 160.0 8.8 8.0 

9 Si02(g) 30.35 30.64 219.83 38.35 36.64 

10 si02(moles) 0.638 0.610 3.638 0.638 0.610 

11 AL203(moles) 0.036 0.030 0.185 0.032 0.030 

12 Na20 (moles) 0.000  0.121 1.09 0.191 0.231 

13 K20(moles) 0.253 0.122 0.36 0.06/1 0.076 

14 Na20+K20(moles; 0.253 0.233 1.46 . 0.259 0.307 

15 1120(moles) 6.042 9.551 57.34 0.875 11.937 

16 Na2  0(K2  0+Na2  0) 0.000 0.520 0.74 0.750 0.753 

17 (Na20+K20)/S102  0.396 0.382 0.392 0.399 0.503 

18 Si02AL203 17.7 20.3 20.00 20.00 20.3 

19 H20/(Na20+K20) 23.8 41.0, 39.20 33.20 38.8 

L1 and L2 	preparation 1 and 2 respectively from (15). 

T1, T2 and T3 - preparation 1, 2 and 3 respectively from (33)0 
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for L2, T1 and T 	The temperature was 100°C for all 

preparations except that-of T3. The order and manner 
of mixing the components 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 Na20/(Na20 K20), which was 0.75 for all T formulae, 

but 0.00 and 0.52 for L1  and L2  respectively. The time 

ofcrystallisation of T2  and T3  was noticeably shorter than 
for the remainder of the preparations. 

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. In 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 crystalline phase of zeolite L 

obtained was 1' (Fig. 14). The X-ray Powder pattern cont-

ained only lines relating to the true structure(11) and 

the crystals were formed. They were slightly larger than 

those supplied by Union Carbide (Fig. 15). Preparation L
1 

reliably produced a single phase of L for cases 1', 1", 2" 

and 3". The only other phase found using preparation L1  

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, 



TABLE 8. 
Compositions and conditions of synthesis - Series I 

Order Number of Experiment  
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100 
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TABLE 9.  Series II. 
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Fig. 14, x 12000. L, preparation 1'. 

Fig. 15, x 13000, L, prepared by Union Carbide. 
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Fig. 16, x 17000. Gibbsite, preparation 3'. 

Fig. 17, x 14000. Phillipsite, preparation 8". 



Fig. 18a, x 28000. L-IC, prepared by M. Damm. 

88. 

Fig. 18b, x 16000. L, preparation 2'. 
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Fig. 18c, x 20000. L, preparation 6". 

Fig. 19, x 12000. Offretite (contd. by L), preparation 17i. 



90. 

18b and 18c). Sample 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). Reflections additional to those of pure L(11) 
o 

were d = 4.82 A, associated with gibbsite, and d = 11.4, 

6.60, 3.71 and 3.58 which are typical of erionite and 

cffretite. 

Formula T, yielded offretite with traces of L. The 

crystals were well formed, large pods (Fig. 19). 

Two new phases which could not be identified were 

also obtained. The first was named Na1K-BB (13' and 14') 
and second, Li1K-VV (lit", 15", 16"). Table 11 and Figs. 

20a and 20b present their X-ray powder patterns and 

electron micrographs 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 erionite and/or.offretite. (It is difficult to 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 this 

purpose. 

The results are given in Table 12. Pure offretite 

was obtained only in case 8"1, 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 concentrated 

solutions (H20/(Na2
0 K20) = 26.4) - cases 

3" and 4"; and 

b) faujasite, from more dilute solutions (H20/(N2
0 + K 0) 

= 52) - cases 5" and 6" 



91. 
TABLE 10  

X-ray powder patterns of L-IC, L, Erionite and Gibbsite. 

L-1C L Erionite Gibbsite 
' 	o 
d A intensity 

o 
d A intensity 

.0 
d A intensity 

0 
d A intensk 

16.0 vs 16.0 vs - - - 
11.4 w - - 11.4 vs - 

- - - 9.16 m - _ 
7.90 w 7.90 w .- - - - 
7.52 s 7.52 s 7.5o s - - 
6.6o w- - 6.60 s - 
- - - - 6.29 m 	• - - 
6.02 m 6.02 m - - - - 
5.82 in 	- 5.82 m - - - - 
- - - - 5.62 m - - 

- - 	. - - 5.37 m - - 
4.82 w  - - - - 4.82 vs 

4.61 vs 4.61 vs 4.60 s - - 
4.4o m 4.40 m - - - 
- - - - - - 4.38 s 
4.33 m 4.33 m 4.34 s 4.36 m.  
- - 4.16 m - - 
3.91 vs 3.91 vs - - 	. 3.75 w 
3.71 w - - 3.71 s 3.62 w 
3.65 m 3.65 m - - 3.39 14 
3.58 w - - 3.58 vs 2.44 m 
3.48 m 3.48 m - - 
- - - - 3.30 m 
3.29 m 3.29 m 3.28 s 
3.19 s 3.19 s 3.18 m 
- - - 3.16 vs 
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TABLE 11. 

X-ray powder patterns of samples Na, K-BB and Li, K-VV 

. 
Na,K-BB 

t 
Li, K-VV 

0 
d A intensity 

0 
d A intensity 
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2.44 m 4.08 
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Fig. 20a, x 16000. Na, K-BB, preparation 14'. 

Fig. 20b, x 12000. Li, K-VV, preparation 16". 



TABLE 12  
Composition and conditions of syntheses - Series III 

Order number of experiment 

1"' and 2"1  3"1  and4" 5"' and 6"' - 	7"" .and 8" 9°" and 10 

preparation. L2  T1 T2  T1 

hrs. 168 178 168 168 172 

Na 0/(N204a20) 0.60 1.03 0.98 0.80 ' 0.78 

(Na204. 	o)/sio2  0.40 - 	0.30 o.14 0.38 0.46 

s120/AL203 20.30 20.00 21.27 20.17 21.27 

H20PN204-K20) 15.5 26.36 • 51.96 20.58 17.07 

X-ray result PH .1 P. 
CH 

PH + CH FAUJ HH  A OFF PH + P 
CH 

CH - Chabazite. 

FMK - Faujasite. 
For the meanings of the other symbols, see Tables 7 and 8. 
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1.2 CO-CRYSTALLISATION AND INTERGROWTH OF 

ZEOLITE 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-crystalli-

sation of the three zeolites, it is necessary to discuss 

the possibility of distinguishing between erionite and 

offretite. It had previously been reported that X-ray powder 

patterns of the two zeolites were identical(24)„ and more 

recently that they could be distinguished by single-crystal 

X-ray or electron diffraction, but with less certainty by 

the X-ray powder technique(12). In the present work with 

synthetic samples it was found, however, that three fairly 

strong diffraction arcs occurred only in fully ordered 

erionite: 101 (d = 9.16), 201 (d = 5.37) and 211 (d = 4.16). 
These could be used for purposes of distinction. Fig. 21 

presents the X-ray powder photographs. 

The co-crystallisation of the three zeolites was 

detected by the X-ray powder technique, but as the latter 

is not easily able to detect the presence of small amounts 

of impurities, the samples were further examined in the 

electron microscope. All samples showed, in different 

proportions, the presence of flakes, rod-like crystals and 

hammer-shaped crystals as well as conglomerates of these 

(Figs.18a, b and c and 19). Electron micrographs on a 

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

* obtained by D. Mainwaring. 
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101 	201 	211 	311 401 
9.16 	5.37 4.16 	3.12 2.82 

Fig. 21, X-ray powder pattern. 

a) offretite. 	b) erionite. 

Fig. 22, x 41,000 . L, preparation 6". 
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Fig. 23, x 20000. L, preparation 6". 

Fig. 29, x 28000. L, preparation 5H. 
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graphs (Fig. 23) give information about three dimensional 

shape of the crystals: The flaky crystals were disc-like 

agglomerates and the rod-shaped crystals were cylindrical. 

The head of each hammer was a smooth continuation, of the 

shaft, thus showing that each hammer is formed by epitaxy 

(see reference 138). 

Electron diffraction patterns of the various particles 

were interpreted by comparison of measured spot spacings 

(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. 24) 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 running parallel to c, and the spots 

corresponding to Z odd are weaker than those for C even. 

This suggests the occurrence of stacking faults (p.39 ) in 

layers normal to c resulting in small regions of offretite 

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

TABLE 13. 

arameters 80 KV ' 100 KV o 
aA 

o 
cA 

Zeolite a*mm c*mm a*mm c*mm 

Zeolite L 1.32 2.81 1.19 2.53 18.4 7.5 
Erionite 1.83

5 
1.40 1.65 1.26 13.26 15.12 

offretite 1.83
5 

2.79 1.65 2.51 13.26 7.56 



Fig. 24, ED pattern of L (beam parallel to c axis). 

Fig. 25, ED pattern of a rod; faulted erionite. 

99. 
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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 pattern obtained from the shaft 

of a hammer-shaped crystal. The pattern is interpreted 

as a faulted offretite with c parallel to the shaft. This 

pattern differs from that in Fig. 25 in that the spots 

referred to above with L odd, have wily disappeared, but 

the streaks parallel to c still persist. Faults therefore 

occur in stacking layers normal to c. When electron diffrac-

tion was directed only at the head of the hammer, the pattern 

in Figure 27 was obtained which corresponds to that of a 

crystal of zeolite L with the c-axis in 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 just described it is 

necessary to look more closely at the crystal structures 

(Table 1). - 'All are frameworks in whicli(Si,A )04  tetrahedra 

join at their apices to form rings of 4, 6, 8 and 12 tetra-
hedra. Each structure has as building units 11-hedral 

cancrinite cages and hexagonal prisms. Identical layers, 

perpendicular to the c cirections exist in erionite and 

offretite, whilst identical chains parallel to the c 

direction occur in the L and offretite structures. Using 

the notation in which six-membered rings centred on the 

three possible six-fold axes in the unit cell are labelled 

A, B and C, offretite follows an AAB sequence, whereas 
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Fig. 26, ED pattern from the shaft of a hammer-shaped crystal; 

faulted offretite. 

Fig. 27, ED pattern of head of hammer-shaped crystal, zeolite L. 
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erionite has a longer AABAAC sequence. The faulting of 

offretite and erionite can be appreciated when the simi-

larity of the two structures, differing only in stacking 

sequence, is considered. Faulting will occur where the 

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 intercalates regions of 

offretite. The offretite intercalation is made manifest 

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

On the other hand faulted offretite shows no tendency 

for higher neriodicity than 3 and so remains essentially 

an offretite with frequent faults. In general these kinds 

of faulting will entail the presence of A, B and C layers 

in comparable number, with consequent blocking of the 

main channels and alteration of the molecular sieve behav-

iour However, other kinds of faulting can occur in 

offretite. This faulting may be easily visualised by 

generating the framework structure of offretite through a 

symmetry operation involving chains of four-membered rings, 

similar to those occurring in some other zeolites having 

non-intersecting, parallel main channels, for example 

zeolite L, cancrinite and gmelinite(11). Periodic variations 

from the ideal offretite chain are possible, which can 

introduce kinds of faulting that do not obstruct the main 

channel. 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, similarly orientated with respect 

to their unit cells, the epitaxy may be explained by some 
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of the chains passing through the interface and effecting 

a firm union between the two crystals. It would also be 

necessary for there to be an approximate lattice fit for 

not one, but a whole array of linking chains. Figure 28 

shows a projection 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 

aL/a0  = 1.4, which is close to the experimental 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 several hammers 

with two shafts(138) - an example is given in Fig. 29 -- p.97• 

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 foreoing 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 c direction in a rod-like habit. 

The structural causes of the favoured platy habit of 

zeolite L, in spite of the presence of the chains accounting 

for the fibrous, acicular or prismatic-habits of offretite 

and erionite, are not known. 

X-ray powder diffraction fails to distinguish between 

offretite and structural intergrowths such-as zeolite T, 

in which there is a fairly high proportion of erionite 

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 2'). 

Hammer-shaped crystals have been encountered previously but 

not identified(78). It is always advisable to examine 
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specimens of offretite and erionite by electron diffraction 

to detect whether faulting occurs. This is particularly 

important when samples are intended as sorbents. The data 

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

in contrast to the Na-form. A sample of K-offretite, 

faulted by erionite, will not sorb Ar, but the corresponding 

non-faulted form will. Thus, in case of faulting of offre-

tite by erionite, sieving properties are determined by the 

erionite layers. However, faulted and unfaulted samples of 

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

The data in section 4.1 	gives the following sequence 

of the saturation capacities for Ar at 77.3°K: 

N 	 N ., 
sat H-OFF > Nsat H-ER 	sat HL 

Accordingly, the presence of offretite and erionite in L 

will result in higher adsorption capacity than that of 

pure L. The saturation capacities of Ar found on L-IC 

confirmed this (Table 30'). Capacities for Ar of L samples 

contaminated 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 erionite is the minor contaminant and the'  

offretite faulting is of a type that does not obstruct the 

channel (p.102). 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 CO-CRYSTALLISATION. 

The simultaneous growth of zeolite L, erionite and 

offretite, all of which possess common building units 

(cancrinite cages and hexagona/prisms) suggests that such 
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units may form in solution as precursors to nucleation of 

crystal growth. Such units may well originate from chains 

and rings of SiO4-4 and A 04-5 tetrahedra, surrounding 

a cation in solution. Condensation-polymerization of poly-

gonal and polyhedral ions, as discussed before(75) may then 

result in formation of stable nuclei. This mechanismhis 

supported by the fact that cations are included within these 

units in the final structures(11,14). The idea that the 

initial orientation around the cations may be of decisive 

importance for directing the process of crystallisation of 

zeclite L, erionite and offretite is supported further by 

the following observations: The value of the Na
20/(Na20 + 

K20) 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 obtaining pure L, and also that 

the ratios Na20/(Na20 + K20) together with H20/(Na20 +K20 

are determining for erionite/offretite, chabazite and 

faujasite preparations. (Tables 8, 9 and 12). 

The co-crystallisation of zeolite L, erionite and 

offretite conveniently illustrates the tendency of phases 

which possess common building units to co-crystallise. 

Where domains of the structures are common to each structure, 

limiting cases of co-crystallisation are observed, such as 

the enitaxy of offretite and L (common chains - p, 12) and the 

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

Co-crystallisation of zeolites 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 

some co-crystallising phases found by other authors. The 

following cases taken from this table further illustrates 

this point: 



co-cr stallisin• phases common buildin units 
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faujasite/sodalite 

zeolite A/sodalite 

faujasite/chabazite 

chabazite/erionite 

epistilbite/hormotome 

epistilbite/heuleudite 

sodalite cages 

sodalite cages • 

hexagonal prisms 

hexagonal prisms 

(layers of four-membered 

( rings, joined by eight-

( membered rings. 

Four and eight (or six)-membered rings are common for 

many co-crystallising phases of Table 3 - chabazite/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 reason for the above cases is the presence of 

common 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 crystallisation and are then trans-

formed,partially or fully, into other phases. An application 

of the simplexity principle, proposed by Goldsmith(139) 

explains the prior initial formation of analcite and phillip-

site, as their structures are more highly disordered (with 

higher entropy) than the phases with which they co-crystallis-

ed. Transformation of one structure into another in the 

mother liquor should be considered as a special case of 

co-crystallisation, involving a reorganisation of structures 

already formed. In such cases, a correlation between 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 zeolites 

are not necessarily equilibrium phases and 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 different 

cations at room temperature and concentrations near 

saturation was determined for zeolite L and erionite. 

In the present section the results of these ion-exchange 

experiments will be considered. 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, ER and OFF described on p.68 
were used for ion-exchange. Table 14 gives the total 

chemical composition of L, ER and OFF. 

TABLE 14.  

Chemical composition of the original samples 

of zeolite L, erionite and offretite 

Sample 

, 
% relative to the hydrated 

At 203 Si02--  

weight - idealised oxide 
formula K20 Na20.  CaO(TMA)20 H2O 

L  
14.03 0.70 - - 15.20 59.06 10.90 K2 0.9Na200.1 

At2036SiO24H20 

ER 3.90 5.05 0.63 14.76 64.39 11.90 Na200.6K200.3Ca00,  

Ae2037Si0251120 

OFF* 5.96 - - 11.60 13.82 61.45 8.10 (TMA)200.6K200.4  

At2037SiO23H20 

* results provided by Dr. R. Aiello. 
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Results of analyses of the ion-exchanged forms of 

L, ER and OFF are given in Table 15. Samples having 

the following unit cell compositions were used as 

references, for determining the degree of ion-exchange: 

K9M9S127072  for L; Na6K3A19Si27072  for ER and 

K Ae4si14036 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 forms 

however, this loss includes hydroxyl water. The latter 

was calculated from the degree of ion-exchange for each 

of the samples. The values obtained, expressed as a 

percentage of the dehydrated weight are 4.6% (HL); 

5.3%(H-ER) and 4.3%(H-OFF). The amount of hydroxyl water 

for the metal-cation exchanged forms (e.g. for Na2HK6AC9Si27072) 

was below 0.5% and was neglected. On the basis of the 

zeolitic water in each sample, the numbers of water mole» 

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

Originally the amount adsorbed was calculated in 

cc(STP) of sorbate per gram of dehydrated sorbent (a22). 

It was considered (p.158) to be more convenient if the 
amount adsorbed was expressed as the number of molecules 

/ of sorbate per unit cell of dehydrated sorbent Oirt7z). 



TABLE 15  

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

erionite and offretite. 

Sorbent 
Characteristic HL LiL NaL KL CsL BaL LaL K-ER Na-ER H-ER H-0 

H20% referred to dehydr weight.*1 

Degree of ion-exchange, 
- 	% 	equiv. 

Idealised formula of 
unit cell . *4 

Weight of unit cell. 

Number of u.c.per gram, 
1020. 

ap molecules per unit 
cell*3. 	• 

k,coeff.for transfer 
a" into NJn . 

27.5*2  

82.3 

118ICR 

2199.3 

2.74 

27.4 

0.098 

24.6 

1.4 

Li2HK6R 

2403.0 

2.50 

33.0 

0.107 
i  

15.8 

32.5 

Na2HK6R 

2434.0 

2.48 

21.4 

0.108 

12.3 

9.8 

K8HR 

2466.1 

2.44 

16.9 

0.1W 

11.5.  

32.6 

Cs211K6R 

2654.3 

2.27 

17.0 

' 	0.117 

16.6 

33.6 

BaHK6R 
2525..0 

2.38 

23.0 

0.116 

17.3 

34.7 

LaHK6R 

2488.9 

2.41 

23.9 

0.115 

13.5 

43.8 

K7Na2R 

2472.5 

2.42 

18.2 

0.108 

17.1 

11.6 

. 
Na7K2R 

2395.0 

2.52 

22.1 

0.106 

21.9n20. 

86.5. 

H8KR 

200.6 

2.74 

20.4 

0.098 

78. 

H3KR 

1115 

5, 

10..  

0.( 
g 	u.c 

*1 	estimated as loss'of weight by ignition. 

*2 	hydroxyl water included. 

*3 	estimated on the basis of .the zeolitic water. 

*4 	R = Ae Si o • 	R = A44Si14°36. 1 9 27 72' 0 



A coefficient k for converting a 
cc— into N m 	for each u.c. 

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 Table 15 

deserve attention: 

1. The extent of ion-exchange of zeolite L towards'. 

different metal 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 avail. 

able for exchange. This confirms and extends to different 

cations the results of Barrer and Villiger who found by. 

structural analyses(11) that after an exchange at room 

temperature, the channel is occupied by e (in potassium 

enriched form of zeolite L) and by Na*  (in the sodium 

enriched form). 

Breck and Flanigen(15) have reported a variety of 

degrees of ion-exchange of L towards different cations: 

ay. 25% (Zn24- and Ce34.); ay. 40% (Li*, Na+, Sr2+, Mg2+) 

and as high 'as ay. 72% for Ba2+  and Ce2+. The ion-exchange 

procedure was the usual one of mixing 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 to the percentage 

of cations in the main channel. 

However, as adsorption in zeolite L takes place in 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 during the 

ion-exchange,, as a result of which a deficiency of about 

one cation per unit cell is present in all metal cation 

exchanged forms studied. A decationation during washing 

of newly synthesisedsamples of L has also been reported by 

Brecic and Flanigen(15), although numerical data are not 

available. In the ion-exchange of L carried out by Barrer 

and Villiger(11) decationation was not observed. Their 

procedure included washing of the product with a weak solu-

tion of NaOH, which explains the absence of decationation. 

3. The ion-exchange of natural erionite also shows a 

restriction 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-ER prepared from it, that four of the nine cations per 

unit cell cannot be exchanged. This corresponds to 45% 

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 cancrinite cage. As there 

are four such sites per unit cell, the number of cations 

sited there is equal to the number of cations which do not 

undergo ion-exchange. Similarly,ion-exchange in L 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. 
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The cation distribution in erionite will be further discussed 

on the basis of the adsorption data in a later section (4.1 -.2). 

4. The extents of ion-exchange for decationated forms, via 
the NH4-forms, of L and ER are almost twice those found for 

the metal-cation forms (line 2, Table 15). Barrer and 

Kanellopoulos(19) prepared NH4L at 100°C and also found an 

extensive exchange(84%). They attributed this to exchange 

of all cations 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 , compared with 

the metal cations, is not clear. The ion size is not the • 

A( cause, as NHI., (radii 1.42 M123) ) is larger than the alkali 

metal ions used (Table 16). 

For H-ER the observed high degree of ion-exchange for 

NH1.1. + 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 ION-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 powder 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 intensity, 

each corresponding to a single reflection(ii) were selected 

and their position accurately measured on a Vernier scale. • 

The lines selected were 001, 210, 220, 310, 301, 221, 311 and 

321. Pb(NO3)2  was used as a standard. Corrected d spacingq 
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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 computer 
program CDLS(128) was used. The results are listed in 

Table 16. 

TABLE 16  

Unit cell and cation dimensions for ion-exchanged 

forms of zeolite L. 

Sorbent o 
A 

c 
o 
A 

•a V 
03  
A 

R cation* 
0 
A 

. 

V cation 
0,4 
A' 

V 	cations 2unit cell 
X3/u.c. . 

HL 18.357 7.597 2217.12 - - 
LiL 18.409 7.551 2216.11 0.60 0.90 1.80 

NaL 18.485 7.514 2223.43 0.95 3.58  7.16 

SL 18.450 7.529 2219.84 1.33 9.83 19.65 

CsL  18.447 7.545 2223.67 1.68 19:80 39.6o 

BaL 18.436 7.528 2215.69 1.35 10.27 10.27 

LaL 18.149 7.527 2194.69 1.15 6.35 6.35 
_ 	. 

* the data obtained from (123). 

Table 16 also gives the radius and volume of each 

cation together with the total volume of cations per unit 

cell. 

The dependence of the unit cell axes on the cation 

size is presented graphically on fig. 30. We can divide 

the investigated cations into two families: cations with 

the same valence but different size (Li*, Na*, K+  and Cs+); 

and cations with different valence and hence cation density 
I per unit cell, but of approximately the same size kK , Ba2+ 

x and La3+). Fig. 30 shows that both a and c cell dimensions 
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are dependent on the cation size as follows: 

aLi < aNa+  > aK+  > acs+  

CLi > °Isla+ < CK+ < eCs+ 

Thus with the exception of LiL the increasing cation size 

resulted in contraction of a and expansion in c. The 

valence of the cations mainly influences the a dimension 

(curve 2 on Fig. 30-the higher the valence the lower the 

a value - but no measurable 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 cation, 

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 occupied per unit cell by the cations of 

different valence. An examination of column 7 of Table 16 
shows, however, that the differences in the corresponding 

.volumes for cations of different valence -are smaller than 

those for cations of constant valence (for example 

XL, LaL vs CsL, NaL or vs CsL, KL). Such an explanation, 

therefore is not tenable. 

The distribution of the cation charge in 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 A(11) which is the separation between 

neighbouring sites in the main channels. For cations of 

higher valency such a distribution is no longer possible, 

the limiting case being La3+, where all the charges will be 



117.  

22-3 

22.2 

22.1 

210 

21.9 

21.8 

V 

constant cation valence 

2 	 variable cation valence 

t 	• 
sl I. 

10 	 20 
Li La Na Ba 

Fig. 31 	V u.c. vs 	V r  cations per u. C. 

30 	V A3 

 

cat per u.c. 
Cs 

1 

r. 



1 1 8. 

concentrated at the location of Lai*. Such differ- 
. 

ent charge distribution may deform the unit cell differently. 

The computed unit cells for all ion-exchanged forms of 
L were used to calculate the d spacings for each form using 

a computer program Apol(129). From the obtained powder pattern-s 
of each ion-exchanged form the d spacings were also directly 
measured- by Gui:nier ruler. 	The intensi'ties - were visually 
estimated and the, data are given in Tables 17 and 18; The 

patterns of LiL, NaL and KL showed almost identical intensi-

ties of the corresponding lines and only the KL pattern is 

therefore tabulated. The only exceptions were the reflections 

300 and 201 which are observed as weak lines on patterns of 
Lit 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 have 

strong or medium intensity (see Table 17). The presence of 

reflection 201 for HL alone, and absence of 111 from CsL, 

BaL and LaL, represent significant differences in the patterns. 

Other minor differences can be found by directly comparing 

each pair of patterns. 
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TABLE 17. 

X-ray powder patterns* at room temperature 
of HL, KL and CsL 

HL KL CsL 
0_1 

d A 
- 
hkl I/Io 

0_1 
d A hkl 

1 
I/Io 

1 0_1 
d A hkl I/Io 

15.90 100 vs 15.98 100 vs 13.98 100 vs 
9.18 110 w 9.22 110 w 9.20 110 m 
- - - 7.99 200 w 8.00 	' 200 w 
7.60 001 m 7.53 001 s - - - 
6.00 210 s 6.04 210 s 6.04 210 w 

P 311 - 	m w 
5.83  111 m _ - _ 

4.59 220 s 4.61 220 vs 4.61 220 s 
4.41 310 ' w 4.43 310 m 4.43 310 m _ 
4.35 301 m 4.35 301 m - - ... • 
3.93 221 s 3.93 221 vs 3.93 221 s 
3.69 - s 3.66 - vs 3.67 m 
3.51 - s 3.48 - vs 3.49 - m 
3.29 321 m 3.29 321 s - - - - 
3.18 - s 3.19 - vs 3.20 - m 
3.09 - m 3.07 - vs 3.08 - m 
2.92 222 s 2.92 222 vs 2.91 222 m 
- - - 2.80 421 m • - - - 
2.65 600 m 2.66 600 vs 2.65 600 w 
2.63 - w 2.62 - m 2.63 - m 
- - - 2.56 - m --_ - 
- _ - 2.48 - m 2.49 - m 
- - - 2.43 - m - - _ 
- - - 2.20 - s 2.20 - w 
1.89 - w 1.89 - s 1.89 - m 
- - - 1.82 - m - - - 
- - - 1.78 - w 1.79 - w 
- - - 1.69 - m - - - 
_ - - 1.53 - m - - - 

* Lines found to be weak in all patterns are omitted. 
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TABLE 18. 

X-ray powder.patterns* at room temperature 
of BaL and LaL 

. 	. 	- 
BaL LaL 

0-1 d A hkl I/I0  0-1 d A hkl I/10  

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 
-- r - - - 

4.61 220 s 4.59 220 m 

4.43 310 w 4.41 310 m 

4.35 301 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 vw 2.67 511 w 

2.66 600 m 2.65 600 m 

2.62 - w 2.62 - vw 

2.42 - w - - - 

- _ _ 2.20 - m 

1,89 - m 1.89 - m 
_ - 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 on heating was studied 

by DTA, TGA, electron microscopy and X-ray techniques. 

The aim was to characterise the dehydration process and 

to investigate possible alteration of the structure 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 presented 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 100°C and ending 

at 300°C. Each main peak is made up of two narrow endd» 

thermal peaks, of poorer definition, positioned respectively 

at 130°C and 220°C•(LiL); 125°C and 205°C (NaL); 125°C 

and 200°C (KL) and 130°C and 210°C (CsL). These narrow 

peaks are sharper 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 attributed(66,119) to the presence of 

different types of zeolitic water, i.e. to the existence 

of energetically different sites for water molecules in 

the structure. The better the definition of the peaks, 

the greater the difference in binding energy of the water 

sites. It can be assumed, therefore, that two energetically 

well defined water sites exist in LiL and HL, but they are lee-

differentiated in KL and CsL. The separation in case of 

small cations may be due to their larger hydration energy 

as shown in Table 19. 
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TABLE 19  

Heats of hydration of cations in 

k cal/g ion (124) 

Li+  Na+  K+ Cs+  Ba
2+ 

136 114 .94 ' 	80 376 
i 

The water molecules in the main channels of zeolite L 

can be divided into those mainly concentrated around the 

cations and those more nearly 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 temperature interval as in the previously 

discussed cases, but these peaks are different in shape. 

For BaL a deep sharp peak at 120, C and a flat one at 200
oC 

are observed while for LaL one distinguishes a narrow peak 

at 2100C and a badly defined one at 1255*C. This difference 

can again be attributed to the different heats of hydration 

of the cations. The narrow endothermal peaks, much deeper 

than in the case of monovalent cations, are probably due 

to water from strongly bonded clusters around Ba
2+ and 

3 La +  

3.2 THERMOGRAVINETRIC 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 calculated 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 sorbents, 

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 XL CsL BaL LaL K-ER 

Loss weight % 12.8 12.0 9.9 14.1 15.4 11.2 

toc. po 520 500 520 - 530 400 

A comparison of the data in the above table and in 

Table 15, line 1, reveals that the loss of weight estimated 

by ignition exceeds the corresponding values estimated from 

TGA curves. However, the order obtained for the different 

ion-exchanged forms is the same: 

LaL >Bali > Nat > hL > CsL 

This order is in good agreeMent with the cation size and 

cation densities of Table 16. The ion-exchanged 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 nrocess (p.42 ) continuing up 

* TMA - tetramethyl ammonium cation. 
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to high temperature. For the case of LiL, we could 

suppose that during the heating the sampleundergoes 

partial hydrolysis to give some LiOH and hydrogen 

zeolite. Decomposition of LiOH occurs at 610°C at 

atmospheric presSure(125). 

As mentioned previously, the TGA curve of OFF is 
obtained on the original sample containing TMA. DecoMpo-

sition of TMA during heating (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 

used the TMA is already burned out. 

there 

3.3 X-RAY INVESTIGATION OF THE SORBENTS 

DURING HEATING. 

For all the sorbents the structural alterations, if 
any, were investigates during and after outgassing. The 

hydrated structures at room temperature were used as refer-

ences. Deviations from the reference state were determined 

quantitatively by measuring the unit cell dimensions and 

qualitatively by visual estimation of change in the intensity 

of the lines in the X-ray powder patterns. Each fully 

hydrated sorbent was X-rayed at room temperature; the 

temperature was then increased slowly and the sample contin-

uously X-rayed until fully dehydrated. The investigations 

were carried out on a X-ray powder camera with heating - 

Lenn‘ (p.77 ). A platinum 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 heating under atmospheric pressure was practi-

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 

Lenn6 camera. 

Sorbent HL LiL NaL 

-,- 

KL* CsL 

, 

BaL LaL* 

`zr cooling hrs. 9 8 12 - 37 10 - 

Sorbent -  H-ER - Na-ER K-ER H-OFF . 

Tcooling hrs. 16 36 16 16 

* Conditions further described on Figs. 40 and 43. 

Heating up to temperatures where a collapse of structure 

occurs and thus estimating the limits of the thermal stabil-

ity was of interest, but experimental difficulties prevented 

this. After the collapse of the structure a glass-like 

substance 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°C (Fig. 36). 

3.3.1 Data on ion-exchanged forms of L. 

In Figs. 37-43 X-ray patterns of all the ion-exchanged -
forms of L are presented. Each pattern was indexed 

according to the computed unit cell at room temperature 

usifigprOgram Apol(129). The measurements for estimation of 

the unit cell dimensions at different temperatures were made 
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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. They were selected according to the requirements 

described previously (p.113) and with the additional condi-

tion of convenient hke values for manual computation of 

the unit cell (p. 28). At a given temperature each value 

was measured at least three times and the mean value of 

dhke estimated. 

No alteration of the unit cell with the temperature 

was found for CsL and noticeable, but small alterations

were observed for LiL, NaL and KL. For the latter three 

samples data for selected temperatures only are presented 

in Table 22. There is a slight expansion of the unit cell 

constants of LiL. 

Much larger alterations of the unit cell constants 

with the temperature were found for HL, BaL and LaL - Fig.44 

Table 22. For almost all the sorbents an increase of a 

value is accompanied by a decrease in c value. At about 

200°C the values of a go through a maximum and the values 

of c through a minimum. At about 500°C both a and c 

constants of Bat ana LaL have regained their original values 

at R.T.*, while those of HL are contracted. 

On the pattern of HL (Fig. 37) one can see a merging 

at about 200°C of line 112 (d = 3.51) with 410 (d = 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 pattern can 

be well understood from considerations of the unit cell 

dimensions at these temperature intervals..  

'It is remarkable that the alterations of the unit cell 

* R.T. 	room temperature. 
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TABLE 22. 

Alteration of the unit cell constants during heating 

for ion-exchanged forms of zeolite L 
t 

toC HL BaL LaL 
0 0 0 0 o o 

. 	_ a A c A _ 	. a A c A a A c A 

RT 18,36 7,60 18.44 

No
  
a
l
t
e
ra

ti
o
n
  
f
o
un
d 

18.35 7.53 
100 18.36 7.60 18.44 18.36 7.53 
15o 18.38 7.55 18.47 18.42 7.51 
200 18.42 7.5o 18.53 18.47 7.52 
25o 18.4o 7.51 18.48 18.42 7.52 
300 18.30 7.52 18.46 18.38 7.53 
400 18.24 7.52 18.44 18.36 7.53 
500 18.24 7.52 18.44 18.35 7.53 

LiL 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 7.5o 18.46 7.52 

TABLE 23. 

Alteration of the volume of the unit cell during 

heating for ion-exchangedforms of zeolite L 

t°C .HL LiL _ NaL._KL , 	.  
.BaL LaL-  

RT 2217.1 '2216.1 	• . 2223.4 _2219.8 2215.7 2194.7 
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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TABLE 24. 

Alteration of the intensity during heating 

in the X-ray powder patterns of ion-exchanged 

forms of zeolite L. 

141. 

SAMPLE hkl t°C 1* 

100 140 i 

= 
110 140 i 

001 140 i 

101 140 i 

100 150 i 

110 150 A 
11 
4 200 150 i 

201 200 A 

311 160 D 

100 150 i 

110 150 i 
4 
Z 0 201 150 k 

311 150 D 

200 200 i 

100 130 i 

110 130 A.  
4 
X 200 130 i 

201 160 A 

311 150 D 

100 150 i 

, ...4 m 
o 

110 

200 

150 

150 

i 

i 

311 150 d 

SAMPLE hkl t°C 1* 

100 150 i 

110 150 A 

101 150 D 

. 200 100 A 
4 200 200 D 
m 

001 130 i 

501or420 200 d 

501 or420 300 i 

600 100 d 

600 300 i 

600 500 d 

100 180 i 

110 180 i 

200 190 A 

200 300 D 

101_ 190 D 

a 111 180 i 
.1 201 200 A 

201 300 D 

211 180 D 

310 180 i 

301 180 1 

* Legend for the intensity alteration: 

i - increasing 

d - decreasing. 

A - a line appears. 

D - a line disappears. 
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dimensions of. HL, BaL and LaL 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 unit cell dimensions the 

volumes of the unit cells of all samples were computed for 

each ion-exchanged form. The results for three selected 

temperatures are presented in Table 23. The unit cell of 

HL is essentially contracted at high temperature; that of 

LiL - slightly expanded; BaL and LaL show fairly strong 

maxima at about 200oC, but at 500oC the volumes are virtually 

the same as those at R.T. 

In contrast to the above resulis an examination of .the 

line intensities showed persisting changes with the tempera-

ture for all ion-exchanged fdrms. The data are presented 

in Table 24. As the intensity of the lines is directly 

related to the position and nature of the atoms in the unit 

cell (p. 27), the intensity alterations during heating must 

be due to migration 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 which by cation 

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 130-180°C. 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-exchanged forms, but not 
• 

for HL, is an increase of the intensity of the 200 and 201.  
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reflections attributable to cation migration during - 

outgassing and heating. Further we find (from the data 

of Table 24) that a decrease of the intensity of 311 is 

common for all ion-exchanged forms of monovalent cations. 

For polyvalent cations (BaL and LaL) alteration is observed 

in the intensity of a greater number of reflections (501, 

600, 310, 311). 

3.3.2 Data on ion-exchanged forms of 

erionite and on H-OFF 

On Figs. 45-48 the Lenne.  camera X-ray patterns for 

K-ER, 	H-ER and H-OFF are presented.* The lines 

measured for estimation of the alteration of the unit cell 

of erionite were 100, 200, 300, 400, 002 and 006, and for 
offretite, 100, 200, 300, /too; 001 and 002. The unit cell 
constants are.presented on Table 25. The data for erionite 

are plotted on Fig. 49. A monotonic decrease of a and 

increase of c is observed for all the sorbents. As a result 

of the opposing alterations of a and c, neighbouring reflect- _ 
ions with large 2 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 =.3.14) merges with 310 

(d = 3.18) and line 214 (d = 3.85) merges with 400 (d = 3.86). 

These lines remain merged at high temperature (compare with 

HL, Fig. 37). 

The volumes of the unit cells calculated at R.T. and 

500°C are given in Table 26. A contaction of the unit cell 

is common for all the samples, being largest for K-ER and 

almost negligible for H-OFF. 

The results of examination of line intensities are 

* In erionite patterns, two weak lines, d = 5. 	
0-1 

05 A and 
0-1 d = 7.20 A , 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_ Na-ER H-ER H-OFF 
toC 0  0 0 0 0 0 0 0 

aA ,cA aA cA aA cA aA cA 

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 7.53 

200 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 7.56 

400 13.01 15.26 13.19 15.32 13.17 15.34 13.19 7.57 
500 13.01 15.26  13.19 15.32 13.17 15.34 13.19 7.57 

TABLE26.  

Volumes of the unit cells of ion-exchangedforms of 

erionite and H-OFF at room and high temperature 

Sample 
t
o
C K-ER  Na-ER H-ER H-OFF 

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 

patterns of ion-exchangedforms of erionite and H-OFF 

K-ER Na-ER • H-ER H-OFF 

hkl t°C 1* hkl t°C 1* hkl t°C 1* hkl t°C Il 

100 180 i 100 160 i 100 150 i 100 120 i 

101 180 i 101 160 •i 101 150 i 001 120 i 

110 180 i 110 160 i  110 150 i 110 120 i 

201 170 d 201 300 d 200 300 d 

200 170 D 201 300 d 

1* see the legend for Table 24. 
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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 (see p.141) mainly to water 

migration and removal. The intensity .increase of the 100 

and 110 lines is common for all ion-exchanged forms of . 

L, ER and for H-OFF, implying that water removal affects 

the three structures in the same way. It is probable that 

the population of the planes 100 and 110 is altered in all 

structures. 

3.4 STRUCTURE REFINEMENT FOR DEHYDRATED 

BaL AT HIGH TEMPERATURE. 

Fourier syntheses were made to refine the structure of 

BaL after dehydration. The main aim was to determine the 

position of Bat  after dehydration. The refinement is still 

in progress. The results so far obtained are given on p.281 
in the Appendix. At the present stage the reliability 

factor found is R = 0.241, and it is certain that barium 

cation migrates during dehydration from the position 

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

3.5 THERMAL STABILITY 

Interest in the thermal behaviour of zeolite L origin-

ated from early adsorption experiments on KL-IC and 

NaL-IC, which indicated that different conditions of out-

gassing altered the adsorption capacities.. Both KL-IC and 

saL-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: repeated heatings in 

vacua were performed and after each run an Ar adsorption 

isotherm at 77.3 IC was determined. The conditions of out-

gassing between the runs are given on Table 28 and the 
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isothermsare plotted on Fig. 50. 

TABLE 28: 

Sorbent Isotherm 
No. 

Vacua during 
heating 	' 
mm Hg 

Outgassed 
at t°C 

, 
Outgassinc 
time (hrs) 

Rate of 
heating 

Rate o 
coolin 

H 
0 

,... t' 

- 

1 

2 

3 
4 
5 

• - 

300-6  
-6 2.10 

3.10-6 
-6 2.10 

360 

360 

360 
350 
360 

50 

20 

16 
58 

15 

150°C/hr 

75°C/hr 

50°C/hr 

80oC/hr 

80°C/hr 

150°C/h 

100°C/h 

.80oC/h 

80°C/h 

70°C/h 

0 
0 

• 

1 

2 

3 
4 

5 

3.10-6  

2.10-6  

4.10-6 

2.10-6  

-6 5.10 

360 

200 

360 
360 

360 

20 

10 

20 

16 

20 

350°C/hr 

• 

50°C/hr 

50°C/hr 

80°C/hr 

40°C/hr 

50°C/h 

60°C/h 

60°C/h 

300°C/ 
10 min 

300°C/ 
10 min 

Outgassing conditions also modified the adsorption 

capacity in the case of Ar at 77.3°K on CsL (Table 28 and 
Fig. 51). A low rate of heating, maintaining a high vacuum 

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

producible sorption capacities. This was confirmed on BaL 

for which good reproducibility was obtained for four separate 

isotherms of Ar at 77.3oK. 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 gibbsite 

and also was finer (Figs. 15 and 18a). The Guinier patterns and 

r 

r 
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diffractometer charts of K-IC and ra:L-IC before and 

after heating showed that heating destroyed the gibbsite 

(line d = 4.72 A which belongs to gibbsite vanished) 

and that the intensities of the lines - 111, 210, 301, 

311 and 002 were drastically altered. 

The observed behaviour of KL-IC on heating was not 

fully explained, but several factors may be relevant. In 

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. 

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 

of cations in non-equilibrium position. The migration of 

cations considered in sections 3.4 and 3.3.1 makes the 

above argument credible. 



155. 

4. ADSORPTION. 

4.1 ADSORPTION OF Ar AT 77.3 AND 9004°K.. 

Baths of liquid nitrogen and oxygen respectively were 

used for sorption measurements at 77.3°K and 90,A°K. Although 

equilibrium was practically established after 30 minutes, 

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

Isotherms of Ar at 77.3oK were measured on each of the 
investigated samples. All isotherms were reversible, and 

with the exception of some ion-exchanged forms of L-IC - all 

were reproducible. Reversibility was checked by desorption 

measurements either after completing the whole isotherm or 

by desorption at intermediate pressures. Reprodudibility was 

confirmed by measuring parts or all of each isotherm after 

an interval of a few weeks. 

The adsorption of Ar on each sorbent at 77.3°K was used 
to determine the apparent saturation capacities(89) for Ar 

at this temperature, the micropore volume(99) and the affinity 

of sorption. These characteristics are a convenient basis 

for comparing the sorbents. 

Adsorption of Ar at 90.4°K was measured on a few samples 

of L and L-IC, and affinities and apparent saturation capaci-

ties were derived therefrom, although the results for Ar at 

77.3°K provided similar and sufficient information. 

4.1.1 Data on ion-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.258..-..The amount adsorbed is expressed in cc(STP) argon per 

gram of dehydrated sorbent. All isotherms were rectangular 

and most were of type I in the BDDT classification(89). 



6 2 10 	12 	14 	16 	12 	P cm 	H g 

Fig. 52 77.3°K 

HI 
lil 
NaL 
KL 
CsL 
B aL 
LaL 

100 

80 

o 	adsorption 
desorption 

60 

40 



15 

• 10 

o 	adsorption 
A desorption 

1 HL 
2 	Lit. 

---- 3 Hal 

5 	Csi. 
6  BaL 
7  LaL 

4 	 6 	 8 	10 	12 	14 	16 • 	18 Pcm Hg 

Fig. 53 	Ar 	at 77.3° K 



158. 

The isotherms in HL and LiL are less rectangular in 

shape from the others, for which saturation is already 

approached at pressures as low as 4 cm Hg. The isotherm 
in HL and LiL in form approach those of type 11(89). 

The absence of cations in the cavities of the EL structure, 

and the small size of Li
4-,probably well recessed into the 

anionic oxygen framework, may account 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 ion-exchanged forms possess different 

free volumes even if the free volume per unit cell for all 

ion-exchanged forms is the same. In Fig. 53 the same 

adsorption data as that on Fig. 52 is presented, expressing 

the amount adsorbed as the number of molecules of sorbate • 

per unit cell of dehydrated sorbent, 
Nu.c.iA 	. The new 

relative position of the isotherm of. HL is notable: Contra-

ry to Fig. 52, there is not on Fig. 53 any pressure region 
where the adsorption of Ar in HL exceeds that in NAL, KL, 

BaL and LaL. Alterations of the order of the isotherms in 

LaL, NaL, KL and •BaL at low pressure can also be seen. 

The most remarkable changes are those observed fOr HL and 

CsL because the differences between their unit cell volumes 

is the greatest. To facilitate correct comparison almost 

all subsequent isotherms will be presented in coordinates 
,n1  IN--- vs P cmHg. 
u.c. 

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

	

	 1 
vs P cmHg, the limiting slopes then being 7(72 

N molecules 	 Sgr 
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The results are given in Table 29. With the exception 

of LiL and CsL all the capacities are similar, decreasing 

in the order: 

NaL > KL > LaL > HL > BaL ) LiL > CsL 

TABLE 29. 

Apparent saturation capacities for Ar at 77.3°K. 

Sorbent HL LiL NaL KL CsL BaL LaL 

NSATm/u.c. 
0 

13.2 11.7 14.2 13.5 9.7 12.8 13.3 
J 

NaL has the highest capacity although one would have 

expected higher values for HL, LiL, LaL and BaL. Estimated 

water contents by ignition and by TGA (Table 15 and 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 or NaL exceeds that of BaL and CsL. 

For forms containing monovalent ions only, - one finds 

a surprisingly low saturation capacity for LiL, compared 

with NaL and KL. A similar anomaly fo'r the Li form has 

been found for adsorption of 02  at 90.4°K on Li-chabazite(83) 

Adsorption of Ar and 02  at 90.4°K has also been found(68) 

to be lower on Li-faujasite than on Na-faujasite for pressure 
below 30 cm.Hg. 

The order expected is usually based only on cations 

radii and valences. 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 known that the decrease in cation 

density is accompanied by a contraction of the unit cell . 
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volume. There are, therefore, two competing factors 

connecting the free volume of the unit cell in zeolite L 

with the decreasing cation density. These qualitative 

considerations make the sequence of saturation capacities 

reasonable .for all forms save .HL and LiL. 

Information relevant to the low saturation capacities 

found in HL and LiL can be found in the TGA data (section• 

3.2) and structural 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 practicable, because of the danger'of 

damage to the structure. HL and LiL were the only forms 

which showed irreversible alteration of the unit cell on 

heating (Tables 22 and 23). HL, in addition, is the only 

sample which exhibits signs of crystal collapse before 

550°C (Fig. 37). In which way each of these factors contri-

butes to the poor saturation canacities of HL and LiL it is 

not known. However, 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. 54. 

The samples used are NaL, KL, BaL and NaL-IC,KL-IC and 

CaL-IC. The apparent saturation capacities are here expressed 

in cc(STP) per gram dehydrated sorbent, and given in Table 30. 

TABLE 30. 
Apparent saturation capacities of Ar at 90.7°K. 

Sorbent NaL-IC CaL-IC KL-IC NaL BaL KL 

cc 112.0 109.2 94.8 102.6 92.3 89.3 aSAT 	g 
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.The results conveniently demonstrate the greater adsorption 

of ion-exchanged forms of L-IC compared with the corres-

ponding samples of L. .This is due to the presence- of erion-

ite and offretite in the L-IC sample. (Fig. 56) 

4.1.2 Ion-exchanged forms of erionite and H-OFF. 

Comparison with 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-BR and H-OFF, 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 excludes Ar 

and the extremely low uptakes observed (less than one tenth 
of that for Na-ER and H-ER) is attributable, in part at.least, 

to adsorption on the external surface. The apparent capaci-

ties obtained are given in Table 31. 

TABLE 31. 

Apparent saturation capacities of Ar at 77.3°K. 

Sorbent K-ER Na-ER H-ER H-OFF 

NsATm/u.c. 1.4 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 Nm 	 
2u.c. 
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ion-exchanged forms: 

H-OFF > H-ER 	HL 

Na-ER K NaL 

K-ER << EL 

.• 

Considering the free volumes per unit cell for each 

of the investigated zeolites (Table .1, p.13) one would 

expect H-OFF and H-ER to exhibit approximately the same 

saturation capacities, which would be higher than that pf 

HL. In fact H-ER exhibits considerably lower capacity 

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 contraction 

for erionite during and after heating, but a negligible 

alteration for offretite. This could mean poorer thermal 

stability for erionite and,hence, a lower adsorption capa-

city. Finally the packing of sorbate molecules in contin-

uous offretite channels and in the finite cavities of 

erionite may'be different. 

Information in the literature on sorption by K-ER is 

contradictory, since rejection of Ar by K-ER has been 

reported(27) as well as considerable adsorption(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 offretite.. 

The results of the present work and of reference 27 

on K-ER suggest that a cation is positioned in such a way 

as to prevent the entry of Ar molecules (d = 3.8 A).. The 
30 

aperture of the eight-membered ring (3.5 A - 4.7 A), through 

which the molecules must pass, could easily. be blocked by a 
os  

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

(Na+  and K+) on two different frameworks - zeolite L and 

erionite. While for zeolite L the replacement of K+ by 

Na+ does not cause any essential alteration of the.adsorp-

tion behaviour, on erionite this replacement involves .a 
shift from a non-sorbing to a strongly adsorbing form. The 

explanation is certainly the presence of a large (twelve-

membered 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 permanent 
gases. Adsorption of oxygen did not occur within K-ER at 

77.3°K and 195.2°K, whereas Na-ER was at 273.2°K capable 

of including 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 expected from a consideration of the unit cell 

volumes and the size and valence of the cations. Where-

ever possible, an explanation for the abnormal cases has 

been sought from the results of sections 2.2, 3.2 and 3.3. 
However, the saturation capacity must be a direct function 

of the free volume per unit cell. It was therefore of 

interest to attempt to estimate, for each case, this free 

volume and relate it to the saturation capacities found. 

For this ptirpose 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 logarithmic 

form as 

7pr e tax = e 	(2.303 RT Zg P • • • .1-1) 
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At constant temperature_ 

7  (2.303 RT)2  = const = - n 	.... (4.1-2) 

and so • 

tgx 

2 P 
g 0 jP + n lg —

P
9- ) 4.1-3) 

P 

2 

Plots of igx vs ( 	-2) 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 

were taken in g/cc, so that the micropore'volume Wo  was 

directly determined.in cc/g. The density of liquid argon 

used for the present'computation was J  77.3°K  = 1.41 g/cc(131) Ar 
The saturation vapour pressure Po was calculated from the 

following formula(132): 

/,p 	0.05223A  B 5  mm 

where 

A =-6826.0 
B = 6.9605 

Figs. 57-61 show the Dubinin plots. At pressures 

near saturation, a deviation 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 general, it is believed(99) 

that the method is more accurate for regions of low pressures. 

However, the technique used in the present work (p.76) 

does not provide satisfactory accuracy at low pressure, so 
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the complete isotherms were used and the most probable 

straight lines drawn. The values of the micropore volumes 

per gram dehydrated sorbent, Wo  cc/g, are presented in 

Table 32. Also included are the values of the 
0 

volume per unit cell, Wo expressed in A3. 

micropore 

TABLE 32. 

Micropore volumes of ion-exchanged forms of L. 

, 

Sorbent HL LiL NaL KL CsL BaL LaL - 

W 	cc/g 0.137 0.110 0.143 0.135 0.097 0.128 0.138 
0  oq  
Wo

IA.--In.c. 500 450 580 540 430 530 570 

TABLE 33. 

Micropore volumes of ion-exchanged forms of erionite 

and of H-OFF. 

Sorbent B-ER Na-ER K-ER H-OFF 

W-0  cc/g 0.179 0.157 0-.019 0.187 

W0113/u.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 

a good agreement with the saturation capacities found 

(Table 29). The micropore volume of HL is less. than those 

of NaL, KL, LaL and BaL, which again agrees with the sequence 

of the saturation capacities, with the exception of BaL. 

Also of note are the very similar micropore volumes of NaL 

and LaL on the one hand and of KL and BaL on the other. .The 
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latter pair shows, in agreement with the saturation 

capacities, that the free volume of an ion-exchanged 

form containing-a polyvalent cation is not necessarily 

larger than that of a monovalent cation of the same 

size. 

The values 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 water content(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 behaviour. This method of estimating the free 

volume is therefore not fully satisfactory and illustrates 

the usefulness of Dubinin's alternative method. 

4.1.4 Affinity of sorption 

A quantitative measure of the affinity of a sorbate 

for a certain sorbent is the decrease in the chemical 

potential,-' 4 , when the gas is transferred reversibly and 

isothermally from the gas phase at standard pressure Po  = 1atm 

into an infinite amount of sorbent-sorbate mixture at equi-

librium pressure PI 

Po ol = RT In 

The above equation was used to calculate the affinity 

of Ar at different amounts adsorbed for all sorbents investi- 

gated. The plots for the ion-exchanged forms pf 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 repeated 

in Fig. 63. 
• 

In Fig. 62. LaL, }Talc, 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 group are those with the larger micropore 

volumes (Table 32). A comparison of the affinity of Ar 

towards the decationated forms of L, ER and OFF shaks that 

the affinity is greatest for H-OFF and lowest for HL. The 

order of the affinity of these samples is the same as the 

order of the calculated micropore volumes (Tables 32 and 33). 

Fig. 64 gives the affinity curves of three selected 

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. 

4.2 ADSORPTION OF Kr IN THE TEMPERATURE RANGE 

130°K - 240°K. 

Krypton isotherms were measured for each sorbent-at at 

least five temperatures in the range 130°K - 240°K. The 

equilibria served to determine isosteric heats, affinity of 

sorption, equilibrium constants and energy of adsorption in 

the standard states for all the systems studied. For ion-

exchanged forms of L containing cations of different valency, 

(KL, BaL and LaL), the 'virial' coefficients required to 

'describe the experimental isotherms were calculated, together 

with the thermodynamic properties of the standard states. 

For identical ion-exchanged forms of zeolite L, erionite and 

offretite - HL, H-ER and H-OFF - half standard 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 reproducible. 

Equilibrium was established in about 15 minutes; however, 

half an hour was allowed between readings. An outgassing 
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temperature of 150°C was used between runs. Heating and 

cooling was carried out at rates not exceeding 50oC per 

hour. Outgassing under such conditions was sufficient for 

complete desorption. 

The isotherms, 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 MDT olassification(134). Among the isotherms 

on ion-exchanged forms of zeolite L, those containing only 

monovalent cations were generally less rectangular than'the 

corresponding ones on BaL and LaL. Thus a relatively 

stronger sorbate/sorbent interaction is present on the 

forms containing polyvalent cations. 

Although, as previously indicated, argon isotherms at 

77.3°K on the HL and LiL (Fig. 55) 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 77.30K on 
the three sorbents and was attributed 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 

offretite (and cavities of erionite) of free diameter 

d = 6.3 A, the adsorption fields and binding energies should 

be stronger than in the wider chennels of zeolite L, with 
0 

d = 7.1-7.8 A. (The sequence of the values of the isosteric 

heats of Kr on HL, H-ER and H-OFF confirm this. (p.192) ) 

A comparison 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-1:R 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.5? ) were determined . 

using the integral form of the Clausius-Clapeyron equation: 

1 	1 
T1 	T2 

... (4.2-1) 

const. 	... (4.2-2) 

For the purpose of finding dill , three types of plot 

were used: those of tgP vs —
1  for constant a and for each 

of a series of temperatures those of tgP vs a and of a 
vs a (P is the pressure in cmllg and a is tile uptake in 

cc(STP) per gram dehydrated sorbent). Average values of 

a1 
from the first two methods only were estimated, unless a 

significant discrepancy occurred, in which case the values 

of the third method were taken into account. In this way 

values ofAll1 
were obtained with a maximum deviation from 

the mean curve of 4- 0.15 kcal/mole. 

No evidence of a temperature dependence oftilli  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 isosteric heats are tabulated 

for different ion-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. 74.  and of uptakell 
ir 



TABLE 34. 

Isosteric heats 	ri kcal/mole) of Kr, on ion-exchanged forms of L. 

a". 
HL LiL NaL KL CsL BaL LaL 

g 
1 -4711 i -Aril I -4111 1 -Aril i -Aril q -Aril 7 „Nil1 

5 36
/
' 4.56 46 4.75 35 5.00 37 4.6o - - 39 4.75 ' 	- - 

10 73 4.30 91 4.50 70 4.98 74 4.39 103 4.81 78 4.71 - - 
15 109 4.20 136 4.39 , 105 4.88 111 4.29 154 4.59 117 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 
25 182 3.95 223 4.10 175 4.71 185 3.98 258 4.32 195 4.60 182 5.28 
30 220 3.81 272 4.01 210 4.67 222 3.80 310 4.25 234 4.52 218 5.02 
35 256 3.68 318 3.90 245 4.52 260 3.59' 360 4.17 274 4.49 254 5.06 
4o 292 3.42 364 3.74 280 4.34 296 3.32 410 3.98 312 4.43 290 4.85 
45 328 3.19 410 3.55 315 4.-19 334 3.03 - - 352 4.41 326 4.65 
50 366 3.07 455 3.32 350 4.10 370 2.82 - - 390 4.38 362 4.21 
55 400 2.90 500 3.21 385 3.92 407 2.64 - - 430 4.23 398 3.82 
6o - - - - 42o

; 
 3.70 445 2.4o - - 470 4.13 435 3.79 

65 - - - - 455 3.56 - - - - 508 4.01 - - 
70 - - • - - 490 3.36 - - - - 546 3.79 - - 
75 - - - - 525 3.21 - - - - - - - - 

• 
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(cc(STP) of sorbate per unit free volume of the sorbent) 

in Fig. 75. The scale 4.  was introduced to remove the 

dependence of a1 
on the free volume*. Changes in relative 

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 n and some numerical values 

are given in Table 35. 

In all the systems studied, the isosteric heats decreased 

with the increasing 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 HI's. 

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 differences 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 

slopes for HL, H-ER and H-OFF (Fig. 76). From this observa-

tion one might conclude that, for the systems investigated, 

the sorbate/framework interaction determines the initial 

heats 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-

ient to prove it. Investigation of a variety of cation- 

* the values of micropore volumes are used (Table32) . 
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TABLE 35. 

Isosteric heats (-4R1 kcal/mole) of Kr on H-ER and H-OFF 

H-ER .H-OFF
cc  	

a --i• 
q 

- - 1 1? -ant
. 

5 28 5.42 - - 

10 56 5.28 - - 

15 84 4.95 - - 
20 112 4.92 110 5.53 

25 14o 4.7o 137 5.50  

3o 168 4.62 165 5.39 

35 196 4.45 192 5.22 

4o 224 4.39 220 5.17 

45 252 4.35 248 5.03 

50 280 4.25 274 4.81 

55 308 4.12 302 4.70 

6o 336 3.8o 33o 4.58 

65 364 3.76 358 4.41 

7o - - 385 4.30 
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exchanged forms of erionite and offretite might provide 

further confirmation. 

4.2.3 Affinity and selectivity 

In section 4.1.4 the affinities of Ar at 77.3°K were. 

calculated for all the sorbents. Affinities, -At{, towards Kr 

were similarly calculated (cf section 4.1.4). For this purpose 

isothermsat the temperature closest to 140°K were selected. 

The results are presented on Figs. 77 and 78 

The groups of sorbents of high (LaL, BaL, NaL and KL) 

and low (HL, LiL and CsL) selectivity are still distinguishable 

(see section 4.1.4), 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 magnitudes of -41414 for 

Kr on different sorbents still tends to follow the sequence of 

the decreasing micropore volumes (Table32). The less clear 

distinction for Kr between the two groups of sorbents may be 

explained in terms of the distance from saturation.Micropore 

volumes should be more decisive in their influence as satura-

tion is approached. 

4.2.4 Empirical isotherm equation S. 

An empirical isotherm equation may be derived 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 between 

gas phase and crystals, and the energies of sorption in 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 

s C

P
s in 	= Cri 	2A

1
C
s 	2 

+ 2A sCs 	3 
2  + 1-1--A

3  Cs
3  +••• ...(#.2- 

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 (N-1--) and the pressure u.c. 
in cmHg (P 

P N 	
2 14 K' = 	+ 2A1 N + A!2  N2+ • •. ... (4.2-4)  

• 

2. Concentration in moles sorbate per litre of free .  

volume of the zeolite (C s
m'/D)and the pressure can be. 

replaced by concentration of the sorbate in the gas 

phase in moles per litre (Cg m/1/). 

en = 

	

s 	 - + 2Ao  C 

	

Cg 	1 $ Af."  C 2 2 2 s (4.2-5) 

The equilibrium 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 intercept 
0 N 

(at 	= 0
g
) of plots 1 1  vs C . At this limit: K' 
0 

and K" = 11''S  Plots of tg lisys N were used for esti-

mation of K'. Figs. 79, 80 and 81 illustrate such curves 



	

at1 	221.9 ° 
K  2 " 209.6° K 1923°K 3 

" 177.3°K " 

	

5 	
" 	

160- 9:K " 132-0° - 

	

6 	 K 
 

ko  0.0 6-0  

't5L6
N 

2 
T o 

x calculated 
o experimental 

2.0 

196 . 

1.0 
	

2.0 
	

3.0 
	

4.0 
	

5.0 
	

6.0 	m/cc 

K L 



2.0 

1.0 

0.0 

1.0 

20 

197 

Logf 

. 	• • 0 

2 
3 
4 
5 
6 
7 

at 

OS 

SS 

SS 

209-5 ° K 194 . 6° K 190.4°  K 182.7°K 
177-0° K 
162.3° 	K 
140.3° K 
134-5° K 

a.m.., 4. ••••••=••• • •=1/b • 11••••••• • Olmo 	• ••••=••• 

\6 

2Nx 	6\0\  \ 

e_ 	 o  

\ 5 	
6 §NE) Th-.

6\•3 4 
9— 0— 2 

calculated 
0 experimental 

1.0 
	

2.0 
	3.0 	4.0 	5.0 

	
6.0 
	

7.0 	N m/c.c: 

Fi 80 
	

Kr on  BaL 



198 

1.0 	2.0 
	3.0 	4.0 

	
5.0 
	6.0 	H m  

	

Fig.  61 
	

Kr 	on 
	

Lat 

2.0 

1.0 

0.0 

i0  



199. 

for Kr in NaL, BaL and LaL. The best smoothed curve 

based on the experimental values of / vg N  - vs N was 

obtained by computer, using a best fit polynomial 

program(136). 

The values of K" were derived from those of K'. 

However, plots tig- vs N for rectangular isotherms require 

long extrapolation (see Figs.. 79, 80 and 81). For such 

cases K' or K" should not be considered as the equili-

brium constants, but as coefficients defined by the virial 

isotherm equation (p.195) applicable only over the experi-

mental range of concentrations. 

From the equilibrium constant K", the standard energy 

of sorption, ALE°, can be obtained from Van't Hoff's isochore 

din K" 
	

4E°  
- dT 	

RT2  

For all the sorbents, plots of lg K" vs 1  - are given 

on Figs. 82, 83 and 84. The values of 4E°  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 the graph. In Tables 

36 and 37 values of the equilibrium constant, K"* and the 

standard energy of sorption, de are given for LiL, NaL, 
CsL and for EL, H-ER and H-OFF respectively. In Table 40 
corresponding values for KL, BaL and LaL could be found. 

For an improved comparison between all investigated sorbents, 

an equilibrium constant, K"a*, 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 4e) 
for adsorption of Kr in ion-exchanged forms of L. 

LiL 	AE°  = -3.6 kcal/mole-1 . 

T°K 143.5 162.1 176.6 195.3 221.0 

teK" 4.784 3.779 3.375 3.041 2.392 
K"* 2064.10.  6.08.1. 2.40.1' 904.111  3.09.10 

NaL AE°  = 	kcal mo-e-1  • 

T°K 130.0 144.8 153.6 175.2 195.3 
€gK" 5.370 	4.431 4.271 3.443 3.231 
Kft* 1.16.103.13.10/  1.45.101  3.55.103, 1.270103  

CsL LiE° 	kcal/mole-1  

T°K 143.2 176.7 193.4 211.7 223.8 
eglo 4.123  3.474 2.962 2.833-  2.425 
10* 2.32.104  2.46.103 1.04.1635.07.102  3.22.10 
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TABLE 37. 
• 

Equilibrium constant (K"*) and standard energy.  of 
adsorption ( AE°) for Kr in decationated L,ZR and OFF. 

HL 	AE°  = -3.60 kcal/mole-1  

T°K 142.5 161.7 189.9 210.1 230.6 

eg K" 4.785 3.607 2.732 2.225 2.019 

Ku* 1.78.104  4.05.103  6.92.102  1.68.102  1.21.102  

H-ER AE°  = -4.00 kcal/mole-1  

r°  g- 141.9 171.3 187.4 211.5 229.3 

eg K" 4.513 3.929 3.390  2.972 2.397 

Kll* 4.68.104  7.02.103  2.45.102  7.24.102  1.80.102 

H-OFF 	,d E°_ = -4.60 kcal/mole-1  

T°K 144.4 163.8 190.7, 213.8 231.8 

t g K" 5.676 5.011 4.030 3.342 2.856 
Kt?* 4.74.105  6.61.104  8.61.103  2.19.103  8.81.102  

A 
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TABLE 38. 

Equilibrium constants ,Ka Kn*for adsorption of Kr 

at arbitrary temperature Ta  = 166.6
oK. 

Sample HL LiL NaL KL 

... 

Ce... 

Kn* 2.64.103  4.62.103  6.11.103  1.15.104  4.28.103  

, I .., 

Sample BaL LaL H-ER H-OFF 
. . 

Kan* 7.90.103  4.79.103  9.44.103  5.15.104  

The order of decreasing magnitudes of the arbitrary 

equilibrium constants Kr is: 

H-OFF > KL > H-ER > BaL > NaL > LaL > LiL > CsL > HL 

Plots of ig K" vs Tenable 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, 41E°, are very 

close (from 3.4 kcal---- to mole 	3.6 Intl47)le)  f or all forms of zeolite L. 

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

found to differ (3.6 kcal  ---- for HL vs 4.6 kcal---- for 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/sorbate interaction is the determining 

factor here too. (p.190). 
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Coefficients A and the properties of the 

standard state for adsorption of Kr on 

NaL, BaL and KL.. 

Any isotherm can be expressed by an equation similar 

to 4.2-4 (this Chapter). By solving a system of simultaneous 

equations of the form of equation 4.2-4, for a number of 
N different points along the curve of Gn- vs N, the coefficients 

Al, 	 ' 	' A,2  A' etc. can be obtained. A computer program(136) 3 
was used to evaluate these coefficients for krypton isotherms 

on KL, BaL and LaL (Table 39). 

The degree of each polynomial, required to describe the 

corresponding isotherm, are also tabulated. By means of the 

coefficients found, each isotherm of Kr on KL, BaL and LaL 

was computed. The points obtained by computation are plotted 

on Figs. 79, 80 and 81.. (Allowance is made for plotting ,in 
coordinates 	11. vs N). Using the values of AE°  and Ku*, 

the standard free energy, AA°  and entropy of sorption AS°  

at standard state were calculated from 

-RT Ln K"* 

 

• • • (4.2-6) 

 

AA°  

 

AEo  

T 

 

(4.2-7) 

   

• • • 

Values ZIA°  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- 

ture% ( priel 
1)T 2)T 

	
0); 

Table 40 illustrates the agreement, 

with the above, of the present data. The values of -/.1So 

for BaL and LaL are of the same order and a factor of two 

greater than that found for KL. This indicates that an 
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TABLE 9. 

Virial coefficients from empirical isotherm equation 
for adsorption of Kr on KL, BaL and LaL. * 

T°K A' A' 2 A' A4 D* 

160.9 0.47 -0.23 0.05 0.01. 4 

177.3 0.05 -0.01 0.01 3 
221.7 0.13 -0.01 - 2 0 

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 4 

182.7 -0.16 0.18 -0.05 0.01 4 a 
m 

190.4 0.39 -1.17 0.04 -0.01 4 
m 

 

194.6 0.06 -0.01 -0.01 3 
209.3 -1.23 -0.96 0.17 - 3 

159.6 0.41 -0.08 0.01 0.01 4 

175.9 0.64 -0.35 0.09 -0.005 4 

196.4 -0.07 0.07 2 
0 

218.2 0.13 -0.11 0.03 - 3 1 
223.8 1.16 -1.03 0.29 - 3 
166.3 -0.14 0.12 -0.01 - 3 

* degree of the polynomial. 
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" TABLE 40. 

Computation of the thex:modynamical functions on 

the basis of the virial isotherms. 

Adsorption of Kr on KL. 

T°K 
Kt* 	' 

. mole-. 
•' 	 1 u.c. 	cm-  

:Kt,* 
. 

-A p 

cal 	'• 
-1. ,ole 

- AA:4) 

cal.' -1 mole 
- AS°  
e.u. o 	• 	* ' 	P 	cm 

N ° 
mole- 
cubes 
peru.c. 

Cs0 
moll 
litx 

132.9 57.54. 1.48.10 339U  3130- 1,99 0.017 o.85 - 0.91 

160.9 4.80 1.59.704 • " 3080 1.97 0.21 0.85 0.9! 

177.3 1.73 6,3'7,103  ft 	. 3070 1.99.  0.58 0.83 1.0 l 

221.7 0.19 8.71.102  ft 2970 1.92. 5.21 0.85 0.9] 

192.3 0.72 2.82.103  " 3020 1.93. 1.40 0.83 0.9 ! 

209.6 .0.33 1.32.103  ft 2980 1.98 3.07 0.86 0.9 

Adsorption of Kr on BaL 

134.5 56.10 1.12.105  3640 2950 4.11 0.018 0.90 1.04 

140.3 30.34 6.31.104  ft 2830 4.11 0.033 0.95 1.o( 

162.3 4.33 	- 1.05.104  ft 2770 4.15 0.231 0.98 0.9. 

177.0 1.54 4.07.103  ft 2980 4.15 0.646 0.97 0.9' 

182.7 1.10 2.95.103  " 2850 4.15 0.902 0.98 1.0( 
190.4 0.75 2.14.103  " 2980 4.11 1.325 0.90 1.04 

194.6 0.54 1.59.103  " 2800 4.16 1.825 0.90 0.9! 

209.3 0.26 8.32.102  " 2770 4.12 3.745 0.95 0.9 

. 

Adsorption of Kr on L L 

141.5 16.41 5.01.10 3530 2914 4.36 0.06 1.00 0.9i 

159.6 3.73 8.91.103  ft 2830 4.36 0.27 1.00 0.91 

175.9 1.10 2.57.103 ft 276o 4.35 0.91 0.91 1.0( 

196.4 0.34 7.08.102  u 2670 4.36 2,94 .0.90 0.9! 

218.2 0.12 2.24.102  " 2570 4.38 8.33 1.0 1.0( 

223.8 0.08 1.78.102  ft 255 0 4.38 12.5 0.95 0.9 

166.3 2.06 5.13.103  ft 2800- 4.37 0..48 0.92 0.9' 

3 

7 

5 

6 
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and La3+  and in the distribution of the cation electrostatic 

charge per unit cell for each case. 

A useful characteristic of a given sorbate/sorbent 

system is the concentration of the sorbed phase in the 

standard state at a given temperature. As at standard state 

the activity of the sorbed phase is unity, the state associa-

ted with K'* will be defined by as:f7T.  = 1 (concentration 

N° 	)and the state associated with K"*H* will be a' m 7 = 1 
U.C. 

m)IN (concentration Cs0  T. N° can be obtained from plots as_vs N 

as the values of N corresponding to as = 1. The values of 

a were calculated at a given uptake N from a = K'*.P -s- 
'ee p.:131'). Examples of curves as  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 Co see p.280 in the Appendix). The accuracy 
of the estimated values of N° is unsatisfactory as the 

curves as_vs N are exponential and the value of N°  lies in 

the most inaccurate part of the curves.-  N° can be obtained 

indirectly from that equilibrium pressure, P0, which corres-

ponds to a
s = 1: 

a
s 	1 = 

K
- K' 	" 

... (4.2-8) 

From each plotted isotherm the value of N°  corresponding 

to Po can be read with certainty provided the Isotherms are 

not too rectangular. Mean values of N
o and Cs

0  have been 

estimated in this way where possible. 

The activity coefficients, 	of the sorbed phase can 

equilibrium transfer at standard state of a mole of sorbate 

from the gas phase into the sorbed phase is accompanied by 

a greater.decrease of the disorder of the krypton molecules 

on BaL and LaL compared with KL. An explanation might lie 

in the difference in the polarisation energy of K, Ba2  
-"- 
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obtained from u 	IS-12  (p.62). In Figs. 88, 89 and 90 
the activity coefficient of Kr on KL, BaL and LaL are 

presented,as functions of the concentration, serving 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, 
. 	. 

because when 
T1  > T2   

tone has 

P > P21  
/ 	1 K 1 < K2 

4.2.6 Half standard entropies and entropies of 

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

H-OFF. 

Differential entropies of sorption, go were calcu-
lated

_ 
 directly from the isosteric heats,41111' according 

to eq. 3.1-3 in Chapter I. 

A g i  

The values were used to calculate the differential molar 

entropies of the sorbed phase, g1 (p.53) 

	

dT 	lit  Po T 
ce 0  

= S 	R 	
ef CP  1-r- 	T  

g 

T  

.... ( 147412.'.9) 

where S o = 39.2 e.u. for krypton at 298oK(125). The 
calculated differential molar entropies for the sorbed 

krypton on HL, H-ER and H-OFF at selected temperature 

are given in Table 41 and plotted as a function of the 

amount adsorbed, N--- , in Figs. 91, u.c. 92 and 93. In. Fig. 94 
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TABLE 41. 

Half standard entropies (-2Ngh) and entropies of the 

sorbed phase (g1) for Kr on HL, H-ER and H-OFT. 

c; 
.N...... 
E 
% 

-45h s1  -h.gh  s1  - Agh ' 	
g1 

T°  = 142.5°K 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 19.66 el  

4 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°K T = 171.3°K .T = 187.4°K 

1 18.69 . 16.82 18.76 17.67 18.46 18...43 
-,... 

2 18.74 16677 18.89 17.54 18.72 18.17 

3 18.93 16.58 19.00 17.43 19.00 17.88 z  

4 19.24 16.27 19.31 17.12 19.34 	- 17.55 T 
5 19.81 15.70 20.09 16.34 . 19.87 17.02 

6 19.93 15.58 20.35 16.08 20.14 16.75 

T = 144.4°K T = 178.2°K T = 213.8°K 

2 20.38 15.23 20.30 16.34 20.13 17.72 

3 21.01 14.6o 21.13 15.51 20.78 16.77 

4 22.81 12.80 22.92 13.72 22.54 15.0 1 t 

5 23.91 11.70 23.99 12.65 23.70 	. 13.85 ci) 
x  

6 25.22 10.39 24.90 11.74 25.07 12.48 

7 25.69 9.92 25.66 10.98 	i 25.67 11.78 
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plots for different sorbents at similar temperatures are 

presented. The dotted parts of all entropy curves were 

calculated from the half standard entropy, 
41gh' defined 

as: 

— gh = S - S1  (4.2-io) 

S .- molar entropy of the sorbate in the gas phase at 

the equilibrium temperature of adgorption and pressure 

po = 1 atm. 

Values A§h were obtained from the relationship: 

- h  = AR1 	R en .12! 
	

... (4.2 -11) 

The half standard entropy of sorption should be inde-

pendent of temperature, provided Aril  can be taken within 

experimental error, to be independent of temperature. The 

constancy of LAI" is proved by the data of Table 41. 

An examination of the equation 4.2-9 shows that there 

are two terms only which depend on the uptake: R In 2! and 

----. The first decreases with the uptake, but remains T 
always positive while the second is always negative. If 

we ignore the interaction between pairs of sorbate molecules, 

then, for homogeneous surfaces 	 will be constant at each 

uptake until a monolayer is completed(90) and for•hetero- 
4R1 geneous surfaces T  will decrease (in absolute value) with 

the uptake. The following curves are given as an idealised 

illustration of three limiting cases: 

Caseta)- Monolayer adsorption on homogeneous surface. 
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Case(b)- Multilayer adsorption on homogeneous surface. 

Case(c)- :MOnOlayer adsorption.on heterogeneods surface. 

The experimental entropy curves found- for Kr 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 that the above three sorbents 

are heterogeneous, but they are not so much so_as to produce 

the maximum. For a homogeneous sorbent in which sorption is 

localised the equation for the configurational entropy is 

Sc =. R tni-g(P 56) .This will be assumed to be a first approxi-
mationtO(SI-Vfor the present systems. Examination of curves 

91, 92, 93 and 94 shows that the order of decreasing entropy 

for the three sorbents at a given uptake is: 

g1 HL > 1 11-ER > §1 H-OFF 
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Mk-order vanirot be explained in terms of the micro-  
pore volumes, values of which are in reverse order: 

> wo 
> 	(p.171). Thus for a constant uptake, H-OFF H-ER HL 

the order of A for the three scrbents is as f011ows: 

0H-OFF < 	< 0 H-ER 	.141, 

Substitution in equation for the configurational entropy, 
Sc, leadsl. when assuming the thermal entropies to be the 

same, to results 	contrary to those experhn enfally obtained, i.e. 

c1 HL 	g1 H—ER 	1 H—OFF Sth.H-ER >Sth.H-OFF g and 2.assuming SqL0 
to the order of 1  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 anciXe at.a series 'of temperatures. -Isotherms 

were measured at•  intervals of 10 to 25°K in the range 

1200-200°K for Ar, 130oK-270oK for Kr and 170°K-273°K for. 

Xe. The adsorption 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 completing a series of 

isotherms for each gas the reproducibility was checked by 

repeating one of the isotherms of the series. Reproduci-

bility was found to be satisfactory. As Xe condensed 

appreciably in the nitrogen trap the latter had to be 

removed, while pumping out the system, for short periods 

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 
comparison of the isotherms of a given gas on each sorbent 

indicates more energetic sorbate-sorbent interaction(89) 

in BaL, than in KL and NaL. 

All isotherms were type I in the BDDT classification(13 

In contrast with the present results, in zeolite LiX, 

Kiselev et al (137) obtained upward inflections at low 

pressures for Xe adsorption. 

One can compare the behaviour of Ar, Kr and Xe on a 

given sorbent, by taking isotherms for all gases at the 

same temperature. As such experiments were not performed, 

the comparison was made in the following manner: At an 

arbitrary pressure of 30 cmHg, the uptake for each gas at 

comparable temperatures was read from the graphs and tabu-

lated in Table 42. The uptakes of Kr and Xe are similar 

and are approximately twice that of Ar. 

TABLE 42. 

Uptakes at pressure 30 cmHg 

NaL KL 	' Bat, 	. 

T°K N m/u.c. T°X. N m/u.c. T°K N m u.c. 

Ar 162.0 4.7 169.4 3.6 164,9 3.6 

Kr 163.7 7.2 160.9 7.2 162.3 7.2 

Xe 169.4 6.9 169.3 6.1 171.2 6.4 

Ar 189.7 1.8 188.4. 1.7 185.8 1.8 

Kr 186.2 5.8 209.6 4.o 182.7 5.6 

Xe 181.0 6.0 210.9 4.3 187.5 6.1 
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4.3.2 Isosteric heats. 

The isosteric heats of adsorption (p.52 ) of Ar, 

Kr and Xe on NaL, BaL and XL were determined from the 

isotherms by the three procedures 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 procedures were graphed to give 

.the mean curves of An, vs uptake. In Fig. 104 such 

curves for Ar on NaL, 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 uptake are drawn 

using the average isosteric heats from the first two 

procedures and average of both plotted. An accuracy 

0.15kcal  ---- was achieved. If appreciable discrepancy appear- - 	mole 
ed then the third method was also used. 

A better comparison between the three sorbents can be 

made if the isosteric heats are presented (Fig. 105) as a 

function of the common scale / (see p.190). 

The isosteric heats of the three gases on NaL, KL and 

BaL were found to follow the normal order 

killI Xe > 14"11 Kr > IA  ri 
11 Ar at any one uptakedl. 

Examination of the slopes of the plots of isosteric heat vs 

/ 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 part in . 

region of 1 0-200, followed by a rapid decline in the 

region of 1 200-400. This behaviour is compatible with 

energetic heterogeneity similar to that observed for Ar 

and Kr, offset 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. 

Isosteric heats 	R kcal/mole) of Ar on NaL, KL and BaL. 

EL BaL 

cc 
	 - Aril  calculated from 

a- 

NaL 

gP vs 1/T.  gP vs a  ?,vs a  g P,vs 1/T g P vs a g g P/a vs a 	P vs 1/T  g P vs a  g P/a vs 'a 

2.89 

3.12 

3.31 

2.65 

2.31 

	

5 	3.47 
6 

	

o 	3.43 
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16 
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heat nearly constant. 

Ve can present the decrease in the isosteric heats 
from an arbitrary low q value (11  = 50) up to an equally 

arbitrary high n value (n 2  = 400) for all gases and 
sorbents. (Table 44). The values express the overall 

heterogeneity as a function of the nature of the sorbate 

and the sorbent. 

TABLE 44. 

Decrease in the isosteric heats (Lir11 kcal/mole
-1) 

of Ar, Kr and Xe on NaL, KL and BaL. 

The initial heats of a given sorbate are close in value 

for different sorbents as previously reported for Kr on all 

ion-exchanged forms of L(p.187) and now confirmed for the 

Ar and Xe. 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 kcal/mole. 

In the case of krypton (p.190) it was concluded that 

the initial isosteric heats are determined by the framework/ 

sorbate interaction. The same argument can now be extended 

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

hand differs among the exchanged forms. For example in 

BaL Lin1 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 
.

ion-

exchanged forms of zeolite X, which were most energetically 

heterogeneous, contained cations which showed the greatest 

polarizing power and for non-polar sorbates,such as Ar, Kr 

and Xe,have attributed the heterogeneity to this Property. 

Heterogeneity was much increased when the sorbates possessed 

permanent electric moments. For some cases of the present 

study (including those of Kr on all ion-exchanged forms) 

this explanation holdst(LaL exhibits the highest heterogeneity) 

but it cannot be applied to all cases (BaL vs NaL, KL for 

example). Close initial isosteric heats but distinctly 

different heterogeneities have also been found for adsorption 

of krypton on different forms of mordenite(92) and Ar on 

Na 	and H-mordenite(108). 

4.3.3 Entropy of adsorption. 

The entropy of adsorptionA§1  (p. 53) for a given uptake 

and temperature, T, can be calculated from isosteric heats:.  

AS = 
4111 
T 

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 addition,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. For a particular sorbent/sorbate system, 

the lower the temperature the greater the decrease .of the 

entropy when sorption occurs. One can consider the slope of 
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Fig. 106 	Ar, Kr and Xe on N 
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the curves of 1i§1 vs N as a measure of the heterogeneity 

at a given temperature. The heterogeneity so estimated 

is more strongly in evidence at lower temperatures. Curves 
• . 

of 151 vs N are a convenient basis for comparison of the 

heterogeneity of different systems at a common temperature. 

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-

librium constants and the standard energies of the three 

gases, Ar, Kr and Xe. Activity coefficients for the sorbed 

argon were evaluated and were compared with those calculated 

from isotherm models. 

As described before, the equilibrium constant K/ can 

be obtained from the intercept at N 	0 of the graph of 

en 1;-T  vs N (p.195). From the equilibrium constant KI the 

dimensionless equilibrium constant KU (p.280) was calculated. 

The values obtained are given in Table 45 (for Kr see Table 

36 and 40). The equilibrium constant KU was used to obtain 

the standard energies, LIE°  kcal/mole. In.Fig. 109 (for Kr 

see Figs. 82 and 83) the plots of €g K" vs 1/T are presented, 

and in Table 45 the values of the energies are tabulated. 

The values of the equilibrium constants for Xe dominate those 

at the corresponding temperature for Ar and Kr. 

The equilibrium constants for the three- gases read at 

an arbitrary temperature Ta = 166.60 (Table 45a) make this 

comparison clearer. 

The values of the equilibrium constants obtained for Ar 

were used to calculate the activity coefficients (p.62). 

The theoretical activity coefficients were also calculated 

according to both Langmuir(90) and Volcier(90) isotherm models 

(Table 46) and in Fig. 110 are shown the corresponding 
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TABLE 45. 

Equilibrium constants1 K"*/  and energy at standard 
state A E°  kcal/mole for adsorption of Ar and Xe 

on BaL 

Ar on BaL LI- A 	= 2.7v kcal -• mole 

T°K 123.5 137.5 151.8 164.9 172.0 185.8 193.; 

tgK" 3.93 3.21 2.78 2.40 2.03 1.69 1.5 

K"* 5.61.103  1.45.103  4.57.102  2.00.102  1.26.1C 57.5 39.8 

kcal Xe on BaL ZSE°  = -5.80 mole 

o T K 181.5 199.3 204.9 223.1 239.2 
r- 
258.3 273.2 

IgK" 5.12 4.22 4.20 3.45 3.14 2.67 2.33 

K"* 7.95.104 1.66.104  1.26.104  3.52.103  1.51.10 3  6.30.102  2.14.10 

TABLE 45a. 

Equilibrium constants K"*..  at an arbitrary temperature 
T = 166.6°K. a 

Ar 	. Kr Xe 

1.66.102 7.90.103 3.40.105 
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TABLE 46. 

Activity coefficients of the sorbed phase. 

isotherm 
. 	, 
equilibrium constant activity coefficient. 

Langmuir. 

Volmer. 

Empirical 

(4 
K 

Csat 	• 
=-,p(i_d) 

A 	8 

YI, 	= 	Csat-C 

Csat 	C K - 	.?(1.4 ) 	exp 	(1-8).  

K 	Ci 	3 	,.2 

-c  exp yv  . 
Csat Csat-c  

...- 
E- _ exp(2A1C4A2C24-.. ) = T exp(2.4.1C+A. 2u 	+..111 

I 

curves of rys Cs  (the concentration Ca  isexpressed in 

moles sorbate per litre of free volume of sorbent). Volmer's 

model gives fairly good agreement with the experimental 

isotherms at low concentration of the sorbate, 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 experimental ones. 

To estimate (;) (for Langmuir and Volmer eqUations) the 

saturation values Csat' were obtained from the limiting • 
slopes of the plots -.vs P (ref.,72 ) at the experimental 

Cs  
temperature. The lower the temperature, the smaller was 

the deviation from a straight line. Thtth the more accurate 

values for. Csat'  and 8, are those for the low temperatures, 

123.50K and 137.3K. The activity coefficients estimated 

from the empirical isotherm curves, practically coincide 

with the experimental ones (see p. 62). The poor accuracy 

of Csat might be one of the reasons for discrepancy between • 
the experimental and theoretical curves. However, it is 

unlikely that the real thermodynamic state of the sorbate/ 

sorbent systems here discussed can be aescribed,satisfactorily 
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in terms of assumptions needed in deriving either Lang-

muir'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. 

1. 
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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 presence 

of K
4- 
free of Na. A repeated co-crystallisation of erionite, 

offretite and L has been observed and explained in 'terms of 

the common structural units which are 11-hedral cancrinite 

cages and hexagonal prisms. Proof 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 offretite was 

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 practical importance. 

2. Exchange behaviour. Limited exchange was found at room 

temperature on zeolite L and on erionite (ER), namely 31-34% 

for L and 45% for ER. Consideration of this in relation to 

earlier work(11,14) demonstrated differences in exchangeability 

of distinct cation sites in the structure. On the basis of 

the ion-exchanged and adsorption results for Ar on K-ER and 

Na-ER, a suggested distribution per unit cell isrfour 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 NH4+  was found to be more 

than twice as great as for the pther investigated cations. 

3. Thermal stability. DTA investigations.distinguished two 

types of zeolitic water in forms containing small alkali metal 

cations or polyvalent cations. The TGA curves of EL and LiL 

showed weight losses (attributed to dehydrokylation) continuing 

up to temperatures as high as 1000°C. For these samples . 

peculiarities in adsorption properties were found which may 

be related to the above behaviour on heating. 

For ion-exchanged forms of L, the a and c lattice constants 
showed maximum and minimum values respectively at 200°C. At 
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550°C the constants were then found to regain their room 

temperature 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 water has been suggested as a main reason 

for the extreme values of a and c constants'at 2000C. 

For erionite, heating and outgassing was found to 

result in contraction in the a and expansidn in the c• 

dimension together with an overall contraction of the unit 

cell volumes. Also at about 200°C drastic alteratiOns of 

both position and intensity of the powder lines were observed. 

The water migration and loss was found to affect in all 

three zeolites the 100 and 110 reflections. 

Structural analysis on BaL has shown Ba to be position-

ed, like K+  on KL(11), at 0, 0.303, 0 at room temperature 

in the hydrated state, whereas at high temperature (550°) and 

after dehydration, the position 0.19, 0.38, 0 was occupied. 

The importance of rates of cooling after outgassing is a 

practical implication of the above_finding. 

4. Sorption Properties. Adsorption 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 > LaL >HL>BaL >LiL>CsL 

The water content per unit cell was found to follow the order 

LiL> HL ›LaL >BaL :2> NaL )>CsL 23; KL. 

and the order of the above saturation capacities could not, 

therefore, be related to the free volume in the structure 

found on the basis of the water content. Micr•opore volumes. 

of the sorbents, estimated using Dubinin's method,'were in 

the sequence 

NaL > La.L >KL > BaL >III, >LiL > CsL 
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and thus relate well to the saturation canacities of Ar 

observed. 

Argon adsorption at 77.3°K on ion-exchanged erionite 

showed strong dependence on cation size - Na-ER vigOrously 

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 isosteric heats of Kr showed stronger sorbent-sorbate 

interaction in cases of H-OFF and H-ER, than in HL. This was 

attributed to the narrower channels in offretite (and cavities 

in ER) than in L. 

The initial isosteric heats, clst'  of Kr, for all ion-

exchanged forms of L were similar, but differed for 

HL, H-ER and H-OFF. Different variations of-st  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 k cal) mole but different for HL, H-ER and H-OFF. 

The adsorption isotherms could not be expressed in terms 

of equations based on idealised models. Empirical equations 

were, however, found which satisfactorily described the 

measured isotherms, taking Kr on KL, DaL and LaL as examples. 

The successful equations had the form 

K = -sexp (2A - C 2A2 s 	3 
C2  .4- 4

3  C
3  + 1 s 2 	s 

where the A's depend on temperature and on the gas-sorbent 
system, but not on concentration. 

• • • • 
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APPENDIX 



257. 

ADSORPTION ISOTHERM DATA 

Parameters used Symbols Accuracy 

• 

equilibrium temperature. T oK + 0..1°K 
equilibrium pressure in cm Hg. Pcm Hg + 0.005cm Hg 

uptake in cm3  (S.T.P.) per 
gram of outgassed zeolite° a cc,/g. +0.05cc/g. 

uptake in number of molecules 

per unit cell of outgassed _ 

zeolite. Nm/u.c. + 0.005m/n.c 



258. -.  

Ar on HL at 77.3°K. 	contd. 

P cmHg 

0.045 
0.197 
0.453 

0.952 
2.557 
4.342 
6.516 

8.352 
11.315 
13.552 
15.102 
18.121 
15.794 
12.006 
9.213 
7.322 
1.856 
0.287 

0.103 
0.327 
1.253 
2.232 
4.314 
7.722 
11.134 
14.056 
17.003 
15.514 
10.723 

a cc/g 

45.21 
68.92 
8.15 
81.14 
90.07 

98.75 
100.08 
108.75 
114.01 
117.62 
120075 
130.10 
122.10 
115.01 
108.32 
102.26 
86.10 
72.15 

56.16 
70.23 

73.94 
79.13 

81.92 
86.40 
92.04 

97.37 
102.24 

99.15 
91.84 

N m/u.c. 

4.431 
6.754 
7.659 
7.952 
8.827 
9.678 
9.808 
10.535 
11.173 
11.527 
11.834 
12.749 
11.966 
11.271 
10.615 
10.021 
8.438 
7.071 

77.28°K 

6.009 
7.515 
7.911 
8.467 

8.765 
9.245 
9.848 
10.418 
10.939 
10.609 
9.827 

cmHg a cc/g 

6.831 85.23 
3.604 80.78 
0.931 75.20 

Ar on Nal. at 77.31°K 
0.020 65.63 
0.204 90.32 
0.354 96.64 
0.971 100.25 
2,205 103.04 
2.836 105.76 
5.843 109.21 
7.984 111.28 
12.052 114.72 
13.614 116.81 
154261 120.80 
18.207 130.23 
15.781 122.04 
10.123 114.02 
6.351 109.63 
4.052 107.21 
.1.461 101.68 

Ar on 
0.023 
0.068 

0.173 
0.431 
1.220 
3.413 
8.321 
11.134 

N m/u.c. 

9.119 • 
8.643 
8.046 

Ar on LiL at 

7.095 

9.756 
10.439 
10.827 
11.128 

'11.422 
11.795 
12.018 
12.389 
12.615 
)3.464 
14.065 
13.180 
12.314 
11.840 
11.579 
10.981 

Kt at 77.3°K 
42.37 . 	4.661 

	

76.42 	• 8.352 

	

85.22 	9.374 

	

88.41 	9.724 

	

94.02 	10.342 

	

100.03 	11.003 

	

105.60 	11.616 

	

111.21 	12.233 



P cmllg a cc/g N M/u.c. 

13.252 
16.204 
18.207 

13.940 
9.216 
5.513 
2.353 
0.781 

113.36 
118.10 
122.81 
114.04 
107.63 
102.24 
97,20 
91.28 

12.469 

12.991 
13.509 
12.544 
11.839 
11.246 
10.693 
10.041 

Ar on CsL at 77.2;1( 

0.038 
0.425 

0.723 
2.451 
7.314 

9.583 
14.463 
18.351 
16.250 
11.812 
8.207 
6.671 

3.983 
1.820 
0.152 

58.26 
62.15 

65.28 
70.10 
76.40 

77.76  
81.05 
83.67 
82.43 

79.31 
76.98 
75.44 

72.02 
66.86 
60.96 

6.816 
7.271 

7.638 
8.202 

8.939 
9.332 
9.483 
9.789 
9.644 
9.279 
9.007 

8.826 
8.426 
7.823 
7.132 

• 

Ar on Bal., at 77.26oK 

	

49.34 	5.793 

	

70.31 	9.315 

	

80.45 	9.332 

	

84.48 	9.799 

0.010 

0.070 

0.163 
0.460 

259. 
contd. 	 contd. 

P cmHg a cc/g 

0.823 88.40 

1.212 90.34. 

2.551 95.26 

4.724 98.85 
7.682 100.20 
11.670 102.56 
17.231 108.16 
13.923 104.96 
8.423 100.61 

3.671 96.24 

1.576 92.48 

0.625 86.48 

at 77.1h 

89.35 
92.43 
97.26 
103.28 
106.00 
107.20 
109.04 
114.42 
119.36 
111.16 
108.32 

107.60 

104.64 

100.48' 

95.60 

N m/u.c. 

10.254 

10.475 
11.050 
11.467 
11.623 
11.897 
12.547 
12.175 
11.671 

11.164 

10.728 

10.032 

Ar on La L 
0.065 
0.263 
0.914 

3.422 
7.264 
9.843-
12.860 
17,811 

18.434 
15.412 
11.863 

9.220 

5.061 

2.074 

0.532 

. 10.3(35 
10.722 
11.282 
11.980 
12.296 
12.435 
12.649 
13.273 
13.846 
12.888 
12.565 

12.482 

12.138 

11.656 

11.089 



260.. 

Ar on H-ER at 77.* 	contd. 

a cc/g P cmHg N m/u.c. cmHg 

8.557 
10.897 
11.758 

12.045 
12.387 
12.752 
12.886 
13.026 
13.155 
13.343 

13.752 
13.441 
13.203 

13.028 
12.811 
12.559 
11.824 

	

0.023 	87.32 

	

0.152 	111.22 

	

0.713 	117.10 

	

1.620 	122.91 
3.124 126.40 
6.262 130.12 

	

9.251 	131.21 

	

12.314 	132.92. 
14.662 134.24 

	

17.414 	136.15 
19.703 140.33 

	

18.614 	137.15 

	

15.631 	134.72 

	

12.822 	132.94 

	

7.113 	130.72 

	

3.814 	128.16.  

	

1.182 	120.65' 

Ar on Na-ER at 

	

0.057 	82.13 

	

0.160 	106.10 

	

0.663 	111.12 

	

2.052 	116.73 

	

4.351 	120.11 

	

7.321 	122.50 

9.473 123.76 
14.920 126.22 

	

17.382 	127.15 

	

19.524 	131.32 

	

18.156 	126.91 

	

12.731 	124.85  

	

8.735 
	123.20 

	

5.483 
	

120.75 . 

	

2.562 
	118.31 

	

1.352 
	115.15 

Ar on H-OFF at 77.3°K 

	

0.030 	68.53 	3.426 

	

0.123 	111.54 	5.577 

	

'0.514 	121.20 	6.060 

	

0.38 1 	127.24 	6.362 

	

1.674 	134.63. 	6.731 

	

2.156 	137.16 	6.705 

	

3.718 	141.13 	7.056 

	

5.982 	143.72 	7.186 

	

8.916 	146.24 	-7.312 

	

11.301 	148.o5 	7.403 

	

15.723 	150.03 	7.501 

	

19.464 	156.93 	7.846 

	

19.133 	152.80 	7.640 

	

12.126 	148.63 	7.431 

	

7.463 	145.21 	7.261 

	

5.135 	143.06 	7.153 

	

1.272 	131.15. 	6.558 

	

0.231 	115.24 	5.762 

77.2
7
oK 
8.706 
11.247 
11.779 
12.373 
12.732 

12.985 
13.119 
13.379 
13.478 
13.919 

13.452 

13.234 

13.059 
12.799 
12.540 

12.206 

N m/u.c. a cc/g 



261. 

Ar on K-ER at 77.34°K. 

P clung 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 10.99 1.176 

7.718 10.56 1.130 

3.894 8.51 0.911 

1.103 4.62 0.494 

1 
• 



262. 

Ar on NaL at 127.9°K 	contd. 	contd. 

P N miu.c. P cmHg P craHg N m/u.c. 

K 

	

0.231 	1.045 

	

o.456 
	

1.837 

	

0.682 	2.372 

	

1.925 	3.489 

	

3.012 
	

4.172 

	

4.869 	5.021 

	

9.348 	5.846 

	

17.399 
	

6.783 

	

27.620 	7.513 

	

43.353 	8.194 

	

48.971 
	

8.249 

	

38.970 
	

8.001 

	

21.216 
	

7.099 

	

13.062 
	

6.3o8 

	

7.892 	5.634 

	

4.694 
	

4.816 

	

1.664 
	

3.023 
Ar on NaL at 145.5"K 

	

0.380 	0.456 

	

0.947 	0.915 	Ar on NaL 	a 

	

2.047 	1.823 	0.-526 

	

2.613 	2.187 	0.889 

	

'3.734 	2.785 	2.433 

	

6.562 	3.825 	4.386 

	

7.282 	4.047 	6.884 

	

14.380 	5.205 	10.701 

	

23.016 	6.007 	16.130 

	

37.968 	6.954 	27.264 

	

49.158 	7.381 	42.399 

	

33.716 	6.701 	33.265 

5.736 
4.641 
3.163 
1.312 

at 162.0°  

0.153 
0.248 
1.201 
1.797 
2.846 
3.804 
4.759 
5.697 
6.052 
5.499 
4.501 
3.241 
2.212 
0.681 
176.9°1( 
0.122 
0.207 
0.335 
0.586 
0.866 
1.301 
1.803 
2.806 
3.980 
3.251 

19.759 
10.266 
4.642 
1.367 

Ar on NaL 
0.302 
0.487 
3.006 
5.941 
12.420 
20.518 
30.416 
43.730 
50.031 
40.615 
27.860 
14.956.  
8.164 
1.783 

	

19.963 	2.163 

	

13.262 	1.509 

	

5.484 	0.711 

	

3.408 	0.417 
Ar on NaL at 189.7°K 

	

0.386 	0.032 

	

1.480 	0.118 

	

6.289 	0.487 

	

13.837 	0.963 

	

19..937 	1.271 

	

28.316 	1.764 

	

44.083 	2.503 

	

38.308 	2.261 

	

24.993 	1.578 

	

9.867 	0.701 

	

3.386 	0.287 
Ar on NaL at 1.95.0°K 
0.938 
2.011 
7.487 

18.003 
22.468 
34.103 
45.780 
40.583 
29.497 
11.751 

4.385.  

0.041 
0.087 
0.249 
0.579 
0.711 
0.993 
1.205 
1.092 
0.871 
0.356 
0.172 



Kr on NaL at 130°K Kr on NaL at 153.6 
263. 

Kr on NaL at 175.2 0 

at 144.8°K 

cmHg K M/11. C• 

0.011 4.551 
0.312 6.150 
1.140 6.807 
5.162 7.786 
7.345 8.043 
13.334 8.513 
19.448 8.799 

29.780 9.149 
41.612 9.487 
52.496 9.708 
39.009 9.372 
21.392 8.871 
15.050 8.610 
10.554 8.311 
4.268 7.534 
Kr on NaL 
0.050 2.352 
0.357 3.994 
0.866 5.332 
3.302 6.573 
7.885 7.266 
10.093 7.430 
19.963 7.921 

28.990 8.203 
45.162 8.625 
52.230 8.832 
40.855 8.527 
22.162 7.996 
14.702 7.762 
6.024 7.031 

1.705 5.903 

P cmHg N m/u.c. 

0.015 1.352 
0.341 2.771 
1.205 4.619 
4.155 6.148 
10.136 6.989 
18.416 7.409 
26.035 7.683 
40.322 7.993 
51.329 8.303 
32.381 7.811 

19.32.7 7.416 
12.943 7.129 
7.480 6.678 
1.586 5.085 

Kr on NaL at 163.7°1  

0.342 1.943 
0.825 2.963 
1.713 3.802 
3.825 4.902 
11.703 6.301 
19.008 6.812 
31.938 7.287 
44.512 7.609 
40.512 7,501 
25.003 7.008 
13.337 6.411 
6.296 5.597 
2.382 4.354 
1.052 3.387 

P cmHg 	N m/u.c. 

	

0.397 	0.738 

	

0.867 	1.505 

	

2.487 	3.064 

	

5.508 
	

4.175 

	

7.050 
	

4.645 

	

12.700 	5.410 

	

18.823 	5.973 

	

25.832 
	

6.289 

	

42.585 
	

6.720 

	

33.310 
	

6.502 

	

20.398 
	

6.130 

	

15.061 	5.730 

	

9,351 
	

4.989 

	

3.656 
	

3.629 

	

1.322 
	

2.165 
Kr on NaL at 186.2°K 

	

0.497 	0.454 

	

1.192 
	1.030 

	

3.015 	2.094 

	

6.776 
	

3.473 

	

11.416 
	

4.336 

	

.16.995 
	5.007 

	

27.-845 	5.683 

	

42.530 
	

6.299 

	

34.170 	5.949 

	

24.517 	5.452 

	

13.339 
	

4.654 

	

8.853 
	

3.843 

	

4.556 
	

2.772 

	

1.607 	1.315 



264. 

Yr on NaL at 195.37Kcontd. Xe on NaL at 207..5 - 

P cmiig 	N P cmHg N m/u.c. P-  cuilig  N m/u.c. 

3.822 

5.410 
10.717 
14.141 
26.300 
44.103 
47.539 
31.711 
18.006 

7.595 
1.769 
Xe on NaL 
0.236 
0.551 
0.892 
1.867 
4.238 
8.943 

12.620 
20.075 
32.513 
44.142 
50.840 
36.314 
24.810 
16.864 
6.095 
2.783 

5.291 
5.498 
6.065 
6.313 
6.784 
7.256 
7.463 
6.963 
6,498 
5.785 
4.708 
at 181.0°K 
1.962 
2.901 

3.551. 
4.160 .  
4.763' 
5.208 

5.457 
5.747 
6.034 
6.377 
6.566 
6.118 
5.881 

5.671 
4.932 
4.396 

	

1.018 
	

0.572 

	

4.545 
	1.823 

	

7.266 
	

2.546 

	

12.700 	3,403 

	

17.020 	3.991 

	

24.524 
	

4.485 

	

42.275 	5.355 

	

37.497 	5.132 

	

29.312 
	

4.709 

	

14.988 	3.738 

	

9.685 
	2.894 

	

5.061 	1.982 

	

2.990 
	1.358 

Kr on NaL at 209:7°1 

	

0.430 	0.150 

	

1.391 
	

0.392 

	

3.10o 	0.704 

	

8.067 	1.652 

	

14.546 
	

2.428 

	

26.865 	3.647 

	

41.644 
	

4.622 

	

51.101 
	

4.943 

	

33.742 
	

4.105 

	

19.902 	3.074 

	

10.188 
	

1.967 

	

5.503 	1.183 
Xe on NaL at 169.4°K 

	

0.092 
	

1.475 

	

0.158 
	3.136 

	

0.783 
	

4.256  

	

0.391 	1.573 
0.907. 	2.759 

	

1.961 	3.604 

	

4.668 	4.280 

	

10.559 	4.695 

	

13.371 	4.829 

	

22.972 	5.087 

	

44.521 	5.448 

	

42.619 	5.398 

	

29.088 	5.236 

	

17.736 	4.948 

	

8.559 	4.598 

	

3.527 	4.064 
Xe on NaL at 223.2°K 

	

0.431 	0.810 

	

0.818 	1.346 

	

1.012 	2.067 

	

1.894 	2.437 

	

2.315 	2.962 

	

6.474 	3.887 

	

7.800 	4.018 

	

15.791 	4.505 

	

26.10o 	4.770 

	

37.919 	4.930 

	

47.133 	5.069 

	

44.496 	5.031 

	

33.298 	4.878 

	

20.647' 	4.624 

	

10.972 	4.257.  

	

3.72o 	3.308 



265. 

Xe on NaL at 239.2°K Xe on NaL at 273.6°K Ar on KL at 145.2°K 

P cmHg N Tr]  u. C • ....P cmlig N P cmHg N m/u.o. 

0.457 
0.864 
1.508 
2.557 
2.883 
4.194 
4.856 
5.919 
6.827 
7.115 

6.989 
6.521 
5.109 
3.429 
2.053 
0.654 

RI, at 158.4°  
0.251 
0.478 
0.719 
0.915 
1.792 
2.393 
2.907 
3.407 
4.012 
4.649 
5.410-
5.907 

5.751  
5.198 

	

1.015 	0.751 

	

2.697 	1.791 

	

6.909 	2.953 

	

9.166 	3.387 

	

14.022 	3.808 

	

17.556 	3.998 

	

29.681 	4.307 

	

43.615 	4.624 

	

36.758 	4.470 

	

26.215 	4.243 

	

11.330 	3.578 

	

4.432 	2.390 

	

2.135 	1.378 
Xe on NaL at 258.1°K 

	

1.510 	0.464 

	

3.015 	0.826 

	

5.253 	1.437 

	

6.908 	1.756 

	

11.115 	2,433 

	

13.447 	2.698 

	

16.868 	2.974 

	

27.953 	3.508 

	

45.112 	3.985 
33.154 . 3.706 

	

21.178 	3.269 

	

16.278 	2.914 

	

9.142 	2.171 

	

4.656 	1.301 

1.226 
5.117 
8.025 
18.002 
25.528 
35.862 
46.146 
43.035 
32.110 
12.263 
6.717 
2.699 

Ar on JCL 
0.283' 
0.451 

0.937 
1.135 
2.838 

3.399 
5.610 
10.641 
21.323. 

37.750  
46.589 
!!1.128 
29.295 
14.472 
6.290 
4.511 
2.368 
0.623 

0.233 
0.862 
1.295 
2.235 
2.758 
3.127 
3.453 
3.361 
2.988 
1.770 
1.086 
0.479 
at 124.4°K 
1.381 
2.104 
2.924 
3.271 
4.520 
5.081 
5.658 
6.503 
7,435 
8.126 
8.383 
8.214 
7.798 
6.983 
5.768 
5.322 
4.098 
2.452 

0.692 
1.524 
2.514 
4.492 
5.518 
10.431 
14.078 
23.714 
37.126 
46.308 
42.163 
32.586 
16.523 

7.331 
3.416 
0.879 
Ar on 
0.634 
1.513 
2.035 
3.374 
6.318 
8.924.  
11.87 
14.718 
19.049 
25.011 
34.253 
44.004 
40.723 
31.921 



266. 

contd. 	contd. 	contd. 

P N m/u.c. P crnHg N m/u.c. P cmHg N m/u.c. 

	

22.732 	4.347 

	

10.979 	2.796 

	

4.513 	1.358 
Ar on XL at 169.4°K 

	

1.853 	0.304 

	

3.314 	0.551 

	

5.013 	0.816 

	

6.924 	1.102 

	

8.518 	1.368 

	

11.217 	1.652 

	

16.313 	2.261 

	

22.918 	2.958  

	

32.813 	3.882 

	

44.409 	4.643 

	

39.382 	4.372 

	

28.516 	3.487 

	

21.269 	2.752 

	

13.342 	1.879 

	

9.138 	1.416 

	

4.326 	0.708 
Ar on XL at 188.4°K 

	

1.387 	0.124 

	

3.291 	0.197 

	

6.207 	0.384 

	

8.213 	0.468 

	

11.264 	0.659 

	

17.892 	1.012 

	

29.412 	1.684 

	

39.579 	2.139 

	

45.612 	2.412 

43.264 
34.627 

25.534 
14.121 
9.621 
4.692 

Ar on KL at 
0.795 
1.623 
2.908 
4.491 
10.825 
19.685 
32.863 
43.915 
48.418 
38.641 
28.046 
13.703 
7.315 
2.248 
Kr on Kt 
0.112 
0.205 
0.815 
1.860 
7.191 
10.488 
14.878 
19.489 

2.268 
1.873 
1.402 
0.798 
0.507 
0.279 
176.90K 
0.063 
0.185 
0.338 
0.465 
1.031 
1.685 
2.638 
3.189 
3.411 
2.973 
2.315 
1.277 
0.739 
0.263 

at 132.9°K 
2.453 
3.385 
5.003 
5.891 
6.809 
7.081 
7.498 
7.686 

	

29.218 	8.005 
42.639. 	8.364 

	

49.125 	8.667 

	

38.846 	8.314 

	

27.830 	7.971 

	

19.160 	7.623 

	

12.625 	7.358- 

	

4.870 	6.599 
Kr on KL at 160.9°K 

	

0.118 	0.488 

	

0.224 	1.108i  

	

0.520 	1.596 

	

0.613 	2.317 

	

1.328 	3.433 

	

4.127 	5.128 

	

5.612 	5.552 

	

10.672 	6.209 

	

17.450 	- 6.688 

	

28.235 	7.202 

	

46.240 	7.739 

	

40.053 	7.508 

	

25.441 	7.081 
13.307. 	6.456 

	

7.789 	5.889 

	

1.921 	4.082 

	

0.838 	2.869 
Kr on KL at177.3°K 

	

0.338' 	0.385 

	

0.674 	0.758 

	

2.471 	2.196 



267. 
,contd. 	contd. 	Xe on KL at 169.3°K 

K 

P cmHg 

3.869 
8.306 
11.119 
16.609 
25.893 
43.151 
34.371 
24.370 
16.165 
6.188 
1.382 
Kr on 
0.924 
1.638 
2.641 

3.713 
6.122 

8.197 
13.386 
17.987 
26.627 
41.526 
34.819 
24.624 
16.868 
11.321 
5.316 
Kr on 
0.628 
1.623 
3.128 

N m/u.c. 

2.978 
4.253 
4.879 
5.325 
5. 98 
6.429 
6.281 
5.802 
5.301 
3.831 
1.153 

KL'at 192.3°  
0.678 
0.849 
1.249 
1.622 
2.412 

2,7S3 
3.685 
4.203 
4.938 
5.759 
5.407 
4.783 
4.063 

3.387 
2.066 

XL at 209.6°  
0.287 

0.537 
0.859 

P cmHg N m/u.c.  

5.521 1.367 
6.673 1.613 
10.718 2.276 
13.821 2.681 
19.986 3.278 
26.612 3.806 

33.768 4.261 
46.119 4.913 
42.561 4.723 
34.896 4.288 
24.619 3.652 
16.937 3.006 
8.322 1.863 
4.113 1.062 
Kr on. KL 
1.300 
5.016 
9.050 
11.962 
15.931 
22.583 
32.200 
45.325 
51.279 
40.327 
29.538 
20.686 
13.970 
6.744 
3.408 

P 	N m/u.c. 

	

0.109 	2.273 

	

0.260 	3.366 

	

2.504 
	

4.478 
7.205 • 5.053 

	

11.070 	5.352 

	

24.964 
	

5.938 

	

45.857 	6.599 

	

35.280 	6.335 

	

19.015 	5.789 

	

9.423 	5.254 

	

5.107 	4.849 

	

0.858 	3.716 
Xe on. KL at 180.5°K 

	

0.120 	1.561 

	

0.295 	2.527 

	

2.568 	3.687 

	

8.282 
	

4.664 

	

18.019 	5.189 

	

21.795 	5.482 

	

27.246 	5.625 

	

45.126 
	

6.095 

	

49.970 
	

6.212 

	

38.900 	5.898 

	

24.258 	5.454 

	

12.281 
	

4.915 

	

5.534 
	

4.297 

	

1.008 	3.041 
Xe on KL at 199.2°K 

	

0.059 	0.407 

	

0.133 	0.879 

	

0.312 	2.005 

at 221.7°b 
0.263 
0.859 
1.488 
1.832 
2.178 
2.716 
. 3.436 
4.038 
4.444 
3.8• 65 
3.1.98 
2.513 
1.985 
1.175 
0.666 



268..  

contd. 

P cmHg N m/u.c. P cmlig 'N m/u.c.  

0.830 2.780 Xe on KL at 226.6°K 
3.280 3.578 0.735 0.487 
4.579 3.803 1.470 0.879 
7.291 4.197 2.006 1.343 
9.33o 4.375 4.495 2.296 
18.025 4.583 7.701 2.798 

29.681 4.818 11.019 3.095 
46.665 4.978 15.421 3.367 

37.596 5.946 23.485 3.588 
23.315 4.721 31.790 3.748 
12.211 4.431 42.613 3.901 

5.705 3.968 48.742 3.938 
2.058 3.217 39.240 3.863 
0.632 2.372 24.225 3.636 
Xe on KL at 210,9°K 	14.109 3.301 
0.412 1.018 5.680 2.498 
0.561 1.289 2.735 1.658 
1.036 1.705 Xe on KL at 258.3°K 
2.516 2.501 1.160 0.247 
4.017 3.021 3.008 0.635- 

6.372 3.442 4.572 0.925 
10.215 3.798 5.575 1.066 
15.418 4.052 11.344 1.878 
23.841 4.236 14.429 2.124 
30.692 4.397 22.821 .2.634 

46.401 4.572 40.755 3.198 

39.723 4.521 . 32.308 2.971 
34.214 4.446 18.175 2.343 

22.342 4.203 8.118 1.431 

13.226 3.946 2.290 0.491 

5.467 3.283 
1.623 2.145 

Ar on Bal,at 
0.221 
0.485 
0.623 
1.674 
1.803 
2.312 
5.247 
7.473 
13.105 
20.350 
29.968 
45.895 
36.626 
25.559 
18.926 
9.851 
4.367 
0.805 

Xe on KL a 
1.177 
2.292 
4.995 
10.759 
15.345 
23.000 
30.297 
44.024 
33.725 
20.112 
13.227 
7.472 

P.cmHg 

• 

I N m/u.c 

273.4dx 
0.133 
0.226 
0.506 
1.138 

1.555 
2.045 
2.351 
2.713 
2.451 
1.962 
1.374 
0.813 
123.5°K 
1.294 
3.051 
3.614 
5.153 
5.614 
6.0o5 
6.861 
7.382 

7.955 
8.352 
8.573 
8.789 
8.695 
8.497 
8.321 
7.693 
6.65o 
4.562 



Ar on BaL at 137.6°K contd. 

I P cmHg N. m/u.c. 

0.142 0.302 
0.315 0.657 
0.867 1.458 
1.232 1.845 
1.712 2.411 
2.341 2.956 
3.608 3.862 
5.211 4.492 
7.403 5.158 
9.526 5.592 
12.410 5.961 
18.233 6.591 
31.187 7.115 
44.512 7.487 
37.794- i  7.283 
26.789 6.976 
14.526 6.212 
10.918 5.812 
5.896 4.743 
2.671 3.228 

Ar on BaLat 151.8°1 
0.393 0.328 
1.214 0.774 
1.803 1.090 

2.987 1.549 
3.801 2.087 
6.612 2.864. 
10.589 3.678 
)2.018 3.942 
13.426 4.109 

PcthHe 

18.392 
24.610 
29.609 
44.748 
41.583 
35.096 
27.248 
19.396 
14.728 
8.811 
5.419 

Ar on BaL 
0.965 
1.870 
3.477 
4.758 

8.979 
11.758 
14.607 
19.163 
23.928 
35.326 ' 
46.785 
38.240 
31.008 
20.798 
10.545 
6.222 
2.310 

N 

4.610 
5.066 
5.382 
6.042 
5.848 

5.587 
5.229 
4.698 
4.262 
3.418 
2.591 

at 164.9°  
0.239 
0.451 
0.919 
1.205 
2.018 
2.467 
2.701 
3.098 
3.394 
3.864 
4.372 
4.022 
3.712 
3.190 
2.271 
1.593 
0,643 

P cthHg 

Ar on BaL 
0.772 
2.381 
3.326. 
5.607 
6.610 
9.615 
18.967 
30.984 
44.515 
40.003 
33.448 
24.283 
13.844 
8.623 
4.364 

Ar on BaL 
0.941 
2.954 
4.281 
8.325 
12.629 

19.783 
28.321 
43.172 
50.000 
40.518 
26.273 
18.662 
10.104 
6.057 

N m/u.c. 

at 172.0°K 
0.195 
0.438 
0.568 
0.891 
1.036 
1.357 
2.195 
2.907 
3.585 
3.386 
3.125 
2.503 
1.696 
1.232 
0.730 

at 185.8°K 
0.079 
0.210 
0.321 
0.604 
0.863 
1.250 
1.681 
2.384 
2.724 
2.235 
1.574 
1.184 
0.731 
o. 451 



270. 

Ar on BaL at 193.2°K 	Kr on BaL at 140.3°K Kr on BaL at 177.0°K 

P- cmHg N m/u.c. P cmHg N m/u.c. 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.o36 

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 42.103 6.398 

4.463 0.256 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 4.638 

0.245 4.244 Kr on BaL at 162.3°K 	3.284 3.082 

0.316 4.861 0.318 1.341 1.347 1.507 

0.506 5.714 0.754 2.833 Kr on BaL at 182.75' 
0.892 6.420 1.920 4.277 0.280 0.274 

1.626 6.789 3.368 4.736 0.659 0.683 
4.154 7.410 3.614 5.462 0.927 0.926 

4.897 7.506 6.750 6.037 1.155 1.188 

12.859 7.943 10.600 6.496 _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 

45.643 8.466 28.348 7.119 8.006 3.915 

42.934 8.418 44.088 7.333 14.160 4.813 

33.033 8.397 35.565 7.292 20.053 5.281 

18.422 8.125 20.043 6.903 30.013 5.632 

8.725 7.778  8.750.  6.360 44.523 5.916 

2.170 6.889 5.163 5.843 47.120 6.020 
0.986 3.659 41.612 5.903 



271. 

contd. 	contd. 

P cmlig 	m/u.c. 

	

27.340 	5.551 	15.136 	3.527 

	

17.826 	5.092 	19.527 	3.974 

	

11.279 	4.496 	24.760 	4.327 

	

4.066 	.2.829 	36.450 	4.908 

	

1.978 • 	1.584 	44.370 	5.113 

	

Kr on BaL at 190.4°K 38.753 	4.987 

	

0.624 	0.531 	29.819 	4.64o 

	

1.707 	1.087 	18.082 	3.758 

	

3.784 	1.856 	- 13.015 	3.312 

	

4.863 	2.265 	7.530 	2.452 

	

7.795 	2.885 	4.067 	1.632 

	

11.520 	3.464 	Kr on BaL at 2.09.3°K 

	

15.823 	3.917 	1.327 	0.309 

	

25.587 	4.712 	2.781 	0.696 

	

29.256 	4.916 	4.892 	1.123 

	

44.5oo 	5.459 	6.810 	1.472 

	

40.830 	5.371 	8.929 	1.743 

	

26.293 	4.772 	11.821 	2.126 

	

21.485 	4.402 	13.806 	2.359 

	

8.970 	3.076 	18.017 	2.706 

	

5.896 	2.485 	24.811 	3.172 

	

2.520 	1.384 	33.221 	3.723 

	

Kr on BaL at 194.6°K 49.597 	4.530 

	

0.598 	0.292 	43.278 	4.163 

	

1.628 	0.787 	36.812 	3.862 

	

2.549 	1.109 	26.614 	3.327 

	

3.760 	1.507 	21.138 	2.943 

	

5.777 	2.144 	15.816 	2.548 

	

9.418 	2.838 	10.372 	1.9.58 

	

10.869 	3.115 	3.077 	0.773 

P cmHg 	N m/u.c. 

Xe on BaL at 171.2°1 

	

0.054 	2.437 

	

0.126 	3.999 

	

0.292 	4.234 

	

0.783 	4.672 

	

1.637 	5.058 

	

3.716 	5.462 

	

9.432 	5.799 

	

19.560 	6.141 

	

27.729 	6.332 

	

41.635 	6.605 

	

48.981 	6.712 

	

38.780 	6.527 

	

25.416 	6.317 

	

13.643 	5.983 

	

6.360 	-5.645 

	

2.265 	5.217 

	

0.348 	4.486  
Xe on BaL at 181.5°K 

	

0.186 	2.364 

	

0.318 	3.725 

	

1.682 	4.672 

2.997. 	4.993 

	

7.635 	5.507 

	

9.850 	5.632 

	

21.765 	5.962 

	

32.007 	6.094 

	

43.915 	6.234 

	

47.805 	6.286  

	

40.724 	6.197 

P cmHg N 



272. 
contd. contd. contd. 

P cmlig  N m/u.c. P cmHg N m/u.c. 	p cmHg  N m/u.c. 

31.308 
14.281 

5.613 
0.503 
Xe on BaL 
0.163 

0.399 
0.963 
2.856 

6.130 
12.253 
25.462 
46.862 
44.356 
32.067 
19.874 

7.664 
4.392 
1.640 

Xe on BaL 
0.335 
0.04 
0.935 

2.219 
3.810 
7.78o 
11.130 
18.135 

23.126 
33.495 

50.840  

6.083 
2.786 
5.348 
4.048 

at I99.J K 
1.736 
2.787 
3.963 
4.478 

4.904 
5.211 

5.399 
5.492 
5.468 
5.403 
5.324 
5.008 
4.761 
4.236 
at 204.9°K 
1.739 

3.038 
3.562 
4.141 
4.486 Xe 
4.836 
4.997 
5.139 

5.206 
5.309 

5.416  

	

44.524 
	

5.327 

	

41.65s 
	

5.272 

	

26.277 	5.236 

	

14.305 	5.075 

	

4.438 	4.575 

	

1.213 	3.821 
Xe on BaL at 223.1°K 
0.342 
1.031 

1.836 
2.298 

4.579 
7.88o 

12.293 
21.215 
34.190 
43.513 

39.858 
27.161 
15.525 
9.845 
5.744 	• 
3.430 
1.405 

on Bali 

0.965 
1.180 
1.738 
3.423 
5.114 

9.077  

	

16.980 	3.976 

	

27.091 	4.298 

	

42.564 	4.423 

	

33.975 	4.374 

	

21.316 	4.154 

	

14.037 	3.782 

	

6.782 	3.031 

	

3.702 	2.303 

	

2.360 	1.720 

	

1.523 	1.059 
Xe on BaL at 258.3°1 

	

0.975 	0.315 

	

3.158 	0.913 

	

6.212 	1.552 
7.465• • 1.778 

	

14.550 	2.659 

	

22.919 	3.095 

	

35.236 	3.430 

	

43.311 	3.495 

	

40.928 	3.468 

	

28.229 	3.296 

	

17.715 	'2.833 

	

12.112 	2.398 

	

4.770' 	1.264 

	

1.772 	0.532 
Xe on BaL at 273.2°1 

	

1.153 	0.165 

	

2.655 	0.429 

	

4.596 	0.695 

	

6.425 	0.973 

	

11.520 	1.587 

at 

0.924 
1.431 
2.294 
2.642 
3.594 
4.045 
4.301 

4.531 
4.64o 

4.723 
4.691 
4.614 

4.394 
4.186 
3.812 
3.217 
1.888 

2319.2°K 
0.463 
0.847 
1.389 
2.197 

2.782 
3.352 



273. 

contd. 	contd. 	contd. 

N m/u.c. N N m/u.c. P mHg P cmHg P cmlig 

14.158 
21.327 
26.175 
42.515 
36.410 
18.544 
8.701 
3.133 

Kr on HL 
0.065 
0.213 
0.441 

0.910 
1.823 
2.075 
3.685 
7.765 
15.550 
21.030 
31.110 
44.51.7 
48.472 
35.134 
24.213 
11.458 
4.974 
3.567 
Kr on HL 

0.374 
0.662 
1.099  

	

1.862 	1.354 

	

2.387 	2.110 

	

2.608 	4.064 

	

3.075 	6.027 

	

2.976 	9.910 

	

2.187 	4 15.064 

	

1.298 	22.319 

	

0.510 	29.231 

at 142.5
o 43.680 

	

1.748 	41.185 

	

2.380 	32.486 

	

2.883 	20.703 

	

3.411 	14.980 

	

3.794 	8.214 

	

3.902 	1.203 

4.470 

	

4.956 	0.518 

	

5.399 	1.096 

	

5.587 	3.260 

	

5.863 	4.112 

	

6.019 	6.771 

	

6.181 	9.511 

	

5.904 	11.909 

	

5.687 	14.950 

	

5.190 	18.845 

	

4.526 	23.963 

	

4.167 	34.743 

at 161.7°K 43.926 

	

0.712 	40.819 

	

1.306 	27.322 

	

1.694 	15.838 

2.182 
2.684 
3.305 
3.628 
4.124 
4.415 
4.779 
4.907 
5.203 
5.175 
4.948 
4.682 
4.408 
3.912 
1.874 

189.9°K 
0.179 
0.324 
0.817 

1.002 
1.502 
1.907 
2.221 

2.11-97 
2.876 
3.157 
3.627 
4.058 

3.896 
3.321 

2.597  

7.876 
1.656 

1.390 
4.615 
6.246 

10.955 
16.982 
22.532 
33.361 
46.076 
44.427 

35.106 
29.616 

15.999 
7.834 
3.026 

Kr on HL at 
2.314-

3.867 
5.928 
9.546 
16.184 
21.328 
27.165 
44.719 
38.627 
32.135 

24.213 
18.345 
13.073 
7.982  

1.708 
0.428 

0.101 
0.358 
0.507 

0.816 
1.243 
1.558 
2.030 

2.628 
2.529 

2.163 
1.906 
1.179 
0.624 
0.202 

230.6°K 
0.069 

0.124 
0..254 
0.367 
0.612 
0.793 
0.974.  
1.496 
1.312 
1.143 

0.858 

0.687 
0.493, 
0.315 

Kr on HL a 

Kr on HL at 210.1°K 



274. 

Kr on LiL at 143.5°K 	contd. 	contd. 

P cmlig 1  N miu.c. P cmHg N m/n.c. 

52.690 6.069 
31.921 5.801 
22.853 5.632 
16.072 5.394 
6.518 4.573 
2.834 3.312 
1.013 , 	1.807 

Kr on LiL at 176.6 K 
0.632 0.586 

1.295 1.164 
2.451 1.705 
2.932 1.90o 
4.010 2.412 
6.944 3.154 
9.480 3.716 
12.070 3.954 
19.038 4.491 

25.335 4.705 
31.898 4.923 
45.231 5.237 
35.624 5.004 
29.923 4.824 
20.200 4.492 
15.206 4.196 

5.583 2.821 
1.017 0.872 

at 195.3 
0.362 
0.746 
1.032 
1.607 

0.133 
0.327 
0.538 
1.015 
1.909 
3.614 
5.798 
9.656 
11.600 
16.430 
22.340 
30.005 
45.112 
41.753 
27.915 
18.103 
7.864 
2.130 
0.316 
Kr on LiL 
0.738 
1.060 
2.015 
2.957 
3.968 
7.906 
12.460 
14.823 
19.500 
28.480 
45.002 

1.655 
2.731 
3.462 
4.196 
4.755 
5.281 

5.579 
5.923 

5.958 
6.204 
6.350 
6.477 
6.568 
6.534 
6.413 
6.273 
5.721 
4.796 
2.502 
at 162.1°K 
1.316 
2.203 
2.719 
3.495 
4.002 
4.851 

5.279 
5.387 
5.528 

5.795 
5.986 

'Kr on LiL 
1.012 

1.538 
2.376 
4.186 

P cmlig N m/u.c. 

8.592 
13.314 
18.987 
23.804 
32.724 
46.312 
44.809 
37.321 
29.213 
20.079 
11.613 
5.207 

2.392 
2.956 
3.322 
3.582 

3.978  
4.352 
4.283 
4.058 
3.862 
3.376 
2.725 
1.833 

1.551 

2.519 
4.110 
7.650 
12.420 
17.715 
25.794 
32.839 
45.136 
50.385 
35.095' 
27.023 
21.632 
10.318 
6.816 

0.150 
0.206 
0.340 
0.705 
1.091 
1.481 

1.990 
2.379 
2.84 
3.018 
2.426 
2.012 
1.698 

0.897 
0.596 

Kr on LiL at 221,0°K 



275. 

Kr on CsL at 143.2°K Kr on CsL at 193.4°K contd. 

N m/u.c. P crnHg N m/u•- C • P cmHg 

Kr on CsL at 211.7°K 

0.194 
0.305 
0.613 
0.915 
1.243 
3.312 
6.503 
14.381 
27.384 
44.513 
50.382 
36.485 
25.138 

9.757 
1.857 
0.103 
Kr on 
0.847 
1.093 
2.023 
2.959 
5.501 
8.831 
15.50o 
19.366 
28.447 
44.613 
40.198 

24.329 
12.375 

4.973 
1.916  

1.538 
2.184 
2.661 
3.654 
3.906 
4.577 
5.065 

5.387 
5.535 
5.593 
5.614 
5.522 

5.505 
5.191 
4.287 
3.220 

CsL at 176.7°K 

0.796 
0.895 
1.584 

1.978 
2.749 
3.288 
3.809 
3.992 
4.264 
4.563 
4.519 
4.198 
3.596 
2.589 
1.449 

0.928 
2.107 
3.321 
4.164 
6.322 
7.116 
11.723 
13.018 
21.145 
28.231 
45.614 
44.102 
35.007 
23.624 
17.118 
9.625 

5.133 
2.726 

0.777 
1.903 
3.798 
6.476 
7.679 
12.185 
15.012 
17.285 
25.519 
34.418 
45.410 
43.412 
33.015  

0.312 
o.494 
0.769 
0.897 
1.3os 
1.434 
2.079 
2.313 
2.869 
3.218 
3.728 
3.697 
3.476 
3.002 
2.553 
1.842 
1.124 
0.616 

0.139 
0.286 
0.537 
0.818 
0.995 
1.312 
1.503 

'1.659 
2.117 
2.408 
2.698 
2.638 
2.388  

21.690 
9.700 
5.215 
2.687 . 

Kr on CO, 
0.215 
1.903 
3.321 
5.474 
10.770 
15.925 
20.422 
25.626 
32.080 
45.487 
43.817 
34.212 
23.278 
7.107 

Kr on LaL 
0.180 
0.346 
0.887 
1.875.  
3.791 

- 4.390 
8.980 
12.380 
18.887 
27.908 
45.121 
51.187  

1.929 
1.107 
0.687 
0.339 

at 223.8°K 
0.023 
0.069 
0.122 
0.192 
0.388 
0.522 
0.669 
0.838 
1.011 
1.354 
1.294 
1.215 
0.735-
0.253 

at 141.9°K 
2.924 
3.902 

5.573 
6.294 
6.924 
7.077 

. 7.594- 
7.734 

7.939 
8.057 
8.293 
8.318' 

P cmHg N n/u.c. 



276. 

contd. 	contd. 	contd. 

P cmlig N m/u.c. P cmHg N m/u.c. P cmHg N m/u.c. 

41.987 
32.418 
21.231 
14.015 
3.211 
0.520 
Kr on LaL 
0.453 
1.104 
1.676 
2.815 
5.004 
6.280 

9.250  
13.305 
19.180 
28.958 
42.513 

53.780 
41.017 
33.672 
19.195 
11.186 
3.948 
0.631 
Kr on LaL 
0.315 
0.673 
1.435 
1.782 

8.178 	2.843 
8.098 	4.915 

7.953 	6.634 
7.725 	7.913 
6.752 	12.631 
4.763 	15.710 
at 159.6°K21.696 
2.096 	31.364 

3.592 	45.324 
4.125 	41.397 
4.989 	33.012 
5.719 	26.843 
6.044 	18.104 
6.289 	10.664 
6.569 	5.723 
6.760 	3.928 
7.043 	1.122 
7.162 	Kr on LaL 
7.405 	0.432 
7.138 	1.256 
7.008 	3.312 
6.789 	4.739 
6.432 	6.625 
5.452 	9.642 
2.584 	13.921' 
at 166.3°K19.875 
0.658 	28.013 

36.338 
46.380 
41.012 

2.932 
3.693 
4.362 
4.518 
5.163 

5.358 
5.617 
5.898 
6.234 
6.168 
5.970 
5.768 
5.487 
4.973 
4.065 
3.438 
1.462 

at 175.9°  
0.310 
0.931 
1.745 
2.421 
2.792 
3.396 
3.932 
4.306 
4.635 
4.860 

5.066 
4.897 

25.614 
16.158 
8.716 
2.017 

Kr on LaL 
1.212 

2.919 
3.748 
6.686 
10.535 
12.660 
16.960 
21.905 
25.075 
35.875 
44.518 
49.980 
37.126 
29.516 
15.627 
8.311 

Kr on LaL 
1,894 
3.625 
6.217 
9.423 
14.617 
18.824 
24.586 
43.018 

4.508 
4.039 
3.232 
1.213 
196.4°K 
0.459 
0.916 
1.206 
1.950 
2.597 
2.856 
3.356 
3.667 
3.749 
4.179 
4.292 
4.372 
4.173 

3.953 
3.147 
2.198 
218.2°K 
0.324 
0.496 
0.849 
1.320 
1.849 
2.197 
2.516 
3,162 

at 

at 

1.011 
1.879 
2.254 



277. 

contd. 	contd. 	contd. 

P cmHg N m/u.c. P cmHg N m u.c. P cmHg N m/u.c 

40.485 3.078 21.294 7.912 4.247 2.963 
30.978 2.828 31.627 8.048 7.976 3.686 
21.527 2.384 45.325 8.187 9.398 3.917 
17.620 2.003 39.768 8.173 12.960 4.291 
12.132 1.564 26.138 7.991 18.763 4.667 
8.318 1.076 15.614 7.768 24.064 4.879 
4.625 0.729 7.139 7.310 30.105 5.158 

Kr on Lat. at 223.8ck 3.896 6.842 37.995 5.396 

1.115 0.182 0.018 3.016 46.700 5.599 

2.312 0.224 Kr on H-ER at 171.3ck 43.321 5.498 

5.134 0.458 0.245 0.943 32.013 5.183 
9.847 0.795 0.897 2.530 21.639 4.743 
12.470 0.991 2.271 3.564 14.619 4.382 
15.815 1.155 3.590 4.042 5.887 3.382 
21.259 1.443 6.380 4.709 1.968 1.963 

27.008 1.669 7.321 4.893 Kr on HER at 211.5°K 
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 0.614 33.240 6.415 11.343 2.428 
4.011 0.356 40.590.  6.579 16.026 2.296 

Kr on HER at 141.9°K 44.848 6.704 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 4.492 8.914 5.068 46.321 3.786 

0.433 5.598 4,583 4.371 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 OIt 25.431 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 



278. 

contd. contd. 	contd. 

.c. p P cmHg  N. Min. c. P 'cmHg N m/u.c. 

36.429 
46.445 
42.834 
30.012 
15.384 
9.612 
2.351 
0.238 

0.014 
0.462 
0.618 
2.173 
2.928 
4.630 
5.588 
8.730 

12.992 

0.865 
0.279 

45.230 
38.615 
32.132 
25.014 
14.421 
8.754 
3.296 
1.625 
0.458 

Kr on H-OFF 
0.002 
0.537 
0.823 
1.345 
2.518 
4.257 

7.989 
10.952 
15.810 .  

	

2.187 	1.587 

	

4.319 	1.932 

	

5.328 	2.089 

	

10.812 	2.342 

	

18.146 	2.578 

	

21.068 	2.675 

	

28.654 	2.792 

	

36.715 	2.867 

0.564 	L 18.791 
at 144.4°K26.745 

37.887 
43.103 
39.896 
31.254 
20.511 
15.493 

6.621 
1.016 

Kr on H-OFF at 163.8°K- 

	

11.816 	2.448 

	

9.321 	2.156 

	

5.128 	1.468 
Kr on HER at 229.3°K 

	

0.720 	0.062 

	

2.132 	0.231 

	

3.823 	0.384 

	

8.016 
	

0.781 

	

9.438 
	

0.872 

	

15.873 	1.263 

	

21.739 	1.624 

	

25.132 	1.843 

	

35.078 	2.189 

	

44.739 
	

2.456 

	

40.006 
	

2.372 

	

29.756 
	

2.007 

	

20.283 
	

1.513 

	

13.002 
	

1.132 

5.624 
Kr on H-OFF 

	

0.091 
	0.644 

	

0.109 
	1.429 

	

0.396 
	

2.185 

	

0.789 
	2.476 

	

3.812 	3.077 

	

5.112 	3.261 

	

7.100 
	3.388 

	

12.004 
	

3.613 

	

14.214 
	

3.689 

	

20.442 
	3.867 

	

28.301 
	

4.039  

4.153 
4.255 
4.193 
4.008 
3,720 
3.495 
2.836 
1.845 

0.275 

1.356 
1.554 

2.081 
2.197 
2.409 
2.487 
2.881 
2.911 

2.971 
3.111 

3.336 
3.412• 
3.383 
3.186 
2.987 
2.896 
2.518 
1.827 

0.723 

1.248 

2.986 
2.892 
2.826 
2.713 
2.496 
2.273 
1.784 
1.432 
1.034 

at 190.1 
0.228 
0.705 
0.941 
1.075 

1.308 
1.550 

1.805 
1.922 
2.060 

2.123 

2:223 

20.348 

25.635 

Kr on H-OFF at 178.2°K. 



contd. 	 contd. 

P amHg N m/u.c. P cmHg N m u.c• 

32.478 2.315 t 34.385 2.076 
34.927 
45.732 

2.388 , 
.2.493 

, 24.757 
14.458 

1.973 
i.784 • 

40.968 2.414 7.569 1.506 
29.629 2.292 1 3.862 1.174 
22.003 2.182 
12.589 1.987 Kr on H-OFF at 23103°K 

5.517 1.656 0.623 0.073 
0.783 0.853 1.346 0.178 

3.321 0.385 
Kr on H-OFF at 213.8°K 7.543 0.726 
.0.586 0.432 I 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 
12.321 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 
44.927 2.175 • 2.126 0.253 
43.321 2.162 



280. 

Auxiliary terms used for calculation of the equilibrium 

constant K" and the thermodynamic properties in the cor-
tesponding standard state (al  m'/l = 1). 

Cs  = k1N, hence as/ = klas' 
• 103 where k =171:17 

C = k2P, where k2 
1 

- 76- -1—CT 

M - weight of the unit cell (Table 15). 

N - water content, cc/g (Table 15). 

T - temperature 

R -. gas constant. 

The relation 

and K" is, consequ 
efficients are ind 

used. 

between the equilibrium constants K' 
k1 
k K! and the activity co- 

ependent of to units of concentration 

K" = 

In the standard state associated with K" (ai = 1) 

the concentration of the sorbed phase co can be obtained. 

for
_ 

each temperature, the N which corresponds to as 
= Tc 

(a' = k1  as, when as = 1, as = --) . The i ts corres- 
1 

s % 
	 1, 

ki  
ponding to these values of N ban be obtained from Fig. 88, 

89 and 90 and cc)  calculated, as c = ! 
s 	sc) 	6 

Graphs of as  as a function of N, Fig. 85,86 and 87, give, 
1 

when al
a 
 = Yes = 



. 281. 
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 dehydrated 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 in the latter - Lenne powder pattern at 

5500C, measured by means of Joyce double-beam microdensito-. 
meter. 

The structure of the hydrated form was .refined with final 

reliability factor RI = 0.18. Ba' was found to be positioned 

like K+  in KL(11). The ,present stage of refinement of the de-

hydrated structure at high temperature (RI as given on p.A5o) 

corresponds to the following parameters: 

Atom 
Fractional 
occupancy. m-  y z B 

Bal ' 0.0350 0.1885 0.3770 0.0000 4.0 

Ba2 0.0480 0.1262 0.2524 0.1000 6.0 

Ba3 0.067 0.3620 0.7240 0.1476 6.0 

Ba4 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.o 

K2 0.090 0.0000 0.5000 0.5000 4.o 

K 0.032 0.3333 0.6666 "0.0000 4.o 

06 0.50 0.1262 0.4640 0.0000 2.8 

05 0.50 0.4267 0.8534 0.2388 2.5 

04 1.00 0.1010 0.4078 0.3560  3.o 

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 

832 1.00 0.1662 0.4965 0.2087 2.0 

Si1 0.50 .0.0916 0.3595 0.5000 2.5 
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