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(i) 

ABSTRACT 

-- 

An apparatus was built to study, volumetrically, 

the sorption of gases at temperatures between -90°C and 

1900 C. 	This apparatus was used to study the adsorption of 

carbon dioxide on NaX, NaY, CaY, NaA, CeA, erionite, 

phillipsite, Na-Zeolon, H-Zeolon, Ca-chabazite, clinoptilolite, 

acid treated forms of clinoptilolite and steam activated 

cellulose carbons. 

All the sorbents gave reversible and reproducible 

isotherms from which the isosteric heats and partial molar 

entropies were obtained. 	Except for a slight initial 

energetic heterogeneity, carbon dioxide sorption on NaY, 

erionite, 2N clinoptilolite and the cellulose carbons was 

energetically homogeneous; all the other systems were 

energetically heterogeneous. 	The energetic heterogeneity 

was markedly influenced by the cation density of the 

sorbent; the completely decationized zeolite, 2N clinoptilolite 

was energetically homogeneous. 	The change in the 

thermodynamic properties of some sorbents on sorption was 

obtained and in all cases these changes were small. 

Carbon dioxide sorption on NaY, erionite and the 

cellulose carbons over a wide range of 9 values, sometimes 

as large as 0.2 <c44.0.8, could be interpreted in terms of 
a localized model with soft vibrations. 	Carbon dioxide 

sorption on NaX was the only energetically heterogeneous 

system which gave any agreement with a limiting isotherm 

equation of an ideal model. 	Osmotic pressures were 

evaluated and empirical isoi - rm equations were obtained 

from the osmotic equation of state. 



The energetic heterogeneity of carbon dioxide 

sorbed at low coverages on NaX and the clinoptilolite-type 

crystals was attributed to the interaction of the quadrupole 

mothent of the carbon dioxide molecule with position-dependent 

electrostatic field gradients in the crystal. 	The maxima 

in the heat curves of Ca-chabazite and erionite were due to 

molecule-molecule interaction of the sorbate. 
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1. 

Chapter 1 

INTRODUCTION, SORBENTS, 

AND LITERATURE SURVEY. 

1.1. 	General Introduction 

The object of this research was to study sorption 

of carbon dioxide on solid adsorbents and to elucidate as 

far as possible the state of the adsorbed molecule. 	It 

was hoped that a critical examination of the experimental 

data from free enegy and thermodynamic viewpoints would 

lead to a better and clearer understanding of the behaviour 

of carbon dioxide as a guest molecule in a sorbent. A 

subsidiary aim was to modify certain sorbents such as to 

increase their saturation capacities and possibly their 

affinity for carbon dioxide and like molecules. 

Previous work on adsorption of carbon dioxide on 

solids seems to have been directed primarily towards 

silica gels and activated carbons as adsorbents. 	In 

general, it can be said that carbons and gels do not give 

well defined surfaces and therefore are not very satisfactory 

as sorbents especially if a rigorous and reproducible 

thermodynamic analysis is required. 

The work of Professor Barrer et al. in these 

laboratories has shown that zeolites in general act as 

good sorbents for a variety of molecules and give highly 

reproducible sorption data. 	It was for this reason that 

a variety of zeolites, naturally occurring and synthetic, 

were chosen for the main part of this work. 	Activated 
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carbons were also studied to provide data for comparison. 

In recent years attention has been gradually 

directed towards the importance of the role of the 

quadrupole moment of a molecule in sorption. 	Its 

importance was first appreciated by Jacquet (1925), and 

Lenel (1933), but neither of these authors was able to 

make a realistic calculation because no reliable values 

for the quadrupole moments were available. With the advent 

of the new technique of estimating quadrupole moments from 

line broadening of microwave spectra, Drain (1953), raised 

once again the importance of quadrupole moments in 

adsorption phenomena. 	He made a calculation for the 

interaction energy of a nitrogen molecule with a KC1 surface 

and showed that the magnitude of the quadrupole interaction 

energy was comparable to that of the dispersion energy. 

Kinston and Macleod (1959), from a comparison of the 

isosteric heats for quadrupolar and non-quadrupolar 

molecules adsorbed on natural chabazite concluded that the 

major component of the energetic heterogeneity at low 

sorbate concentrations arose from the interaction of the 

quadrupole moment with the position-dependent electrostatic 

field of the solid. 	Of the molecules they studied, carbon 

dioxide had the largest quadrupole moment and also showed 

the largest degree of energetic heterogeneity. 	Some of 

the isosteric heat data in this work have been examined by 

the method developed by the above workers. 

Usually field gradients in zeolites are greatest 

where partly unshielded cations are in juxtaposition to 

anionic oxygens of the framework. 	If the energetic 

heterogeneity of sorption were due only to the interaction 

of the quadrupole moment of the guest molecule with the 

position dependent electric field, it should be possible 
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to reduce or even eliminate entirely the heterogeneity 

by decationizing the zeolite. 	This should reduce the 

field gradients and could be accomplished by the removal 

of aluminium from the framework. 	If the resulting 

structure retained its sorptive properties, with no change 

in the number of framework oxygens, then it could be used 

as a reference sorbent for the explanation of isosteric 

heat data. 	The difference in isosteric heats of the 

heterogeneous and decationized forms would give the quad- 

rupole contributions to the heat. 	Decationisation has 

been effected in this work for clinoptilblite, a. highly 

siliceous zeolite. 	The results were very encouraging and 

gave added significance to the theoretical interpretation 

of the isosteric heats for the other sorbents studied. 

It is to be noted that in the past very little 

sorption work has been done on the fibrous and lamellar 

zeolites. 	In the present work it is shown that the 

fibrous zeolite erionite is quite stable and is a good 

sorbent for carbon dioxide showing very little energetic 

heterogeneity. 	Similarly, the lamellar zeolite clinoptilolite 

shows a remarkable stability and a sorptive capacity for 

carbon dioxide equal to that of the three dimensional zeolite 

mordenite. 	The thermodynamic data obtained for some of 

the sorbents studied in this work,for H-Zeolon and 

clinoptilolite in particular are among the first available. 



4. 

Zeolites 

1.2.1. 	Alumina-Silicate Structures 

Crystalline alumino silicates are all based on 

the tetrahedral SiO44
- and A105- units. 	These units can 

be linked together through a common oxygen atom and it is 
4- possible for one 51°4  unit to join directly with one to 

four other silica or alumina units yielding various kinds 

of framework. When silica units are linked in four 

co-ordination a three dimensional framework of composition 

(SiO2)n results with no residual charge. 	Isomorphous 

replacement of silica units by alumina tetrahedra results 

in the group of minerals known as aluminosilicates. 	The 

resulting net negative charge is balanced by the presence of 

cations, in most cases Ca, Na, or K which are situated in 

cavities within the structure. 	The A105- and SiO4
4 

 4 
tetrahedra have almost identical dimensions and therefore 

replacement of the silicon by aluminium gives very little 

lattice distortion. 	Loewenstein (1954) has shown that 

two aluminium atoms cannot share the same oxygen atom, 

whilst retaining a co-ordination of 4 and hence Al - 0 - Al 

bridges are impossible. 

A variety of frameworks is possible due to the 

numerous ways different tetrahedra can be arranged. 	The 

four co-ordinated class is generally known as tectosilicates 

and includes zeolites, felspathoids, scapolites and felspars. 

The felspars have compact structures in which the cations 

are in relatively small cavities and are completely 

surrounded by oxygens of the framework. 	The cations and 

framework are strongly interdependent so that the cations cannot 

move easily unless framework bonds are broken and replacement 
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of Na or K by Ca necessarily involves a change in the 

Si:Al ratio. 	The felspathoids on the other hand have 

somewhat more open structures and their (Na, K, Ca) ions 

(and in some cases certain anions) occupy, but do not always 

fill larger cavities which are intercommunicating. 	Thus 

in felspathoids there are channels through which ions can 

be either introduced or extracted and through which small 

molecules may pass without disruption of the framework. 

The zeolite aluminosilicate frameworks are similar but are 

more open still, containing larger cavities and larger 

channels, (specific gravity of zeolites Pv2 - 2.3, felspathoids 

2.3 - 2.5, felspars 2.6 - 2.7). 	Zeolites may therefore 

exhibit to a greater extent the properties of ion exchange 

and molecular adsorption. 	Electrical conductivity measure-

ments (Freeman and Stamires 1961) have attributed the 

conductivity in some zeolites to the mobile cations. 	The 

open lattice of zeolites facilitates ease of movement of 

ions and therefore, ion exchange. 	An additional feature 

which differentiates the zeolites from the minerals of the 

other groups is the presence of water molecules in the 

structural cavities and channels. 	Since the zeolite 

framework is almost structurally independent of the 

(Na, K, Ca) cations, and since they do not fill all the 

cavities replacements of the type Ca----1  2(Na, K) can be made. 

Depending on the manner in which A104-  and SiO4
4-  

tetrahedra are linked the zeolites may be subdivided into 

three classes:- 

(1) fibrous zeolites: including natrolite, 

thomsonite and erionite. 	In this group 

linkages of tetrahedra are more numerous. 

in one crystallographic direction than in 

the plane at right angles to it and the 
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minerals have fibrous morphology and 

cleavage. 

(2) Lamellar zeolites: including heulandite 

and stilbite. 	These minerals are 

characterised by platy cleavage and in 

their structures linkages are more 

numerous in one plane than in the direction 

at right angles to it. 

(3) Three dimensional zeolites: including 

phillipsite, mordenite, chabazite and 

faujasite, 	These have framework structures 

in which t'-.e binding is of similar strength 

in all directions. 

In this work we are concerned mainly.with erionite 

from group (1), clinoptilolite from group (2), phillipsite, 

chabazite, faujasite and NaA from group (3). 

Some zeolites of type (1) and (2) tend to shrink 

and collapse on dehydration because they are only rigid in 

one and two directions in space respectively. 	Thus a sample 

of heulandite degassed at 130°C for 2 days shows a reduced 

NH3  sorption when degassed at 330°C for 2 days (Barrer 1938). 

The robust three dimensional zeolites are generally stable 

up to much higher temperatures e.g. NaA is unaffected by 

heating in air under one atmosphere at 700°C for 6 hours 
(Breck et al. 1956). 	This greater thermal stability is 

one of the reasons why in the past group (3) zeolites have 

received the most attention. 

Due to their open structures the cations in 

zeolites can be easily and often rapidly exchanged for 

others by contact with the appropriate salt solution. 
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When dehydrated the crystals develop great sorptive 

capacities. 	The wider the channels at their narrowest 

parts the larger the cation or guest molecule that can be 

introduced into the structure. 	Those with 8- and 12-

membered rings have channels large enough for the admission 

of large organic molecules. 	However sorption is selective 

as molecules of greater minimum diameter than the minimum 

diameter of the largest channel will be unable to penetrate 

the exact geometric crystal channels and so cannot be 

adsorbed. 	This "molecular sieve" action (e.:e. Breck and 

Smith 1959) is a very important property leading to the 

separation of molecules of different diameters by choosing 

a zeolite with the correct pore size. 	The limiting size 

for a sorbed molecule is not exactly the estimated channel 

window diameter, as slightly larger molecules oan be sorbed 

owing to the change in size in bond vibrations, but it acts 

as a guide (For further details on sorptive properties of 

zeolites see sections 1.5.). 

1.2.2. 	The Structure of NaX and NaY  

NaX and NaY are synthetic forms of the rare 

natural mineral faujasite. 	Both have the same lattice 

structure as far as it is known but differ in their 

SiO2 
: A1203 ratio and in that faujasite contains Ca

2+ as 

well as Na
+ 
ions. 	Both synthetic forms were obtained 

from Linde Air Products Ltd. and are known commercially as 

Linde sieve X and Y. 	It has been shown (Freeman and 

Stamires 1961) that the SiO2 
: A1203 

ratio varies uniformly 

between 2.1 and 5.2 and these have been divided so that the 

X zeolite has SiO2 : Al203 between 2.1 and 3.0 and the 

Y form from 3.0 to 5.2. 	It is possible that the silica 

to alumina ratio could vary between the limits 2.0 and 6.0 

according to Loewenstein's rule. 



Nodal of the X-zeolite 

A 

-4 
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Sodalite cage, full circles , Al, Si 
open' circles 
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Then the most siliceous form would contain only the more 

strongly held cations associated with the 6-membered 

oxygen rings. 	(Freeman and Stamires 1961). 	Thus NaY 

could be regarded as a decationized form of NaX (see 1.2.6). 

The structure of NaX is cubic, a = 24.94R for the 

hydrated form (Barrer et al. 1957). 	It consists of very 

large cavities (fig. 1) which are linked in tetrahedral 

co-ordination similar to the carbon atoms of the diamond 

lattice. 	These cavities have "free diameters" between 

12-13R and are connected tetrahedrally to each other via 

wide windows consisting of 12 silica and alumina tetrahedra. 

The "free diameter" of those windows, which is the smallest 

diameter in the actual interconnecting system of "super" 

cavities and channels is 7.58. 	By "free diameter" we mean 

not occupied even by the peripheries of the framework oxygen 

atoms (see fig. 3). 

The lattice also contains smaller cubo-octahedral 

cavities of free diameter 6.68' called sodalite cages. 

Each cubo-octahedron has fourteen faces, six of which are 

made from rings of four (Al, Si)O4  tetrahedra and eight 

of which are made from rings of six such tetrahedra (fig. 2). 

The sodalite cages are linked tetrahedrally with each other 

through hexagonal prisms. 	These prisms are bounded by two 

6-membered rings of free diameter 2.2R and six 4-membered 

oxygen rings. 	Thus three types of cages exist in the 

lattice of NaX and NaY:- 

f4C, "super cages" of free diameter 

l2-13R; joined tetrahedrally 

through windows of free diameter 

7.58 (fig. 1). 

(b) sodalite cages: cubo-octahedra of free 

diameter 6.6k (fig. 2). 



Fir. 3 	10 

Projection on (011) plane of Al and Si 
atoms of NaX showing exceptional open-ness 

Fig. 4 

Sorptive cavity in NaX 
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(c) hexagonal prisms: interconnecting cavities 

between the sodalite cages 

(fig. 1). 

Each unit cell contains 8 super cages, 8 sodalite cages 

and 16 hexagonal prisms. 	Barrer, Bultitude and Sutherland 

(1957) have shown that the unit cell of their sample of 

NaX contained 82 sodium, 82 aluminium, 110 silicon, 

384 oxygens and, 264 water molecules at normal temperatures 

and humidities. 

The unit cell dimensions are remarkably constant; 

they change little on ion exchange (Barrer, Buser and 

Grutter 1956) and decrease only slightly as the silica-

alumina ratio increases (Freeman and Stamires 1961). 

Cation Deficiency 

NaX and NaY are synthesised from sodium hydroxide, 

silica and alumina in aqueous solution, and it is possible 

for the final product to possess a deficiency of Na+  ions, 

the balance being made up by hydronium ions. 	The sample 

of NaX used by Szymanski(1960) had the composition:- 

(Nal-)76. (H30-57.(A102)8  (Si02)109  

Frohnsdorff and Kington (1959) suggested that this water 

may be strongly hydrogen bonded to the oxygen atoms of the 

aluminosilicate structure. 	Evidence for the existence of 

H
3
0 in the hydrated form of NaX was found by the occurrence 

of certain bands in the infra-red spectrum (Szymanski et al. 

1960). 

The sample of NaX used in this work had the composition:- 

(0.94)Na20.111203.2.47(Si02)'6.18H20 

while thesample of NaY had the composition:-

(0.91)Na20.A1203.4.45(Si02).8.09H20 
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The above formulae correspond to a unit cell composition of 

(Na+)83: (H30+).5*(A10-2.)86*(S10_,2)lo64  CH 0) 2262 for NaX 

(Na+)55  • (H30+)5 q 	2 A10-)
60  -(SiO2 )132  v(H2 0)243  for NaY 

1.2.3. 	The Cation Positions in NaX and NaY 

The cationic composition varies largely in 

these structures following the wide variation in the alumina 

content. 	Between the two extremes so far synthesised, the 

number of Na+  ions per unit cell varies from 53 in NaY to 

88 in NaX. 	As the structures of the two zeolites are 

otherwise virtually identical, the potential cation sites 

will remain the same but become gradually depopulated as 

the number of Na+  ions decreases. (see 1:2.6). 	The net 

negative charge on the anionic framework also decreases as 

the number of cations decreases leading to possible changes 

in the energy of the cation sites. 

Broussard and Shoemaker (1960) investigated the 

NaX lattice structure by X-ray diffraction and 3-dimensional 

Fourier analysis. Their sample contained 80 sodium ions 

per unit cell as against 86 in the sample used in this work. 

They obtained the positions of all the aluminium, silicon and 

oxygen atoms but were only able to locate 48 Na ions. 	They 

found that one Na+  ion occupies each of the 16 hexagonal 

prisms. 	As mentioned earlier (1.2.2) each socialite cage 

possesses 8 hexagonal windows; 4 of these form the sides of 

the hexagonal prisms and the other 4 face out into the super 

cages. Broussard and Shoemaker found these windows to 

consist of distorted hexagons, formed by two parallel planes 

of 3 oxyen atoms per plane. 	In the dehydrated zeolite 

one Na
+  is considered to be situated in the centre of thib 

structure. 

and 
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In the hydrated form it is found that the Na+  ion is 

actually displaced a little towards the supercage (fig. 4). 
The remaining 32 cations could not be located and are 

considered to be randomly distributed throughout the open 

lattice. 	It was originally postulated by Breck et al. (1958) 

that NaX contained more than one type of cation site; 

Freeman and Stamires (1961) in measuring the activation energy 

for conduction of the cations in the zeolite lattice, showed 

that at least two different sites existed in NaX but could 

not definitely prove the existence of three (see 1.2.6). 

1.2.4. 	The Structure of NaA  

NaA or Linde Molecular Sieve 4A is a 

synthetic zeolite having no counterpart in nature. Breck 

et al. (1956) gave its composition as :- 

Na20.A1203. 2Si02nH20 

although the composition can vary slightly and their actual 

analysis figure for the Si02  /A1203  was 1.92. 	The sample 

used by Barrer and Meier (1958) had the composition:- 

Na20.A1203- 1.87Si02.nH20 

Break's ideal formulae suggests a strictly ordered lattice 

for Si and Al on the basis of Loewenstein's rule. 	Barrer  

and Meier showed that the excess aluminium in their sample 

was included in the framework as NaA102 and that the 

formula was:- 

Na20, Al203.2SiO2
• 0.14NaA102

. 4.77H
2
0 

The NaA102 was placed in the sodalite cages and for NaA 

having 1 NaA102  in each sodalite cage the Si02  /A1203  ratio 

would be 1.845. 	Thus the formula representing the unit 

cell of their sample was :- 

Na12 [12A102 
12Si0 1  NaA102 

29H
2
0 



Y:oe,e1 of te A-Zeolite 

Scrptive cavity of the A-zeolite 
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The sample used in this work also had some included 

NaA102. An analysis (Walker 1962) for the NaA and CaA 

gave 0.4 NaA102  per unit cell and the formulae were 

respectively:- 

Na12 [12A102 12SiO2
10.4 NaA102

. 27.4H
2
0 

Cab  [12A102 12SiO] 0.4 NaA102. 29.9H20 

The NaA structure has been shown by Barrer and Meier (1958) 

and by Reed and Breck (1956) to be constructed of cubo-

octahedral units stacked in 6-fold co-ordination by union 

of each of their 6 four-membered rings with one such ring 
in another polyhedron. 	An interesting feature of this 

structure (and that of NaX, 1.2.2) is that the cubo-

octahedral units are linked in such a way as to produce still 

larger cages having the same co-ordination with each other 

as have the cubo-octahedra inter se. 

The unit cell of NaA has a lattice constant of 

12.38 and is built with one sodalite cage at each corner 

of the cube (fig. 5). • 	The connection of one sodalite 

cage with its neighbour by four bridge oxygen atoms results 

in the formation of 8-membered rings, one in the face of 

each side in the cubic unit cell. 	Hence there are three 

very open channels at right angles to each other passing 

throughout the structure. 

There are three different types of cages in the 

structure:- 

(1) the large cage, centred at the centre of the 

unit cell, having an internal free diameter 

of 11.48. - These cages are intercommunicating 

via 8-membered oxygen rings of free diameter 

4.2R.. 
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(2) the smaller sodalite cages (similar to those 

in NaX) with internal free diameter 6.6k 

and entrance to which is from the large cage 

through the 6-membered oxygen ring of free 

diameter,2.0R, (Barrer and Meier.1958) 

and 2.5R, (Reed and Breck 1956). 

(3) the very small connecting cages made up of 

four membered oxygen rings. 	These cages 

are too small to be operative in carbon 

dioxide sorption. 

Subsequent investigations by Lewis (1959), 

Broussard and Shoemaker (1960) and Howell (1960) have 

fully confirmed the framework obtained by the above workers. 

Kerr (1961) has prepared a sodium zeolite 

(designated ZK-4) of similar structure but different 

composition to NaA. The unit cell composition for this 

new synthetic zeolite is given as:- 

Nag  [(A102)9(5i02)11 27H20 

Because of the higher Si02 Al203 
ratio one would expect 

a contraction of the unit cell, and this is actually found 

to be the case. 

(a = 12.16R as compared with a = 12.328 in NaA). 

The molecular sieve properties of NaZK-4 are similar to 

CaA and remarkably different from NaA. This new zeolite 

is of interest as it could be regarded as a decationized 

form of NaA (see 1.2.6). 
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1.2.5. 	The Cation Positions in NaA  

Reed and Breck (1956) who studied the 

dehydrated form of NaA by Fourier difference projections 

of X-ray data assigned positions to the 12 No+ions in the unit 

cell. 	These workers positioned 8 No+ions in the centres of the 

6-membered oxygen rings which form windows to the sodalite 

cages. 	The other 4Na+  ions were associated with the 

8-membered rings and were placed in twelve possible equivalent 

positions in the planes of these rings. 	Barrer and Meier 

(1958) did not position these cations but did succeed in 

placing the Na+  of the NaA102  in the sodalite cage. 

Howell (1960) as a result of his investigation, which was 

a refinement of Reed and Breck's data, concluded that the 

8Na+  ions associated with 6-membered oxygen rings randomly 

occupied 24 equivalent positions, which were slightly 

displaced from the axes and centres of the rings in a 

direction away from the sodalite cage. 	The remaining 

4Na+  ions were randomly distributed in 24 positions associated 

with the 8-membered oxygen rings. 

Broussard and Shoemaker (1960) made an analysis of 

the structure of the hydrated form using a three-dimensional 

Fourier analysis of X-ray data. 	These workers positioned 

one Na ion on the axis of each 6-membered ring but slightly 

out of the sodalite cage (fig..6), 	Thus their work is in 

agreement with that of Howell. 	They could not however, 

locate the other 4Na+  ions. 	Broussard and Shoemaker also 

investigated a partial calcium exchanged form of zeolite A, 

in which 8Na+  ions per unit cell were replaced by 4Co2+  ions. 

The eight cations per unit cell were considered to be 

associated with the 6-membered rings. 	In this case it was 

found that the cations had moved slightly towards the centre 

of the rings,protruding less into the large cavity. 
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Lewis (1959) studied the hydrated form of the 

A zeolite using the method of Fourier radial analysis and 

placed the 4 Na+  ions, associated with the octagonal rings, 
on the ring axis at a distance of 2.5k into the large cavity. 

The positions of the other cations were not definitely 

located but the experimental data were consistent with the 

positions assigned to those cations by Reed and Breck. 

Lewis also found carbon dioxide molecules to locate in the 

centre of the large cavity in CaA while in NaA they occupied 

the centre of the octagonal rings. 

In the structure proposed by Breck et al. for NaA 

(above), two of the octagonal rings in the faces of the 

cubes would have two associated cations while the other 

four rings would each have one associated cation. 	These 

workers also observed that Ca
2+ 

exchange for Na
+  in NaA 

increased the effective pore size, but not continuously, 

with the degree of exchange; when four cations per unit cell 

were exchanged it was found that nitrogen adsorption 

increased sharply. 	It was concluded from this evidence 

that the cations associated with the 8-membered rings were 

preferably exchanged. 	The exchange of three Na+  ions 

per unit cell associated with the octagonal rings would 

open up one of the faces of the cubic unit cell; the 

exchange of 4Na+  ions would open two faces per cell, thus 

completing a continuous channel. 	This conclusion is 

supported by the work of Kerr (1.2.6) which is referred to 

again in chapter 6. 	Some details of previous sorption 

work on the A zeolite are given in section (1.5). 
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1.2.6. 	Cation Depopulation in Zeolites  

Freeman and Stamires (1961) studied the 

electrical conductivity of zeolites A, X and Y. 	The 

two latter zeolites are isostructural but differ in 

composition as we have already seen(1.2.2). 	The X zeolite 

has a smaller silica-alumina ratio than the Y form and 

consequently possesses a higher cation density (number of 

cations per unit cell). 	These workers studied faujasite 

type zeolites with silica to alumina ratios varying from 

2.4, with 88Na+  ions per unit cell, to 5.2 with 53Na+  ions 

per unit cell. They defined the X zeolite as that having 

its silica-alumina ratio lying between 2.1 and 3.0 and the 

Y zeolite to have its ratio between 3.0 and 5.2. 

They found a difference in the energies of 

activation for conduction in zeolites X and Y which supported 

the postulate originally made by Breck et al. (1958) of 

the existence of more than one type , of cation site in.zbaites. 

Freeman and Stamires proposed that the highest energy type 

of site (in which the cations are relatively loosely bound 

to the lattice) is eliminated or depopulated as the silica- 

alumina ratio is increased; the low energy type of site 

(tightly bound cations) being retained. 	They proposed that 

the loosely bound cations are located in the large cavities 

or in the 8- or 12-membered oxygen rings of the lattice 
and that the tightly bound cations lie in the vicinity of 

the 6-membered rings. 

In summary then this proposal stated that for a 

given zeolite lattice as' the silica-alumina ratio is 

increased (or cation density reduced), the cation sites 

located in the'large cagities or rings are depopulated in 

favour of those located in the smaller cavities or rings. 
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Stamires (1962) studied the effect of adsorbed 

phases on the electrical conductivity of A and X zeolites. 

Due to the large difference in the diameters of 8- and 

12-membered rings compared with that of the Na+  ion, 

incomplete overlapping of the two electrostatic fields 

occurs which allows the Na+  ions to be easily available to 

an adsorbate molecule. 	These unscreened cations constitute 

high energy adsorption sites populated preferentially by 

sorbate molecules at low concentrations, while the sodium 

ions located in the 6-membered oxygen rings are more 

effectively screened and provide lower energy adsorption 

sites. 	Stamires thus concludes that the adsorption sites 

in the X and A zeolites are energetically heterogeneous, 

possessing position dependent electrostatic fields. 

On the basis of the above findings it would be 

expected, upon increasing the silica-alumina ratio for the 

A zeolite, that the cation positions located in the 8-

membered oxygen rings (Reed and Breck, 1956) would be 

depopulated in preference to those in the 6-membered rings. 

If the silica-alumina ratio were at least 2.7 (Kerr, 1962) 

the number of sodium ions still located in the 8-membered 

rings should not be sufficient to preclude the sorption of 

straight chain hydrocarbons. 

The zeolite ZK-4 (see section 1.2.4) synthesised 

by Kerr (1961) with a silica-alumina ratio of 3.4 and 

containing 9Na+  per unit cell fulfills the above requirement. 

If the 9Na+  ions were distributed among 6- and 8-membered 

rings in the same proportion as in NaA then each 8-membered 

ring would contain one Na thus blocking the free passage 

of a straight chain hydrocarbon through the main crystal 

cavity (Reed and Breck 1956). 	The fact that NaZK-4 has 

the same sorptive capacity for n-hexane as 0aA bears out 

the work of Freeman and Stamires. 
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In the work described in this thesis it was found 

that carbon dioxide sorption on NaY was almost energetically 

homogeneous while NaX and NaA, were energetically heterogeneous 

sorbents. 	This result is in agreement with the theory of 

cation site depopulation and will be discussed in more 

detail in chapter 6. 

1.2.7. 	The Structure of Zeolon 

Na-Zeolon is a synthetic form of the natural 

mineral mordenite. 	It contains only Na ions in contrast 

to the natural species which contains Na+, K
+ and Ca2+ ions.-

It is synthesized by the Norton Company Ltd. of America and 

is known commercially as "Zeolon" (Na+  form). 

Detailed X-ray analysis has been carried out by 

Meier (1961) on the natural zeolite. 	The sample was 

calcium rich and he percolated it with concentrated sodium 

nitrate solutions to exchange it to the pure Na+  form. 

Meier found the unit cell to be orthorhombic with 

a = 18.13R, b = 20.49R, c = 7.528. 

The unit cell formula of his sample was:- 

Na8  A18Si40096. 24H20 

The aluminosilicate network consists of character-

istic chains enclosing channels of free diameter 6.68 

(fig. 7) which give mordenite its molecular sieve properties. 

These channels parallel to the fibre axis (001) are formed 

by a ring of twelve tetrahedra comparable to those existing 

in faujasite (1.2.2). 	These channels are interconnected 

by narrower passages parallel to(010) (fig. 8) having a 
minimum diameter of 2.88. Thus the zeolite can act as a 

molecular sieve with respect to small molecules. 
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Fig. 7 

Model of Na-Zeolon showing large channels, 

diameter 6.6R. 

 

Fig. 8 

Model of Na-Zeolon showing channels 4g 
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Each (Si, A1)04  tetrahedron is part of one or 

more 5-membered rings in the framework and the numbers of 

4-, 5-, 6- and 8-membered loops of tetrahedra per unit cell 

are 4, 48, 16 and 16 respectively. 	The prevailing number 

of 5-membered loops is an outstanding feature of the 

mordenite framework. 	It has been shown that the most 

stable loops in silicates (i.e. lowest energy) are of 5 

or 6 tetrahedra (Zoltai and Buerger, 1960). 	The predominance 

of 5-loops and the high silica-alumina ratio account for the 

extraordinary stability of mordenite (see also clinoptilolite 

1.2.9). 

Stacking Faults: 

Mordenite sorbs Ar,N2  and 02  rapidly while 0114& C2H6  

are only slowly ocgluded (Barret:, '1944). ' 'Although the free 

diameter of the main channels is 6.6k, the mordenite does 

not adsorb molecules whose critical dimensions exceed 4R. 

This seems to suggest the existence of crystal imperfections 

i.e. stacking faults, of which only comparatively few would 

be necessary to inhibit diffusion. 	This effect is discussed 

by Meier (1961). 

Position of Cations: 

Only four of the 8N a+  ions per unit cell have been 

definitely located; they lie in the windows (2.8R diameter) 

of the interconnecting channels. 	The remaining four Ns 4-

have not been assigned positions and are therefore assumed 

to be randomly distributed within the large channels 

(c.f. Na+  ions in NaX). 

Analysis:  

The composition of the sample used in this work 

was:- 

(3.52)Na20*(4.0)- Al203-(39.8)SiO2  (26.7)H20 
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The sample is thus seen to be cation deficient (c.f. 1.2.2. 

for NaX). 	The missing Na+  ion per unit cell is assumed 

to be replaced by 114-  or H30 , since the synthesis is 
performed in aqueous solution. 

H-Zeolon:  

This is an acid form of synthetic Na-Zeolon 

(Keough and Sand, 1961). 	So far very little data on this 

svrbent is available. 	It is thought to be prepared by 

treating the mordenite or the synthetic Na-abolon with acid. 

(see results for mineral acid treatment of clinoptilolite 

chapters 3 and 4). 

Some previous sorption data for mordenite are 

given in section (1.5). 

1.2.8 	The Structure of Chabazite and Erionite  

(a) Chabazite:- A structure for chabazite was first 

proposed by Wyart (1933) but this has been discarded in 
favour of a new structure proposed by Dent and Smith (1958). 

This structure contains cage-like units (fig. 9(a)) made 

up of double six membered rings of tetrahedra in the form 

of hexagonal prisms which are arranged so that their centres 

occupy the corners of the rhombohedral unit cell; these 

prisms are linked together -to form one large cage per unit 

cell. 	In the wall of each large cage there are six 

8-membered rings which serve to connect it to six neigh-

bouring cages, forming six intersecting channels of 

minimum width 3.7k (Barrer and Kerr, 1959)..  The large 

cavity is elongated and not wholly symmetric, having major 

and minor free dimensions of "----/11R and 6.6.E respectively. 

There is a slight waist in the cavity and 6.6R refers to 

the diameter of the waist. 	Eagh cavity is capped by a 

hexagonal prism at both ends. 



25 Fir. 9 

The Orientation of 
Diffusion Channels 
in Chabazite 
Barrer & Kerr (1959) 

Cavity in 
Chabazite 

Cavity in 
Erionite 

Diffusion paths in 
Erionite. ' 
Barrer & Kerr (1959) 

(b) 

(c) 
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These prisms contain a roughly spheroidal free volume of 

diameter 4--) 4.0R and entrance is through the hexagonal rings 

having a free diameter of .."-'2.7R . 

The cavities in chabazite are stacked in 6-fold 

co-ordination; the relationship of the channel pattern to 

the hexagonal cell is shown in fig. 9(b). 	These channels 

allow diffusion of molecules whose critical dimensions are 

comparable to the free diameter of the 

Thus argon and methane (diameter 3.84, 

adsorbed, propane (4.9R) and n-butane 

while iso-butane (5.6R) is excluded by 

1949). 	In this way chabazite can act  

8-membered ring. 

4.258) are rapidly 

are slowly adsorbed 

chabazite (Barrer, 

as a molecular sieve, 

passing normal paraffins but not branched chain paraffins. 

The cations in chabazite, principally Ca in natural 

specimens, can be exchanged for others e.g. Li, Na, K, Rb, 

Cs, NH4' Ag, Ca, Sr, Ba, Pb. (Barrer and Sammon, 1955). 

Barrer and Baynham (1956) found that the cations present 

in chabazite had an important influence on its sorption and 

molecular sieve properties. Thus K, Cs and Rb-chabazites 

could not sorb even small non-polar molecules; Na-chabazite 

sorbed Ar,N2  and n2, while Ca-chabazite sorbed a wide varlet: 

of molecules including n-paraffins. 

The sample studied by Dent and Smith (loc.cit) 

contained three units of : 

(Ca0.90  Na0.15) (Si4.05 All. 95)6  0
12. 6H20 

in the rhombohedral cell with a = 9.40R, t4= 94°18'. 	The 

corresponding hexagonal unit cell has a = 13.78, c = 15.018. 

The Ca exchanged form (chapter 3) of the natural 

mineral was used in this study. 
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(b) 	Erionite: 

This mineral is fibrous and occurs in nature; 

it has been synthesised by Break et al. (1956). It is 

unusual among naturally occurring minerals in that it contains 

a significant proportion of ammonia (Staples and Gard, 1959). 

These workers investigated the structure of erionite by X-ray 

and electron diffraction techniques; they proposed a hexagonal 

unit cell with a = 13.26R, c = 15.128, for the aluminosilicate 

frame. The sample had the composition (Ca, Mg, Na2K2)4.5  

A19Si27072. 27E20. 

The unit cell parameters are very similar to those 

of chabazite but the two structures are somewhat different. 

Cage-like configurations (fig. 9(c)) of linked (Si,A1)04  

tetrahedra are bounded by 4-, 6-, and 8-membered rings and 

neighbouring cavities are joined in the c-direction by a shared 

single hexagonal ring of free diameter of onlyN2.5.E instead 

of a double hexagonal ring as in chabazite. The large cavities 

are elongated (free lengthrV 15.31, free diameter 6.3R) and 

have a slight waist. The structure can also be thought of 

as arrangement of chains of tetrahedra, 6 per cell in the 

c-airection, which are separated by the cavities described 

above; this aspect emphasizes the fibrous nature of the mineral. 

There are also columns of a more compact nature which are not 

sufficiently open to allow molecule diffusion. 

There are six 8-membered rings forming the walls 

of each large cavity, three in the upper half and three in the 

lower. These rings have free dimensions of 5.2k and 3.68, 

the longer dimension being in the c-direction. Each window 

is common to two cavities producing the packing of columns 

referred to above. 
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However in the three columns surrounding any given central 

column the cavities are displaced by half the length of a 

cavity (7.5R) in the c-direction. 	Thus a molecule can 

diffuse along a cavity, through an octagonal ring into and 

along a cavity in one of the three adjacent columns, through 

another octagonal ring and back into the next cavity in the 

original column. 	In this manner diffusion can proceed 

freely along the c-direction (see fig. 9(d)). Diffusion 

can also occur normal to the c-direction through the.8,uring 

windows giving access from one cavity to the next. 

The cavities in chabazite are slightly smaller but 

more numerous in the ratio of 3:2 than those in erionite. 

The sample of erionite used in this work came from 

Pine Valley, Nevada. 

1.2.9. 	The Structure of Clinoptilolite 

Heulandite and clinoptilolite are isomorphous 

lamellar zeolites. As a result of X-ray work on single-

crystals Hey and Bannister (1934) concluded that 

"clinoptilolite" was merely a silica-rich form of heulandite 

and that there was no justification for ragarding it as a 

separate species. 	Mumpton (1960) assembled X-ray, d.t.a. 

and analytical data from which he concluded that clinoptilolite 

may be defined chemically as the high silica member of the 

heulandite family usually containing more monovalent than 

divalent cations. 	He studied the thermal stability of 

heulandite and clinoptilolite and reported that heulandite 

is transformed into "heulandite B" at 230°C and at 350°C 

becomes amorphous; clinoptilolite on the other hand is stable 

up to 700°C; thus they can be differentiated by their d.t.a 

curves. 
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Fig. 10(a) Arrangement of (Si, A1)04  tetrahedra 
in heulandite forming a sheet of 6-membered rings 
parallel to (010). 

Fig. 10(b) Projection of part of aluminosilicate 
structure on (001), (Ventriglia, 1955). 
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and the b axis is 
vertical. 
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Analytical data for clinoptilolite is scarce, but 

Mumpton suggests that although the two zeolites are iso-

morphous, solid solution between them does not seem to be 

complete. 	Thus he defines clinoptilolite as :- 

(Na 0) 
2 

Al2o 

-(Ca0) 	.(K 0) 
0.70 	0.10 	2 

. 	(S102) 8.5 - 10.5 

0.15 

. 	(6 

.(Mg°)0.05 • 

- 7H20) 

and considers it to be a separate species; 

Mason and Sand (1960) argue that the difference between 

clinoptilolite and heulandite lies not in their Si contents 

but in thir centents of Na, and K; these authors define 

clinoptilolite as a zeolite with the structure of heulandite 

in which (Na + K) atoms are predominant over Ca. 

The structure of heulandite has been recently studied 

by Ventriglia (1955); as with all other zeolites the structure 

is made up of (Si,A1)04  tetrahedra linked in such a way 

that every oxygen is shared by two tetrahedra. 	Two-thirds 

of the (Si,A1)04 
tetrahedra are linked to form networks of 

six-membered rings in planes parallel to (010) separated 

by b/2 (fig. 10(e/). These sheets are connected together 

via the remaining one-third of the tetrahedra. 	This results 

in a very open framework transversed by channels of six- 

membered rings parallel to (010) and by channels of five- 

and eight-membered rings parallel to (001) (fig. 10(b)). 

The cations and water molecules are free to move within 

the framework cavities and their positions in the structure 

have not been determined. 	The (010) cleavage of heulandite 

can be attributed to the preponderance of bonds linking 

tetrahedra in the (010) plane. 

The extraordinary stability of clinoptilolite can 

be attributed to its very high silica content and to ,the 

presence of 5-thembered rings (c.f. 1.2.7). 
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The sample used in this study was obtained from Mount 

Hector, California, and had a silica-alumina ratio of.9.3. 

The composition of the sample was:- 

o.04(K20) , 0.09(Ca0) .0.78(Na20) . A1203 	
9.3Si0

2 
. 6.6H20 

1.2.10 The Structure of Phillipsite 

The structure of natural phillipsite was 

determined by Steinfink (1962) from electron density 

projections refined by means of a three-dimensional least- 

square procedure. 	The unit cell is orthorhombic with:- 

a = 9.96, b = 14.25, c = 14.258 

The fundamental unit in the structure consists of 

two tetrahedra connected head on through the apical oxygen 

into a double unit 4.58 high. 	Ten of these double units 

are linked together, by sharing corners, into an S-shaped 

configuration which is approximately 148 long and 7R wide 

(fig. 10(c)). The open ends of the S units link to other 

S units through the oxygen atoms of the upper and lower bases 

of the double unit into a three-dimensional network. 

Adjacent S units are as apart so that large channels exist 

parallel both to a and b. 	The free diameter of the channel 

parallel to a is e`..1  4R while that parallel to b has an 
o unobstructed cross sectional area of PJ9A2  ; thus it would 

be expected that molecules of minimum cross sectional area 

greater than 1282  would not be adsorbed. 	The presence of 

cstions or water molecules within the channels, could reduce 

sorption even further or even inhibit it altogether. 

Barrer, Bultitude and Kerr (1959) have synthesised 

sodium zeolites which are chemically similar to phillipsite 

and harmotone and which give similar X-ray patterns. 
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The synthetic minerals did not sorb oxygen at -183°C and 

ammonia sorption was very slow at room temperature. 

The sample used in this work was from Pine Valley, 

Nevada. 	Sorption of carbon dioxide was very slow at -89°C 

but increased rapidly in the temperature range -20°C to 0°C. 

(see also 1.5.). 

1.3. 	Carbons 

It was of interest in this work to study carbon 

dioxide sorption on non-crystalline sorbents for the sake 

of comparison with the zeolites. 	Two steam activated forms 

of cellulose carbon, prepared by Kipling and Wilson (1957) 

were investigated. 	These workers activated their carbons 

with steam at 900°C. 	The degree of activation is expressed 

as an activation "yield". 	This is the yield of charcoal 

given by the activation process, calculated relative to the 

unactivated carbon obtained at the same temperature. 	In 

this work the samples studied were of activation yield 71.1% 

and 58.9%. 	Table (1) gives some of the experimental data 

obtained by Kipling and Wilson (loc.cit.) for these carbons. 

Table (1) 

Activation/ 
yield for 
cellulose 
carbon 
% 

H2O 	C2H5OH 	C6H6 	0C14 	lot,- pinene 

Sorptive capacity (ml.of liquid condensate/g) at 20°C 

71.1 

58.9 

	

0.395 	0.418 	0.423 	0.470 	0.000 

	

0.625 	0.588 	0.574 	0,570 	0.000 
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These workers also observed that hydrophobic character 

could be produced by activation, even when the carbon is 

formed from a material rich in oxygen. 	The adsorption 

isotherms for carbon dioxide on activated carbons and 

zeolites are compared in chapter 4; their respective 
thermodynamic data are compared in chapter 6. 

1.4. 	Properties of Carbon Dioxide 

Carbon dioxide is a linear symmetrical molecule 

with a carbon-oxygen internuclear distance of 1.168. 

Some pertinent properties required in this work are given 

in table (2). 	The general chemistry of carbon dioxide 

can be found in most textbooks of inorganic chemistry 

e.g. Partington (1946); its physical properties and 

industrial applications are discussed by Quinn and Jones 

(1936) and its thermodynamic data are summarized by 

Din (1956). 

Table (2) 

Properties of-0O2  

	

Molecular volume (s.t.p,), (g = 980.665) ..,..„ 	 22,261.5cm3  	
Normal sublimation point .......,.. 06eGOOOOV0POO 	-78.45°C  

Triple point : temperature 0000.•04,0 ......... 	-56.6°C 

pressure 	JOW ..... U 	 5.112 (atm.) 

Critical constants : temperature 	 31.04°C 

pressure 	 72.85 (atm.) 

volume 	 2137.3cm3/Kg. 

Entropy (25°C) (1 atm.) ....... ....... ....51.11 cals/deg/mole 

Molecular diameter(Quinn & Jones, 1936) 	 3.368 

Ionization potential 	  13.73 volts 
Quadrupole moment (Buckingham & Disch, 1963) 4.1 x 10-26e.s.u. 

Polarizability 	 3.01 x 10
-24

CM
3
/molecule 

70  molecule 
Diamagnetic susceptibility ....., 	 34.5 x 	c.g.s. units/ 
Moment of inertia (I B  )   60.9 x 10-4°g. cm2.  ..".,.... 
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1.5. 	Gas Adsorption and Literature Survey 

We have already seen in section (1.2.1) that 

zeolites can be dehydrated; when this is done the intra-

crystalline channels and cavities become available for 

molecular sorption. 	This is a very broad statement and 

we shall now consider in more detail some of the factors 

that govern intracrystalline sorption. 

Zeolites have been called "nolecular sieves" 

because of their ability to separate molecules of different 

dimensions; some molecules can permeate a given zeolitic 

structure freely)  some with difficulty and some not al all. 

The "mesh" of a zeolite sieve is determined not bytke. 

volume of the intracrystalline cavities but by the free 

dimensions of the apertures which link them together. 

Whether ar not a given molecule may enter the pore structure 

of a zeolite, is decided by its size and shape relative to 

the aperture dimensions of the zeolite; chabazite sorbs 

water freely but iso-butane, a larger molecule, is not 

sorbed. 	The free diameter of the largest aperture in the 

zeolite acts as a rough guide; Breck and Smith (1959) have 

found that due to bond vibrations, in general molecules of 

diameter up to 0.5R greater than the "free diameter" of the 

aperture can pass through easily. 	Larger molecules enter 

the crystal with greater and greater difficulty; molecules 

1R wider than the free diameter cannot enter at all. 	It 

should also be remembered that mar: molecules possess two 

different diameters; the diameter of nitrogen measured 

normal to its longitudinal axis is 3.0R, while its longitud- 

inal diameter is 4.1R. 	For such a molecule, the rate of 

sorption might be diminished because the molecules might 

have to reorientate themselves in a favourable direction 

for diffusidn through the lattice. 
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The sorptive properties of a zeolite also depends 

on the type and number of cations present. 	Zeolite LEA 

(NaA),(Breck et al., 1956) is capable of sorbing molecules 

up to 4.R in diameter; molecules up to 5R in diameter are 

readily adsorbed when approximately one-third of the Na
+ 

ions are exchanged for Ca
2+. As we have already seen 

(1.2.6) this increase in sorption was not due to a difference 

in cation size; Na+ and Ca
2+  hags nearly the same radii; it 

was due to the removal of Na+  ions which were obstructing 

the entrance to the adsorptive cavities. 	Replacement of 

the Na
+ 
ions by larger K

+ effectively reduces the pore size 

even further. 	Thus Breck showed that when all the Na
+ ions 

had been exchanged for K+, water sorption was practically 

unaffected while carbon dioxide was excluded. 	Thus we see 

that the size of the molecule/can be admitted into the 

sorptive cavity in the A zeolite can be governed by the 

type of cation or cations present. 

Molecular sieve properties of zeolites can also 

be affected by pre-adsorption of polar molecules. 	Small 

amounts of water or ammonia present in the pores of NaA 

drastically reduce oxygen sorption. 	Barrer and Rees (1954) 

investigated the effect of pre-adsorbed polar molecules on 

the sorptive properties of mordenite and chabazite. Breck 

considers that the polar molecules cluster about the cations 

thus blocking the channels and reducing the pore size. 

Lamb and Woodhouse (1936) studied the sorption of 

02, H
2 
and CO2 

on partially dehydrated chabazite. They 

found that CO2 
sorption took place after 5% dehydration; 

sorption of oxygen required at least 17% dehydration, and 

sorption of hydrogen occurred only after 50% removal of 

the intracrystalline water. 	Thus the molecular sieve 

properties of chabazite can depend on the degree of 

outgassing. 
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The molecular sieve properties of highly 

siliceous zeolite can also be modified by decationization 

(Barrer and Makki, 1964). 	Thus the sorption of C2H5OH 

by clinoptilolite is increased three-fold, when the zeolite 

is decationized with 0.33N HC1, 	In this work. (claapter 0 it 

is found that treatment of the zeolite with HC1 increases 

sorptive capacity towards CO2  by ca. 8%. 	It is in 

this instance considered that the removal of the cations 

increases the intracrystalline free volume available to CO2' 
hence the increase in sorptive capacity. 

Molecular sieve effects can also be temperature 

dependent. 	Oxygen is freely adsorbed by NaA at -196°C; 

nitrogen shows increased sorption from room temperature 

down to ri -100°C and thereafter the sorption decreases until 

at -196°C the gas is virtually excluded. 	In this work a 

similar effect was observed for carbon dioxide sorption on 

phillipsite; the amount adsorbed increased from 190°C to 0°C 

and then gradually fell off until at -89°C sorption was 

negligible. 

Some differences between physical and chemical 

adsorption will now be outlined. 

(a) 	Physical adsorption involves molecular interaction 

forces; the formation of a physically adsorbed layer may be 

likened to the condensation of a vapour to form a liquid. 

The heat of physical adsorption is of the same order as the 

heat of liquefaction and is rarely more than.twice or three 

times as large. 	Physically adsorbed layers, in particular 

those many molecular diameters thick behave in many respects 

as thin layers of liquids. 	Chemical adsorption or chemi-

sorption involves the transfer of electrons between the 

adsorbent and the adsorbate. 	The heat of adsorption can be 

comparable to that for the corresponding bulk chemical 

reaction. 
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(b) The rate of physical adsorption is usually rapid 

especially at low temperatures, equilibrium may be achieved 

in a matter of seconds or minutes. 	In many cases chemi- 

sorption involves an activation energy i.e. the rate is 

faster at higher temperatures. 

(c) A physically adsorbed layer can usually be removed 

by lowering the pressure, at the temperature at which the 

adsorption took place. 	Sometimes this can be a slow process 

owing to diffusion effects. 	The removal of a chemisorbed 

layer on the other hand is more difficult. Usually high 

temperatures are needed; in the case of oxygen chemisorbed 

on carbon the adsorbed layer is so strongly held that high 

temperature desorption yields a mixture of CO and CO2. 

(d) Under suitable conditions physically adsorbed layers 

several molecular diameters thick are found; chemisorption 

is complete when a monolayer has been built up. 

(e) Physical adsorption can occur with any gas-solid 

system if the conditions of temperature are suitable; 

chemisorption can take place only if the gas is capable of 

forming a chemical bond with the surface atoms. 

The usual method of expressing adsorption equilibria 

is in the form of adsorption isotherms 

v = f(P)T 
related to 

Isotherms are essentially/plots of the free energy change 

as a function of amount adsorbed. 	Their shape can yield 

qualitative knowledge of the adsorption process and a semi-

quantitative measure of the fraction of the surface covered 

by adsorbate. 	Isotherms for all the systems' studied in 

this work are plotted in chapter 4 and comparisons between 

different systems are made. 
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In general isotherms may be classified according 

to the Brunauer (1945) classification; the distinction 

between different types of isotherm generally arises from 

differences in pore structure and sorbate-sorbate interaction 

energy. All isotherms obtained in this work were of type 1 

of the above classification. 

In recent years thermodynamic methods for the 

investigation of the physical state of adsorbed molecules 

have been used quite frequently e.g. Barrer and Wasilewski 

(1961), Barrer and Gibbons (1963) completely satisfactory 

analyses of results can only be obtained if the sorbent is 

energetically homogeneous and if experimental data are 

available over a wide range of coverage. These methods 

have been used in this work (chapter 5) with some interesting 

results and in some cases it was possible to show that 

sorption was localized. 	Empirical isotherm equations have 

also been obtained. 

Previous Adsorption Studies of Carboi Dioxide 

The only complete adsorption study of carbon 

dioxide on a zeolite was made by Kington and Macleod (1959) 

for natural chabazite (see chapter 6). 	Breck et al. (1956) 

gave CO2  saturation capacities for NaA and CaA at room 

temperature. 	They also show that equilibrium is reached 

very quickly. All other investigations have been merely 

quantitative. 	Barrer and Gibbons (in preparation) have 

concurrently with this study investigated CO2  sorption on 

ion exchanged faujasite. 

Sameshima (1934,1935) observed that partially 

outgassed forms of mordenite sorbed CO2  very slowly; a 

sample outgassed for 2i hours at 5000C occluded 69cm3, s.t.p. 

after 10 hours under one atmosphere pressure at 25°C. 
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He also found that a sample of phillipsite outgassed for 

24 hours at 200°C showed negligible CO2  sorption. 

Everett et al. (1957) have discussed the sorption 

characteristics and thermodynamic data for CO2  adsorbed on 

activated coal and coconut shell charcoals. 

Such previous work, where relevant, has been 

compared with the results obtained in this study. 

(see chapter 6.) 
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Chapter 2 

SOME THEORETICAL CONSIDERATIONS 

2.1.1. 	Thermodynamics of Adsorption  

Our present understanding of the thermo-

dynamics of physical adsorption systems is due largely to 

the work of Hill (1949, 1950, 1951), and Everett (1950). 

Reviews of recent developments in this field have been 

given by Hill (1952), Everett (1957) and Drain (1954). 

Two different approaches to the thermodynamics of 

adsorption may be considered:- 

(a) Adsorption Thermodynamics; . The sorbed 

molecules are regarded as a single component 

phase in the potential field of the sorbent 

which is assumed to be unperturbed by 

adsorption. 	This approach leads to molar 

thermodynamic quantities and involves the 

evaluation of an independent variable 

characteristic of the sorbate, the spreading 

pressure 0 (Hill, 1950, 1952). 	This is 

tedious and can be inaccurate, especially 

at low pressures, leading to considerable 

error in the final thermodynamic quantities. 

(b) Solution Thermodynamics: The adsorbent-

adsorbate system is considered as a single 

condensed phase of two components in 

equilibrium with unadsorbed gas. 	This 

approach leads to partial molar thermodynamic 

quantities. 	For small differences in the 

energy of the adsorbed molecules, the 
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differential functions are found to be more sensitive than 

the molar functions (Garden, Kington and Laing, 1955). 

(c) Tykodi's Method: 	Tykodi (1954) developed 

Gibb's approach (Hill, 1952) by removing 

the restriction of thin layers, thus making 

it applicable generally to sorption. 	It is 

assumed that the total volume of the system, 

the gas and the sorbate are known and that 

the properties of the gas and solid are 

separately well defined. 	Tykodi's method 

has been little used and is open to the same 

criticism as adsorption thermodynamics. 

The experimental results obtained in this work were analysed 

by the methods of solution thermodynamics; the relevant 

thermodynamic equations are derived in section (2.1.3). 

2.1.2. 	Summary of Symbols 

The following symbols and thermodynamic 

functions are used in this thesis:- 

P = pressure 

T = temperature, °K 

Subscripts 1, 2, and g refer to sorbate, sorbent 

gas respectively. 

X = a partial molar derivative w.r.t. n, the number 

of moles of the species present. 
ro 
X = integral quantity per gram mole 

r= ratio of concentrations of sorbate to sorbent, 
n1/n2 

o=  integral quantity in a standard state 

X'02 = property of pure sorbent 

S
c 

= molar configurational entropy 

Sc  = partial molar configurational entropy. 
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= residual thermal entropy defined as 
1 
Sth  = 	— th 	1St 
residual thermal entropy defined as 
_11 
Sth = 1 - 

1t = partial molar entropy resulting from one 

degree of translational freedom of the 

guest molecule. 

t = translational degree of freedom 

v = vibrational degree of freedom 

k = Boltzmann's constant 

h = Planck's constant 

2.1.3. 	Solution Thermodynamics  

Let us consider the sorbent and sorbate as 

a two component phase with energy E, entropy S and volume 

V in equilibrium with unadsorbed gas. Using the standard 

methods of solution thermodynamics we can write:- 

dE = TdS - PdV + p1dn1  + ji2dn2 	(1) 

dG = -SdT + VdP + pidni  + v2dn2 	(2) 

and also since pi  = pi(T,p,r ) 

(3) bbl 	 ))1:1 d = 	dT +C-11  dP ±H dr 
,t1DT 	`UP 	'7) r pert 	T,r 	T,P 

P is the hydrostatic pressure exerted by a hypothetical 

inert piston. 

Also b '1 = 1 and '1413.) = 71 T 	 1 
p,r 	

'11)P T,r 

On substituting these.  quantities in (3) we get:- 

dial  = gldT + 71dP + b  l dr 
T,P 

_t 

Sth 

S
th 
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For the gas we have the well known expression:- 

rsi 
dug  = -S dT + Vgdp 	(5) 

At equilibrium between gas and the condensed phase, 

= dpg  so that 

+ tCridP d(, 	dT + V dP (6) 
"Or rr,p g 	6 

Under ordinary experimental conditions P = p and so we 

have for constant P 

C°P)4r _ TT-  \ 
g 

1) , g 
Using the usual approximations (1) of a perfect gas and 

rJ 
(2) Vg>> Ti1 we get, 

( %Olnp) 
(ES.jg  - SVR T 

tOIT 	- 

(Hg  - H1)/RT2 = clsti/ RT2  (8) 

clst = 	6111, is the isosteric heat of sorption. 

Entropy of sorption: on rearranging (8) we get the 
entropy of occlusion of the guest molecules:- 

"E1 = - 	 ( 9) 

S is the entropy of the gas at pressure p. 

S°  Referred to the standard entropy 
N  
S at a standard pressure p°. 

(') S = SNo + Rln Pc)/ 
E 	g 	/ p (10) 

Combining (9) and (10) we obtain: 

(7) 

-g 	o 
1 g + Rln 

._.0/ 
P 	

46  5: 
1"/  (n) 
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The standard pressure p°  for a gas is usually taken to be 

1 atm. 	If a correction for non ideality of the gas is 

required, a term ap is subtracted from the above expression 

for 	where approximately, a = 27RT3 Tc and Pc are 

32P T3 

respectively the critical temperature and pressure. 	In 

this work ap was always x`0.1 cal/deg/mole and was ignored. 

Integral Thermodynamic Quantities: integral or molar thermo- 
r-4 

dynamic quantities X, can be obtained by integrating graphic- 

ally plots of the corresponding differential quantity X 

versus amount adsorbed. Thus for the integral entropy of 

the sorbate we have:- 

Sl 	
3
C ril  

nl 	 S
1
dn
1 

Similarly the other integral quantities can be obtained. 

2.1.4. 	Isosteric Heat of Adsorption 

In the previous section when deriving the 

Clapeyron-Clausius type equation for the isosteric heat of 

sorption we considered the amount of sorbent n2, and not 

its surface area. 	Consequently equation (8) applies  

regardless of whether the sorbent swells on sorption, or 

the area or the number of sites change with temperature 

or pressure, or even whether an "area" exists. 

There are two equivalent forms in which the 

Clapeyron-Clausius equation may be used to obtain the 

isosteric heat, of sorption from the experimental isotherm 

data: 

(a) Equation (8) can be written in the form 

( 01np) 
(8a) 

`0 1 r 

0 
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hence the isosteric heat can be evaluated from a series 
1 of isotherms by plotting log10p against 7 for a fixed amount 

adsorbed. 	The slope of this plot, or tangent if a curve 

results multiplied by 2.303R gives a 
-st.  

(b) Plots of log10p versus Vs (amount adscirbed) 

can be constructed for a series of isotherms and hence log P1 

P2 

corresponding to T1  and T2, for a fixed amount adsorbed may 

be obtained; the isosteric heat is given by the integrated 

form of (8): 

qst 	

/T1T2 	pl  4.57 (-- ) log10  
T
1-T2 	P2 

Since qst  can be temperature dependent, it should be evaluated 

from as many pairs of isotherms as possible; otherwise mis-

leading results can be obtained. 

2.1.5. 	Thebmodynamic Properties of Sorbents  

At constant T the Gibbs-Duhem relationship 

(solution thermodynamics) gives : 

nidial  + n2dF2  = VdP 	(12) 

Define N1  - 	
n1 
 , N2 

= n2- where N1 and N2 are Mole n1+ n2 	
n
1
+ n

2 

fractions. 
V 

Let V
x = volume of mixed mole - 	

 substituting these 
1 N

2 
quantities in (12) gives : 

Nicyll 	(1 - N1) dF2 = VxdP 	(13) 

Rearranging (13) gives: 

VdP 	NidFl  

4 
 x 12  - 	 (14) 

1 	N1 	1 - N1 
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At equilibrium 411  = dps  and assuming ideality 

dFg  = RTd1nP. 

Substituting in (14) and integrating, assuming that there 

is no expansion of the zeolite lattice on sorption, we get: 

kr 

MRT 
6F2 = F2 - F02 = vm (P  - Po)  - 	P F dP (15) 

0  

where x = amount adsorbed gm/gm of outgassed sorbent. 

molecular weight of sorbate 

VM  = Volume of one mole of sorbent of molecular 

weight M. 

Also from the Gibbs-Helmholtz relationship we have: 

and 
7131 
L--- 
‘OT 

'1°(F2 - Fo2) 
- (s2 - 102)  

171 2) 	- 

bT 
 = - '61'2 

ni l • 2 

(16)  

(17)  

_ 

(Al 
\ T _x 

• 

= -(ff.2  
T2 

Thus the entropy and enthalpy changes of the sorbent on 

sorption can be found (see chapter 7). 

2.1.6. 

we get 

Half Standard Entropy of Adsorption 

equation 

(18)  

(11) 

bT 

On rearranging and differentiating 

,e4 

	

— 	° 

	

(S 	So 	b 	p ) = 	(R1n,,' ) + , 
bT 	P 	"OT 	T 

If Lill  is independent of T, then the right hand side of 

eq.(18) is zero (according to the Clapeyron-Clausius eq.) 

brg° 
'` IT - 
	 (19) 

x 



° (Ian/ 	dn,"1 using eq. (11) 
T 

d 
dT 

 

Jo. 

n 	p 
dT Pin ,/ 	T  owl) dni  °  p (21) 

0 
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to i 	g 
1 	g1 is best described as a half standard 

entropy of adsorption. 	The relationship (19) was first 

obtained by Barrer and Sutherland (1956). 	The temperature 

invariance of 6; is used for extrapolation purposes in 
chapter 4. 

Half Standard Integral Entropy of Adsorption: 

An analogous equation to (19) can be obtained for the integral 

entropy of sorption if it is once more assumed that there is 

no temperature coefficient in the isosteric heat. 
N 

From the definition of S1 we can write: 

o
g 	sl 

es) 
= S ••••10 	1 10  1 T dn

l 	g 
1 	n1 (J 	 _lo)dn  

1 g n
1  

s 	- ̂ os ) 	- 	1 
:. 	g 1 	dT n1  

Ag.°)thil  

   

see e.g. Whittaker & Watson, 195 ). 

If LH1 is independent of temperature the right hand side 
of (21) vanishes according to the Clapeyron-Clausius equation. 

is)  i.e. 	s 	0  
g 	x 	

(22) 

"Jo r4 	 ArJ 
Sg 	S

1 
can be designated by LAS

1 
in analogy to &S1 above, 

for the half standard differential entropy of sorption. 

Also combining (19) and (22) we have: 
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„ 
The temperature independence of A:Ei  and .aSi, within the 

limits of the experimental accuracy attained, is well 

established by the data in chapter 4. 

Also by definition 7 = Si 	(24)  

and 
n.) 
S°  - 	. g 1 1 

No 
— 

rJ 	r+3 
Sg  S1  S1  

• by substituting in (24) for S1  and S1  from (19) and (22) 

'0S l_ 1 
_ 

Z7n1 
 n

1 

LibZj) , 

V°n1 

( AV1 - 6s1 ) 

 

= 0 	(25) 
X 

 

   

If the integral entropy of the sorbate is known at one 

temperature, then it can be obtained at any other by using 

equation (22); the only requirement is that the standard 

entropy of the gas be known at that temperature. 

2.2.1. 	Physical Models of the Adsorbed State  

The principal aims of investigating the sorption 

of one substance on another must be the evaluation of the 

thermodynamic properties of the sorbate and also the 

elucidation of the state of the adsorbed molecule. In the 

previous section it is shown how the thermodynamic properties 

of the sorbent and sorbate can be determined from the 

experimental isotherms; the object of this section is to 

show how these data can be used to determine the state of 

the adsorbed molecule. 

(19) 

(22) 
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In recent years the thermodynamic properties of 

sorption have been used for interpreting the state of.the 

adsorbed phase, e.g. Garden, Kington and Laing (1956), 

Barrer and Sutherland (1956), Barrer and Wasilewski (1961), 

Barrer and Gibbons (1963). 	In these analyses two main 

methods have been used; 

(a) A model is proposed and the isotherm equation 

is found; if the proposed model is correct 

then the experimental results should fit the 

equation. 

(b) The entropy functions are calculated using 

the chosen model equation and are compared 

with those obtained from the experimental 

observations; if the chosen model is correct, 

then the calculated and experimentally 

determined entropies should agree. 

The situation may not be as simple as that out-

lined above and will be considered further in the remainder 

of this section. 	The sorbed state may be studied by 

several other methods e.g. infra-red spectra (Frohnsdorff 

and Kington,"1958), Szymanski et al. (1960), Bertsch and 

Habgood (1963), dielectric properties (Glemser, 1944), and 

by diffusion (Barrer, 1951). 

2.2.2. 	The State of the Adsorbed Molecule 

When a molecule is adsorbed on a surface it 

enters the potential field associated with the surface. 

This field will vary in a regular or periodic manner 

depending on the structure of the sorbent and the nature 

of the surface. 	Thus the adsorbate molecules may encounter 

potential barriers in their motion along the surface. 
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Two extreme cases may be considered but the actual 

state of the sorbed molecule may lie anywhere between these 

extremes: 

(a) If the. thermal energy of the sorbed molecule 

is insufficient to overcome the potential 

barriers, it is assumed to vibrate about a 

mean position on the surface. A single 

molecule may not be permanently confined to a 

particular sorption site on the surface however, 

it may, by a process of diffusion or desorption 

- resorption, occupy neighbouring sites. 

Thus although the molecule may occasionally 

move from one site to another the sorption is 

still said to beIodalized. 

(b) If the average thermal energy of the molecules 

is larger than the height of the potential 

barrier, then the molecules will be able to 

move freely over the surface and are said to 

be mobile. 

Localized and mobile models are the extreme cases 

and it is possible for a transition to occur from either 

one of the extreme cases to the other. 	Hill (1946, 1947), 

and Morrison (1951) have discussed the transition from a 

localized adsorbed phase to a mobile phase as the temperature 

is increased. 	Kington et al. (1956) have shown that argon 

adsorbed on chabazite probably changes from a mobile to an 

immobile state as the degree of filling of the cavities in the 

crystals approaches saturation, presumably due to the 

mutual caging effect of sorbed argon atoms. 

Gas molecules adsorbed within the lattice of an 

aluminosilicate structure can hardly possess three degrees 

of translational freedom since they are confined in cavities 
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and channels of molecular dimensions. 	The actual behaviour 

could be compared with one of three extremes! 

(i) No translational freedom, or 

(ii) One or two degrees of translational freedom 

(iii) Rotational freedom may also be modified in 

the sorbed state. 	The possible extremes in 

the degrees of freedon of sorbed carbon dioxide 

are given in Table 3 for ideal models. 	The 

limiting states in which two rotational degrees 

of freedom are changed into rocking vibrations 

are included in the table. 

Table 3 

Ideal Model 
Degrees of freedom relative 
to environment 

Localized 

(i)  

(ii)  

(iii)  

3v, 2R 

4v, 1R 

5v 

Mobile with lt 

(i)  

(ii)  

(iii)  

lt, 2v, 	2R 

lt, 3v, 1R 

lt, 4v 

Mobile with 2t 

(i)  

(ii)  

(iii)  

2t, lv, 2R 

2t, 2v, 1R 

2t, 3v 

The degrees of freedom of CO2  adsorbed on NaY, erionite and 

cellulose carbon are discussed in chapter 5. 

Models give descriptions of idealised systems and 

may not be applicable to real systems. 	Deviations may arise 

from surface heterogeneities, inultilayer formation, and mutual 
interactions between sorbed molecules. 
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Also as we have seen earlier the complete sorption process 

need not necessarily be purely localized or purely mobile. 
It is therefore necessary to consider all possible isotherm 

models when the state of the adsorbed phase is being 

investigated. 	Such models will now be briefly discussed, 

and criteria given by which it is decided how nearly a 

particular model is applicable. 

Throughout the following description it is assumed 

that the sorbent is unperturbed by the sorbate. . Whether this 

is true or not depends on the system being considered; for 

argon in zeolites it is probably a reasonable approximation 

but for chemisorption it is most unreal. 	For carbon dioxide 

sorption on rigid frameworks such as zeolites it is likely 

to be a good approximation. 

2.2.5. 	Isotherm Models for a  Localized  Sorbed Phase 

The simplest case occurs when molecules are 

sorbed on a three dimensional array of energetically homo- 

geneous sites. 	Langmuir (1918), using a kinetic treatment 

obtained the following isotherm equation: 

P  KL 
e 	 (26) 

He considered the adsorbed layer to lie in dynamic equilibrium 

with the gas phase. 	Fowler (1935, 1939) related the 

equilibrium constant KL  to the partition functions of the 

sorbed and gaseous molecules. 	As with all isotherm models 

a necessary, but not sufficient condition for the above 

model to be applicable is that KL  be a constant independent 

of Q, where Q is the degree of coverage of the surface. 

The assumptions made for an ideal Langmuir model 

are: 

(a) the gas molecules are adsorbed on sites which 
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are independent of each other and are energet-

ically equivalent. 

(b) the sorbed molecules are localized i.e. each 

one is confined to a site on the surface. 

(c) there are no mutual interactions between 

adjacent molecules; this might be expected at 

low sorbate concentration, but seems less likely 

at high concentrations when sorbed molecules 

would be relatively near each other. 

(a) the sorption is restricted to a monolayer. 

Localized Model with Mutual Interactions: 

If the sorption is localized and a mutual 

interaction between the sorbed molecules exists, then the 

isotherm equation must take account of the extra energy terms. 

Fowler (1936) derived the equation: 

4 	2-24 
P = K2(1  4 	;+l- 24 

-2W  where F = 	1 - 40, (1 - 	[1. - exp.( 
Z-kT1 

The interaction energy between two adjacent molecules is 2W 

where Z is the co-ordinationAmbber of a sorption site 

and may be determined from the geometry of the sorbent. 

If W = 0, equation (27) degenerates to the Langmuir equation 

(26). 

Everett's Isotherm 

Everett (1950) proposed a general isotherm, 

based on the difference of free energy of the sorbate in 

the sorbed phase and in a standard state in the gas phase. 

At equilibrium: 

pi°  = arii°  T As° 	(29) 

(27) 

(28) 



= -R1n(i-:$ + 6 s0 
420 

(32) ° AS 
th 

(where 611° and /..\s° 	- 	) 
g 	1 g 

For a perfect gas we have: 

pi° 
 
= RT1n/Yo Ail 

Substitution of these quantities in (29) gives: 

0 	AH1 	
s  0 

p = p eXP.(--"'""" 

( 1 - 0 
If the assumption is made that AS°  contains a Rln 	

) 
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(30)  

(31)  
RT 	R 

term (see below), AS°  may be written as: 

Substituting for AS°  in (31) from (32) gives: 

( 

n I; 
p= p°exp. - RT--= 	AS°  --f)-- ---th 1 - .0 R 

(33)  

If both All1 and AS°th  are independent of 0, then (33) 

reduces to the Langmuir isotherm equation; however, if 

only AS°th  is independent of S the equation reduces to 

an equation similar to the Fowler (1939) equation allowing 

for the effect of mutual interaction between sorbed molecules 

( 0 	 2W0 
P = K3  177) KT 

For localized models on homogeneous.strfaces equation (32) 

corresponds to separating the entropy into configurational 

and thermal entropy terms i.e. 

s° 	-'° th 	th 	g 

= SI  -- SG 
	g 

As°- 

i.e. 

(34)  
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It is interesting to note that energetically heterogeneous 

systems have been quite successfully analysed in terms of 
equation (33) (e.g. Barrer & Wasilewski, 1961). 	The equation 

has also been used in this work (chapter 6). 

Residual Thermal Entropy 

The partial molar entropy, S1  of a localized 

phase on an energetically uniform surface may, as seen above, 

be separated into thermal entropy, Sth, and configurational 

entropy, Sc  i.e. 

±sc 

The thermal entropy of a localized polyatomic molecule is 

composed of contributions from the electronic states of the 

molecule, internal vibrations and rotations, vibrations about 

a mean position on the sorption site and from rotational degrees 

of freedom. 	Rotation of the molecule may be hindered and 

Langmuir's model can then be valid only if the degree of 

restriction remains independent of coverage. 	The configur- 

ational entropy arises from the number of distinguishable 

arrangements of N molecules on M sites. 

For a localized model without mutual interactions: 

S
c 

= 1-Un 1 - 09) 	
(35) 

and for a model with interactions: 
z 

( 1 - fl_ 	20 
- 	

1+2.9) 
SC = Rln 	 p 

	 f 
	 (36) 1-2G T 	p 

The difference between S
c obtained from (35) and that from 

(36) was found to be neglitible for argon sorbed in chabazite. 

(Garden, Kington & Laing, 1955). 	In localized sorption the 

thermal entropy must satisfy the following criteria (Kington, 

et al. 1956). 
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(i) It must be positive and be compatible with 

reasonable values of the vibrational frequency 

of the molecules in the channels. 

(ii) It must be independent of 8, (over the range 

in which the sorption model is applicable). 

2.2.4 	Isotherm Models for a Mobile Sorbed Phase  

If the sorbed phase acts as a perfect two dimensional 

gas of point particles, the isotherm equation derived either 

from statistical thermodynamics (Fowler, 1939) or from an 

equation of state (Everett, 1950) is: 

P = K49 	 (37) 

Equation (37) is of course the Henry's Law isotherm. 

If the adsorbed phase is considered as having a 

finite co-area the following equation is obtained (Fowler,1939). 

P = Kv  ( 4  ) exp. 	(38) 
1 - g 	1 - g 

This equation is often referred to as the Volmer equation 

as it can also be derived from the Volmer equation of state, 

(Everett, 1950), (Hill, 1946). 

Mobile Model with Mutual Interactions: 

Hill (1946), assuming that the sorbed fluid 

obeys the Van der Waals equation of state, derived the 

following isotherm equation for mobile sorption, with sorbate-

sorbate interaction. 

P = KrT  ( 
1-775 exP" 1 - 0 aO) 

4 	4  
(39) 

where a is a constant and is a measure of the interaction 

potential. 
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As in the case of localized sorption, the isotherm 

constant K must be independent of a for a particular mobile 
model to be valid. This however is not sufficient as 

experience has shown that a mere test of the shape of an 

isotherm is not conclusive. It would also be impossible to 

distinguish between one and two degrees of translational 

freedom. Therefore, as in the case of localized sorption, 

it is necessary to study the entropy functions of the sorbed 

phase. 

Residual Thermal Entropy: 

As with the localized model (2.2.3) the entropy 

of the sorbed phase can be split into two parts, thus: 

+ 'e and 1 1 t 	th 

Si 2'5't sth 

13t and  23t are the partial molar translational entropies, 
resulting from one and two degrees of translational freedom 

of the guest molecules respectively, Sth  and Sth  are the 

residual thermal entropies and have the same origin as Sth 

in the previous section. For the models (38) and (39), 

1St  and ;§t  may be formulated (Kington et al. 1956):- 

lani-21f6d)2 L(1-@) R  (1 	e 
1 t 	h 	• 	2 1- ft 

) 
2E 	Rln ZILla a(1 - 8) R 1 - 1

e. 
 

	

h2 
	• 

where L = co-length of a sorbed molecule and a = co-area. 

Thus knowing El  and 1St  or jt, we can calculate 
the corresponding residual thermal entropy. For aloartioular 

mobile model to be valid the residual thermal entropy must be 

independent of 0 and have reasonable physical magnitude. 
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The reasonable physical magnitude is found by calculating 

the vibrational frequencies for the vibrations of the molecule 

relative to its environment (e.g. normal to the adsorbing 

surface. 	If simple harmonic oscillation is assumed, the 

vibration frequency is given by the following equation 

(for each degree of vibrational freedom): 
r.) 
1Sv = R Fa(eu  - 1)

-1 ln(1 	e."11) 	(42) 

where u = hV, the value of V should be of the order of 10
12 

sec 	kT 

Detailed analyses, using the methods described in 

this section, are made on the experimental data obtained in 

this work. (see chapter 5), 

2.2.5. 	The Potential Theory and the B.E.T. Equation  

(a) The Potential Theorem 

Although it was introduced as early as 1914, the 

potential theory of Polanyi is still regarded as basically 

sound. (Brunauer, 1945). 	Its longevity is due to its 

essentially thermodynamic character and to the fact that it 

offers no explicit isotherm equation. 

Since the forces that attract a molecule to a 

surface decay with distance, a multimolecular adsorbed film 

must be regarded as lying in an intermolecular potential 

gradient. 	Polanyi's potential theory equates the adsorption 

potential 	which is a measure of the forces of attraction, 

to the work done by the adsorption forces in bringing an 

adsorbate molecule from its state in the gas phase to its 

state in the sorbed phase. 

i.e. 	= rpo 
 

VdP 
	

(143) 

P
g  
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where Pg  is the pressure in the gas phase and Po is the 

saturation vapour pressure of the liquid, at the temperature 

of the experiment. 	Each equipotential surface El,. encloses 

a volume V. between its boundary and the adsorbent and it 

is assumed that fi is independent of temperature. 

Consequently the curve E = f(V) should be the same for a 
given gas at all temperatures. For this reason it is 

known as the "characteristic curve". 

If it is assumed that the gas behaves ideally 

and that the liquid in the sorbed phase is incompressible, 

we have: 

f

Po RT L. =  
dp = RT1nF.',// 	(44) 

The value of Vi  corresponding to ii  is where x is the 

weight of the adsorbed film and '01, is the density of the 

liquid at temperature T. 	Thus it is possible to construct 

a characteristic curve, which enables the temperature 

dependence of sorption to be predicted. 	The applications 

and accuracy of the potential theory have been discussed 

by Brunauer (1945). 

The comparative universality of the theory was 

further demonstrated by Brunauer and Emmett (1935), who 

applied it to the multimolecular adsorption isotherms of 

nitrogen and argon on iron catalysts at liquid air temperatures. 

It has also been applied to sorption of several alkyl 

halides on zeolites by Barrer and Brook, (1953) who found 

that deviation from the theory increased with the polarity 

of the sorbate. 	This is to be expected when polar forces, 

which are temperature dependent are involved. 

Corrections for non-ideality of the gas and 

compressibility of the sorbate can be employed but they do 

not alter the results very much. 

Pg  P 
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The potential theory gives a temperature independent 

characteristic curve for carbon dioxide adsorbed on 

activated cellulose carbon (see chapter 5). 

(b) The B.E.T. Equation: 

Although Langmuir (1918) attempted to generalize 

the ideal localized monolayer treatment (see 2.2.3) to 

include the formation of multimole,,ular adsorbed films 

it was not until 1938 that the mathematical difficulties 

were resolved and an equation of practical utility derived. 

Brunauer, Emmett and Teller (1938) developed Langmuir's 

approach to include multilayer formation. 	In addition 

to Langmuir's original assumptions they assumed: 

(a) each molecule adso::bed in the first layer 

serves as a site for the adsorption of a 

molecule in the second layer; 

(b) the heat of sorption is the same in all 

layers other than the first and is equal 

to the heat of liquefaction. 

On the basis of the above assumptions, they 

derived the isotherm equation: 

1 C 1  
v(po  p) vmC vm

C .76; 

where C is the B.E.T constant and vm is the quantity of 

adsorbate which would be required to cover the adsorbent 

with a mono-molecular layer only. 

If the adsorption does not take place on a free 

surface but in a limited space, then at saturation only a 

finite number of layers, n, can build up on the surface 

of the adsorbent. 

(45) 
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For such a system these workers derived the following 

equation: 

V = 
1 - x 	1 + (C 	1)x . Cx21-1-1  

vmCx 	1 - (n +-1)xn  + nxn+1 
	

(46) 

where x = 	 , v and C have the same meaning as in equation 

(45). 	Po m  

Equation (46) has two important limiting cases: 

(i) if n = o , i.e. the sorption takes place on 

a free surface and equation (46) reduces to 
equation (45) 

(ii) if n = 1, it gives: 

P= Po + 
v Cv v m m 

(47)  

A comparison with (26) shows that (47) is lAngmuirls 

equation with KL = Po 

C 

Equation (45) is a linear equation i.e. a plot%of 

Vv(po  p) against p/po  gives a straight line if the theory 

is obeyed. 	The intercept of the straight line is 1/vme, 

and the slope is (C l&C. Thus one can obtain the two 

constants vm and C from the experimental data. 

the theory: 

C = exp 

where E1 - EL, is the difference between 

adsorption in the first layer and the heat of liquefaction. 

If it is assumed that El - EL changes only very slightly 

with temperature, then by using (47) and (48) it is possible 

to derive from one isotherm another at a different 

temperature (see chapter 5). 

- EL  \ 

RT j 

Also from 

(48)  

the heat of 
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The B.E.T. equation corresponds to a highly 

unrealistic model and cannot therefore be expected to give 

a rigorous interpretation of thermodynamic properties of 

the sorbed phase. Numerous modifications of the equation 

have been derived (Young and Crowell, 1962); most of these 

involve the introduction of extra parameters and do not 

improve on the actual B.E.T. model. 

2.2.6. 

derived: 

Osmotic Pressure and Empirical Isotherm Equations 

/12 = 

In section (2.1.5) 

,p 	MRT 
VdP - 

the following equation was 

,p 	x 
j 	f dP 	(15) 

o 

In general the first term on the right hand-side of (15) 

can be neglected. 	Also we can write: 

(-11  VdP = A)12 	(49) 
3 0 

where -.j" is the tension that would have to be applied to 

the carbon dioxide-free crystals to reduce their chemical 

potential to that of the host crystals when sorption has 

taken place. 	Alternatively 11 is'the hydrostatic pressure 

which would need to be applied to the carbon dioxide-zeolite 

solution to raise the chemical•potential of the zeolite to 

that of the carbon dioxide-free crystals. 	Thus Tt is the 

equivalent of the osmotic pressure. 

Combining (49) and (15) we obtain: 

MRT p x 
P12 =11V  - LI   P dP 

0 

or since M_ = r 
V , the density of the zeolite, we have 

IT 	fPx dP = -- 
CRT mC 

0 

(50)  

(51)  
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where C is the concentration of carbon dioxide in the 

carbon dioxide-zeolite solution. 

If we substitute for! in (50) in terms of the 

corresponding functions of 0 Pfrom the ideal model equations 

(26) and (38) we obtain: 

6)12 	
RTMx

sat ln(1 - 44) (for Langmuir's isotherm) (52) 
m 

and, 	RTMx sat - (for Volmer's isotherm) (53) 
6.)22 	m 	1 - 

Finally combining (50), (51) and (52) gives: 

11 	ln(1 - G) (Langmuir's isotherm) 	(54) 
CRT 

and combining .(50), (51) and (53) gives: 

11 _ 1 
	

(Volmer's isotherm) 	(55) 
CRT 	1 - 

Tests of Isotherm models  

The equations derived in this section provide further 

tests of the degree of correspondence of any isotherm Model 

to a real system. 	The tests can be applied in the following 

ways: 

(i) 6)/2  can be obtained as a function of x, 

at various temperatures from the experimental 

data by using eq.(50); the curves so obtained 

can be compared with those predicted by the 

ideal model equations (52) and (53). 

(Barrer and Gibbons, 1963). 

(ii) By using eq.(51) plots of 11/CRT against x 

can be constructed for various temperatures 
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in the experimental range; these plots can 

be compared with the curves characteristic 

of the ideal models obtained from (49) and (52) 

(Barrer and Gibbons, 1963). 

(iii) It is seen from equations (54) and (55), that 

for each ideal model, Ti/CRT plotted against 

Q gives a characteristic curve independent of 

temperature and sorbent. 	Thus if the 

Langmuir ideal model were valid a plot of 

T"1'./CRT against Q should be identical with that 

of - ln(l - Q) against Q, at all temperatures. 

The methods described above for testing the validity 

of isotherm equations are applied in chapter 5. 

Empirical Isotherm Equations  

The curves obtained by plotting I/CRT against x 

can be represented by the equation: 

It/CRT = 1 + Al
e + A C2 	AnC

n (56) 

where C has the same meaning as in eq.(51). 

Combining (50), (51) and (56) gives: 

C + A1  C2  + A
2 
 C3  C3  fp C P  d P 
	

(57) 

i.e. 
	

1 + 2A1  + 3A2C)dC = dP 
	

(58) 

Intergration of (58) gives: 

P = K1C exp.(2A1C + 3/2A2C`) 
	

(59) 

where K1 is the Henry Law constant for small enough C. 

Equation (59) can also be written: 

P = K21 Q exp.(2A1- 	2
Q + 3/2A1.92) 	(60) 
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or more generally: 

P = KQ exp.(2111:Q + 3/2A2Q2  + 4/3A83 	 n + 1n(61) 
n 	n + 

Isotherm equations can thus be obtained from any isotherm 

data sufficiently complete to permit the evaluation of the 

integral, 

It is interesting to compare the ideal model equations of 

Langmuir (26) and Volmer (38) with (61) above. 	Taking 

logarithms of each of these equations we have: 

log.P = log.K + log.Q + 2.101 L8 + 3/2/1;82  

n +.1  11.:/.
nQ
n 

(empirical eq.) + 

P  
dP 

o  

log.P = log.K]  + log.Q + Q + Q2/2  + 93/ • • • • 
en 

17 
(Langmuir) 

log.P = log.Kv  + log.Q + 28 + 3/2Q2.....n n + l_n w+ • . • • 

(Volmer) 

2,3.1. 	Intermolecular Forces 

In general, the forces which contribute to the 

interaction of physically adsorbed molecules with a solid 

surface are: 

(i) dispersion forces; 

(ii) polarization interaction; 

(iii) interaction of the permanent dipole moment 

of a molecule with the electric field of a solid. 

(iv) interaction of the quadrupole moment with 

the field gradient 

(v) short range repulsion forces 
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Since carbon dioxide possesses no dipole moment, the forces 

which contribute towards the interaction of the sorbed 

molecule with the solid will be mainly, 

(a) dispersion and repulsion forces, 

(b) forces due to polarization interaction, and 

(c) interaction of the quadrupole moment with the 

field gradient. 

Dispersion Forces, 0d 
Dispersion forces arise from the motion of electrons 

in the molecules which give rise to fluctuating multipoles. 

London (1937) interpreted these forces and showed they were 

intimately connected with the optical properties of the 

molecules; hence the name 'dispersion' forces. 	The coupling 

of the multipoles in adjacent molecules produces an attraction 

between them, the energy of which is given by: 

A 	Al 
	

A
2 0CI — 	 (62) 

6 8 	r10 r 	r 
 

(i) 	(ii) 	(iii) 

where (i) arises from fluctuating dipole/dipole coupling 

(ii) arises from fluctuating dipole/quadrupole coupling 

and (iii) arises from fluctuating quadrupole/quadrupole 

coupling. 

The contributions of (ii) and (iii) are usually negligible 

compared with (i), and are ignored in what follows. 

Repulsion Forces,  0r 
Repulsion forces arise when the electron clouds of 

two molecular systems overlap sufficiently so that electrons 

in the same state occupy the same region of space; repulsive 

forces must then arise as a direct consequence of the Pauli 

exclusion principle. 
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Wave mechanics suggest that Or  varies exponentially 
with a high poucr of the distance. 	However it is more 

convenient, and hardly less accurate, except for very short 

distances to use a high inverse power of r, usually r
-12 

This inverse twelfth power describes reasonably well the 

repulsive forces between many kinds of molecules. 

Thus we can write: 

(63) 

A 

-6 
r 

e 

(when only dispersion and repulsion energy is involved). 

The dispersion and repulsion energy expressions may then be 

combined to givn the total interaction for the two kinds of 

forces: 

B 
95  r 

r
12 

Combining (63) with the dispersion energy expression, 
and using the fact that at the equilibrium distance 

dO 
r 	0 we get: 

dr 2B = Ar6 	(64) 

° = 0d °r = —A  

1 	r6 
e 

— 
Tx
12 (64) 

   

   

Equation (64) is the Lennard-Jones 6:12 potential. 
Two important properties of dispersion and repulsion forces 

are that they are nearly additive and temperature independent. 

Formulation of the constant "A“: 

(a) London (1930) derived the following 
expression for A: 

11111 	111°2 
A = 3/2 CX\ 	

hAl2 
(65) 

where V.l' 	2 CC are the polarizabilities of the interacting 

molecules or ions and h/ IN)2 are the characteristic 
energies. 
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Since these energies are difficult to obtain experimentally 

and are approximately equal to the ionization potentials (65) 

may also be written:- 

	

E,) 	E2  

	

A = 3/2 11'042.  E1 	E2 
(66) 

(b) Kirkwood and Muller (1936) derived the formula:- 

A = 6m02. 1b41 .C42  
NI  N2 

X1 X2 

where m = electronic mass; c = velocity of light; 

044 = molecular polarizability; DC = diamagnetic susceptibility. 

(c) Slater and Kirkwood (1931) derived the following 
expression for A4 

eh 	t41 .°C2 A - 	• 	i„, 
- 411 	(

n
0(1)21)Etz

n  

y 
i 	2  

where e = electronic charge; h = Planckts constant; 

n = number of outer electrons of atomic structure. The 

other symbols have the same meaning as in (a) and (b) above. 

In the London expressions (65) and (66) for A it is 
assumed that attraction between molecules arises from the 

optical electrons only; since other electrons are present 

and do contribute, these expressions give energies which are 

generally too small. The Kirkwood Muller expression (67) on 

the other hand gives energies which are usually too high. 

(67) 

(68) 



Substituting the above expansion for —1  in (69) gives r1  

1\ 
13(R) 	R 	1 eixib---lx‘R-1+ ei3ri:-Oytin+ eizirA Ri 

ei E[ 	̀131 /1\ 	'"0 /1k 	i) i  

+ i- e.z7 1.'—(itt ) + 2e.x.y.,—.9:-. 	 ) + 	 
0..n2  

[ 3. 	 ,0x2 	3. 3. 1 uxuy R (70) 

69. 
The third expression for A, the 

Slater and Kirkwood formula (68) gives results which lie in 

between those obtained from (66); it involves n1 and n2 the 

numbers of electrons in the outer s;lells, whiCh are often 

uncertain for molecules. 

2.3.2. 	Electrostatic Forces  

By Coulomb's law a neutral distribution of 

positive and negative charges gives rise to an electrostatic 

potential 44
(R)' 

which at any point P is given by: 

ei 
fit kRi 	1 r. (69) 

where ri  is the distance of the ith charge e from the point P. 

(see Bottcher, 1952). Let R be the distance of the point 

considered from an arbitrary origin 0, and Si  the distance 

of the ith  charge from 0. 

Expanding 1 — in a Taylor series in terms of R and Si, where ri  

r1  

' 	 2 Si  = 	2 + y. I 

=
1 	1 + 	t(1-\ 

R 

+ z.2  we 1 

R 

	

.(2nry.(11) 	 

obtain: 

z  

	

Jr 	R 

10x2 11 r 23c1.71 . 
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The coefficients of the differentials in (70) are the 

electrical moments of the system. 	Thus the second term 

of the series is the potential that would be caused at P 

by an ideal dipole at the origin. The third term contains 

the six components of the electric quadrupole moment, a tensor. 

These are: 

Qxx = Ti.e1x 2 .. 

	

i 	0 = 
'xy 	0

i
x y. i i 

	

2 	E 

	

Q= E- a. ey. 	Qxz = 	0iii xz 	(71) 
YY i 

	

	i  

2 

	

= K: 
1 e.z.1 	Qyz = 	1 e.y.z. qzz 	 1 1 

As with moments of inertia it is always possible to find 

three mutually perpendicular axes such that the six components 

of the quadrupole moment can be reduced to three principal 

moments Qom,Qyy  and Q zz. 

Since carbon dioxide possesses no dipole moment 

the second term in equation (70) will not be considered here. 

Quadrupole-quadrupole interactions are considered in (2.3.3). 

Polarization Forces 

Polarization forces arise from the induction of 

moments in a charge distribution by the electric field 

associated with another charge distribution present. Thus 

when a polarizabile molecule is placed in an electric field 

dipoles are induced, which for small fields are given by 

iaind = CI4 F  

where Mr is the mean polarizability and F is the field 

strength. 

The energy of the induced dipole in the electric 

field F is given by 

0ind = 	Pind dF = -40(F2 	(72) 
v o 
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Usually, except at a very small distance from the surface, 

the polarization energy is small. 

2.3.3. 	Quadrupoles 

There are many definitions of the electric 

quadrupole moment in use and care is needed in applying 

formulae obtained from the literature. 

The moments in (71) can also be written: 

qxx  =100(ri) x2dr1  etc. 	(73) 

wherep(ri) dri  is the total charge within a differential 

volume dri  about the point rl. 	If Rizr  = 	then the 

quadrupole moment tensor is completely specified by the 

scalar quantity: 

= (qzz Qxx)  = I 2 
	2 e. (z. x.) 	(74) 

Equation (71+) can also be written in the following 

equivalent forms: 

= 14(r)(3z2  - r
2) dr 	(75) 

Q = 4 	50)(3cos2 - 1) r2dr 	(76) 

Equation (76) is the definition of the quadrupole used by 

Drain (1953) and Green'how and Smith (1951). 	Hirschfelder 

et al. (1954) used the following definition: 

= 	1 l(r7Q)(3cos
28 - 1) r2dr 	(75) 

Equation (75) is the definition of the quadrupole used 

throughout this thesis. 



72. 

The first direct measurement of the magnitude and 

sign of a quadrupole moment was made by Buckingham and 

Disch (1963). 	They measured the quadrupole moment of 

carbon dioxide by determining the birefringence induced in 

the gas by an inhomogeneous electric field. 

Smith and Howard (1950), Hill and Smith (1951) and 

Teeny et al. have measured the quadrupole moments of several 

molecules by their effectiveness in broadening the J = 3, 
K = 3 inversion line of ammonia (see chapter 6). 

The  Quadrupole-Quadrupole Interaction Energy, 00Q  

The following expression has been given by Kington 

and Macleod (1959) for 0
QQ' 

the energy of interaction of the 

quadrupoles of two axially-symmetrical linear molecules: 

3 Q:LQ2  
1 - 5cos201  5cos2Q2  + 17cos2Q1cos2Q2 95(n 3.6 -75  

+ 16sinQ sing cosQ1  cosQ cos(0 2 	2 	1 - 02) + 2sin2  Q1  sin
2  Q2  cos

2 
-- 

(01- 02) (77)  
where, (as in fig./.1)the centres of the quadrupoles Ql, Q2  

are at a distance r; Al  and Q2  are the angles between the 

quadrupole axes and the line joining their centres; and 

(01  - 02) is the angle between the planes formed by the 
quadrupole axes and the line joining the centres. 

To obtain the maximum or minimum interaction energy 

between two non-rotating linear quadrupoles it is sufficient 

to consider four basic orientations of the quadrupoles 

(see fig.'11). Table 4 gives the value of 0
QQ 

in these 

particular cases (see Kington and Macleod, 1959). 
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Table 4 

'ne quadrupole-quadrupole interaction enery is considered 

again in chapter 6. 

Interretation of :;eats of 3orption in Ter.fas 

of InterJolecular Forces 

iaosteric het of sorption q,t  is related 

to the eergy of te sorbed phaElo in -ne followin manner 

st (7,  
P.T (73) 

(79) 

  

It 01 only potential enery need be considere1 and the 
isosteric heat is nen, ne:slectin zero-point energy, given 
by: 

-st 
‘C)0 = -0 - (60) 

1 



The isosteric heat at temperature T is : 

CpdT 
clst = elst o 

where
p 

= g - E1' 

Thus to relate a
st 

 rigorously to 0 a knowledge of LNCp is - 
required. 	Orr (1939) used an empirical formula to 

represent the heat capacity of the sorbate and he was able 

to show that between 0°K and 80°K there would be a negligible 

change in the heat of sorption. 

We have seen in sections (2.3.2.) and (2.3.3.) that 

the energy of interaction 0 between carbon dioxide and a 

sorbent possessing an electrostatic field and field gradient 

can be written as the sum of the components: 

° = 	°r 	°In 
	(82) 

where 0pg  is the field gradient-quadrupole energy; the 

other terms have the same meanings as above. 

In order to make a direct calculation of the 

components in (82) it is necessary, among other things, to 

know the charge distribution of the sorbent and sorbate and 

the equilibrium distance between sorbent and sorbate. 

In recent years a number of such calculations have been made 

for various gases sorbed in faujasite-type crystals e.g. 

Barrer and Reucroft (1960), Barrer and Wasilewski (1961), 

Barrer and Gibbons (1963). 

Kington and Macleod (1959) investigated the 

sorption of quadrupolar and non-quadrupolar molecules in 

natural chabazite. 	They concluded that the change in the 

heat of sorption of the quadrupolar molecules at low 

concentrations was associated with a position dependent 

75. 

(81) 
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electrostatic field in the intercrystalline voids. 	Barrer 

and Stuart (1959) studied the sorption of nitrogen and argon 

on NaX; they attributed the energetic heterogeneity of 

nitrogen in NaX to the interaction of the quadrupole 

moment of nitrogen with the field gradient. 

The relationship between the field gradient and 

the energetic heterogeneity of carbon dioxide sorbed in NaX 

and clinoptilolite-type zeolites is investigated in chapter 6. 

smi 



77. 

Chapter 3 

MATERIALS, APPARATUS 

AND 

EXPERIMENTAL METHODS 

	

3.1. 	Materials  

	

3.1.1 	Sorbents  

The sorbents investigated in this research 

can be divided into four classes!- 

(i) Naturally occurring zeolites: erionite, 

phillipsite,clinoptilolite and the calcium 

exchanged form of chabazite. 

(ii) Synthetic zeolites: Na-Zeolon, H-Zeolon, 

NaY, CaY, NaA, CaA and NaX. 	The calcium 

forms of the A and Y zeolites were prepared 

by ion-exchanging the sodium forms (see below). 

(iii) Clinoptilolite-type zeolites:i.e. zeolites 

obtained when clinoptilolite was treated with 

'64oe below). 	The samples studied in this 

investigtion shall be referred to as, 0.25N, 

0.5N, IN, and 2N clinoptilolite corresponding 

to the normality of the HC1 used. 

civ) Carbons: Two stem activated cellulose carbons 

which will be referred to as,carbon 71.1% 

yield and carbon 58.9% yield, corresponding 

to the degree of activation, (see 1.3) were 

also studied. 
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The naturally occurring zeolites, erionite, 

phillipsite and clinoptilolite, were 85 - 95% pure and no 

further purification was made. The sample of chabazite used 

was 100% pure, The zeolites were ground in an agate mortar 

and, like all the zeolites used in this study, were washed 

with hot distilled water, acetone and finally with more hot 

distilled water. 	After washing, the zeolites were dried in 

an oven at 500C, freed from coarse material by sieving 

through a 200 mesh sieve and stored in a constant humidity 

chamber over a saturated solution of ammonium chloride. 

Each sample was X-rayed to censure that no gross impurities 

were present. 

5.1.2. 	Ion Exchange  

Homionic forms of CaA and CaY were prepared by 

treating the Na-zeolite with a concentrated solution 

(10% - 20%) of AnalaR calcium chloride in a beaker 

overnight. 	This treatment was repeated three times and 

achieved a high degree of exchange. 	To obtain full exchange, 

5gm. samples of the zeolites were further equilibrated with 

10 mis. of 10% calcium chloride solution in sealed glass 

tubes. 	The tubes were then rotated in an oven at 9000 for 

24 hours. The crystals were filtered off and the whole 

process repeated four more times. 

The ion exchanged samples obtained by the above 

method contained considerable quantities of included salt 

which had to be removed. 	This was easily accomplished for 

the Y-zeolite, by washing in a Buchner funnel with hot 

distilled water, until the washings showed no residual chloride 

to be present. 
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The A-zeolite, however, held much more tenaciously 

to the included salt and the following method was used. 

The sample was placed in a conical flask with 300 - koo mis. 

of hot distilled water. 	The flask was then suspended in a 

water bath at 100°C for several hours, with regular shaking 

and replenishment of water. Then the crystals were allowed 

to settle and the liquid poured away. Next they were 

washed in a Buchner funnel with hot distilled water and again 

suspended in the water bath. 	This alternate process of 

washing and filtering was continued until a sample of the 

crystals, after being destroyed with 3N-nitric acid, gave 

a negative chloride test. 

Ca-chabazite was prepared by heating r45gm. of the 

natural mineral with four successive solutions of calcium 

chloride (300 gm. in 250 mis. of water) at 90°C for a 

fortnight. 	The sample was then washed, dried, sieved 

and stored as described in section (3.1.1) above. 

3.1.3. 	Acid Treatment of Clinoptilolite  

Ten gramme samples of clinoptilolite were 

refluxed with 150cm3 of hydrochloric acid solutions for 

four hours. 	The normalities of the acid solutions used 

in different preparations were 0.25N, 0.5N, 1N and 2N. 

After treatment the zeolites were filtered off and washed 

repeatedly with hot distilled water until a sample of the 

crystals, after destruction with nitric acid, gave a 

negative chloride test. 	The zeolites were then dried; 

sieved and stored by the standard procedure described in 

section (3.1.1). 
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3.1.4. 	Purification of Carbon Dioxide 

A CO2 cylinder was linked via pressure tubing 

to a vacuum tight purification system constructed from pyrex 

glass. (fig. 12(b). 	(A), (B) and (C) are detachable cold 

traps made from B24 "Quickfit" cones and sockets, and (D) 

is a drying tube containing glass wool interspersed with 

phosphoric oxide. 	V1, V2 etc. are glass tubes with their 

ends immersed in mercury and act as safety valves. 

The purification train was pumped out until a high 

vacuum was obtained and tap (G) closed. 	Trap (C) was then 

cooled in liquid nitrogen and carbon dioxide was passed very 

slowly through the drying tube, by operating a brass needle 

valve on the cylinder. When sufficient solid CO2  had formed 

in trap (C) it was isolated from the cylinder and pumped under 

high vacuum for three or four hours. 	This :ensured that no 

permanent gases remained. 	The CO2 was then fractionally 

distilled; the middle fraction was condensed into trap (B) 

cooled in liquid nitrogen and the other fractions were 

pumped away through (J). -Alternate fractionation and 

pumping was carried out three more times and the final 

fraction was passed through trap (A), cooled in a "Cardice" 

acetone slush, to a 3-litre storage bulb, (I) (fig. 13). 

3.2. 	Ayparatus  

3.2.1. 	Volumetric Sorption Apparatus 

A volumetric sorption apparatus consisting of 

four independent sorption units and four outgassing systems 

was constructed. 	Each system consisted of a gas burette, 

McLeod gauge, manometer and sorption cell. (see fig. 13). 

The McLeod gauge and manometer were connected to the high 

and low vacuum lines and the burette was connected to a gas 

line. 
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The separate items will now be described in more detail:- 

Pumping  System 

This is shown schematically in fig. 12(a). 

(A) is a two-stage rotary oil pump and(E) is a three-'stage 

mercury diffusion pump. 	Between these two pumps is a buffer 

volume (51), (D) and an oil trap (B). 	The oil trap prevents 

oil from being sucked into the system in the event of a power 

failure and the buffer volume serves to back the diffusion 

pump when the oil pump is temporarily switched off. 	(F) is 

a trap cooled in liquid nitrogen and prevents any condensible 

material from contaminating the mercury and oil pumps. The 

diffusion pump can be isolated from the pumping system by 

closing taps T1  and T2  and opening tap T3. The high vacuum 

line serves to evacuate the four adsorption systems A1, A2,  1'  
A3, A

4 (fig. 12), the gas line (G), the degassing systems (D), 

and the sorbate purification system (3.1.4). 	Each 

adsorption system had three connections to the high vacuum 

line serving to evacuate the manometers (a), the McLeod gauges 

(b), and the gas burettes (B). 	A separate low vacuum line 

was connected to the rotary pump for the operation of the 

McLeod gauges and the manometers. 	This line also contained 

a buffer volume of 51. 

All taps were of large bore (6 - 8mm.) to ensure a 
good pumping rate and were greased with Apiezon grease type N. 

A pressure of 10-6cm.Hg. measured on a McLeod gauge could be 

maintained in the system. 

(2) 	Manometers  

The manometers were constructed from 8mm. 
"Veridia" precision bore tubing and to reduce the doser 

volume they were tapered down toe,' 3mm. between the mark M
5 

and tap T
3 
(fig. 13). 

(1) 
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The mark M
5 was made by etching the glass with hydrofluoric 

acid. A thin layer of a 60% paraffin wax and 40% beeswax 

mixture was applied to the glass. 	The acid was then applied 

very carefully through a slit made in the wax with a razor 

blade and a neat etch mark which was clearly visible with 

the telescope of the cathetometer was obtained. 

(3) McLeod Gauges 

Four McLeod gauges were designed to measure 

pressures in the range 10-2cm. to 10-6cm.Hg. (fig. 13). 

Veridia precision bore tubing was used for those tubes in 

which mercury columns were to be measured. 	The volume of 
the bulb (E) was r,./300cm.3  and the diameters of the 2-stage 
compression capillaries were 1mm. and 5mm. 	The calibration 

marks M1' M2' M3' and M4 were made in the same manner as 
described in (2) above. 

The 2-stage compression capillaries were calibrated 

before being sealed on to the bulb (E). 	A very fine 

capillary was used to fill the McLeod gauge capillaries with 

mercury exactly to the calibration marks. 	The mercury was 

then carefully drawn out and weighed. After calibration the 

2-stage compression capillaries were sealed on to (E) and the 

total volume of the bulb and capillaries found by filling 

with mercury and weighing. 	Each calibration was done three 

times and the average taken. 	Corrections were made to allow 

for the fact that during calibration the meniscus iS facing 

in the opposite direction to that when in actual use , 

(Jnanananda, 1947). 

(4) The Gas  Burettes  

Each burette consisted of four bulbs, the 

approximate capacities of which were (A) = 60cJ. (B) = 40cm3. 

(C) = 30cm3. and (D) = 15cm3. (see fig. 13). 
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The bulbs were connected to each other by 2cm. lengths of 

2mm. bore capillary tubing. 	Calibration marks (L1, L2 etc.) 

were made by applying a very thin line of blue ceramic paint 

to the burette held in a lathe. 	The volume of the bulbs 

between the calibration marks was found by weighing 

accurately the amount of mercury necessary to fill each bulb. 

Three sets of calibrations were made for each burette and the 

averages taken. 	Temperature fluctuations during sorption 

runs were minimised by surrounding each gas burette with an 

air-jacket (X). 

3.2.2. 	Cryostat Bath 

The cryostat bath (fig. 14) which was used in 

the temperature range 0°C to-90°C was constructed from a large 

strip-window Dewar vessel (D) (180mm. x 250mm) and two beakers 

(N) and (P) of capacity 1 and 2 litres respectively. 	The 

beaker (N) was covered on the outside with two sheets of 

aluminium foil and the free space between it and the beaker 

(P) was filled with asbestos wool (B). 	The beaker (P) was 

in intimate contact with a copper cylinder (C) and surrounded 

with liquid nitrogen which was used as refrigerant. The 

lid (E) was made from foam polystyrene of thickness r,..1 6cm. 

and was in two parts; the central part was detachable to allow 

insertion of the sorption cells (G), stirrer (H), vapour 

pressure thermometer (T), heating lamp (L) and the bimetallic 

spiral (F). 

Petroleum ether (boiling range 40°C - 60°C) was used 

as bath liquid (A) and was found to be perfectly satisfactory 

in the range 0°C to -90°C. 	Removal of heat from the bath 

by the refrigerant (R) was compensated by a 15-watt bulb (L) 

operating in conjunction with a "Sunvic" T.S.1 bimetallic 

spiral (F) and a hot wire relay (see 3.3.2.). 
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Although the T.S.1 bimetallic spiral is designed for use in 

the range 0°C to 360°C it gave good temperature control at 

-89°C. 	Occasional drifts in temperature were corrected by 

manual adjustment of the control on (F). 

For good thermostatting at -89°C it was found 

necessary to replenish the liquid nitrogen at an approximate 

rate of a 4 pint every half-hour. 	The cryostat described 

above was also used at 0°C and it was found that 27 pint of 

liquid nitrogen was sufficient to last 5 hours. With 
careful attention the thermostatic bath described in this 

section gave a temperature control of ± 0.05°C. 

3.2.3. 	Vapour Pressure Thermometers 

The temperature of the petroleum ether in the 

cryostat was measured with vapour pressure thermometers. 

A sulphur dioxide thermometer was used in the range -10°C 

to -40°C, an ammonia thermometer in the range -40°C to -70°C 

and a carbon dioxide thermometer in the range -75°C to -90°C. 

The construction of these thermometers will now be briefly 

outlined. 

The apparatus shown in figure 15 was attached to 

the high vacuum line (H.V.) and pumped overnight. 	The 

glasswork was then flamed and pumping continued for a further 

4 hours. Tap T2  was then carefully opened and mercury from 

the reservoir (A) slowly admitted to the U-tube (ID) until 

a height of approximately 55cm. was attained on both sides, 

The mercury was carefully boiled in situ to remove air 

bubbles and when finally a good vacuum was obtained the 

constrictions (H) and (G) were completely sealed. 

Carefully purified gas was frozen from (L) into (C) 

which was cooled in liquid nitrogen and the constriction (F) 

was sealed off. 
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The condensate in (C) was allowed to evaporate and enter 

the thermometer through the spring loaded tap Tl. 	Tap T1 
was closed when a pressure of approximately 100cm. Hg. had 

built up in (C) and (C) was again cooled in liquid nitrogen. 

The construction of the thermometer was completed by sealing 

off the constriction (F) while (D) was cooled in liquid 

nitrogen. 	The purpose of the bulb (B), capacity 100cm.3  is 

to increase the volume of gas in the thermometer so that on 

cooling, liquefaction occurs and not just thermal contraction 

of the gas. 

3.3. 	Experimental Procedure.  

3.311. 	Calibration of Volumes  

The doser volume, which is the unknown volume 

between taps T1, T5, T6, T7, and the mark M5 in figure 13, 

was calibrated with spectrally pure helium. A charge of 

helium from bulb (A) was taken into the system with the 

mercury in the gas burette at the mark Ll. 	After 

equilibration the pressure (f-s-1  10cm.) was read on the 

manometer using a cathetometer. 	The mercury was then raised 

to the mark L2 and the pressure measured again. 	This 

procedure was repeated for the marks L3, L4 and L5 and the 

doser volume calculated using Charles' law. 	The ideality 

of helium gas was assumed throughout the calibration. 

3.3.2. 	Temperature Control  and Measurement 

Two thermostatic baths, each serving two 

sorption systems, were constructed for use in the temperature 

range 30°C to 190°C. 	The outside surface of a 1 litre 

beaker was covered with aluminium foil. 	Three lengths 

(r'`-1 9yds. each) of asbestos covered heating wire (resistance 

30 ohms per yd.) were joined in parallel to give a total 
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resistance of 90 ohms and wound evenly over the aluminium 

foil, (J) (figure 13). 	The 1 litre beaker was then placed 

inside a 2 litre beaker and the free space between the two 

beakers packed with asbestos wool. 	To provide even better 

lagging the whole unit was placed in a metal box (V) and 

surrounded with more asbestos wool (K). 

M.S. 550 Silicone oil was used as bath liquid (N). 

This oil shows no decomposition and negligible loss due to 

evaporation even after 200 hours at 200°C. 	Temperature 

control was obtained by operating a T.S.1 bimetallic spiral 

(q) and a 15 watt heating bulb (P) in conjunction with a 
Sunvic hot wire relay. 	The main heating was supplied to 

the thermostatic baths via Variac variable transformers. 

The oil was stirred vigorously by electrically driven stirrers 

(S) to eliminate temperature gradients. 	All temperatures 

were read with mercury in glass thermometers (T) calibrated 

against a standard thermometer certified by the National 

Physical Laboratory. With the thermostating methods 

described in this section it was possible to control and 

measure the temperature of the sorbent to better than 0.1°C. 

3.3.3. 	Sample Preparation and Measurement of Isotherms  

The sorption unit (W) (fig. 13) is attached to 

the apparatus via a B7 cone and socket (Y) during a sorption 

run. 	The volume of this unit between the tap T/  and mark 

`6 
is determined by mercury weighing. Approximately lgm. of 

sorbent was placed in a weighed sorption cell, the volume 

of which was known, and its weight determined accurately. 

A small plug of glass wool was placed in the neck of the cell 

to prevent powder from being sucked into the sorption system 

during outgassing. 	The weight of the plug of glass wool 

was known and hence the volume it occupied could be determined. 
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The sorption cell was then glass-blown on to the unit (W) 

at M6  and the change in the volume of the unit on glass- 

blowing neglected. 	The unit (w) was then joined to an 

outgassing system. 

Before each sorption run, the water content of the 

zeolites was obtained by heating rs..1  0.3gm. to destruction in 

a platinum crucible over a Meker burner at an approximate 

temperature of 1200°C for four hours. 	The weight loss of 

carbons on outgassing was obtained by weighing the whole 

sorption unit (g) before and after outgassing. 

A standard outgassing procedure was used for each 

sorbent. 	The sorbent was first pumped overnight at room 

temperature using the rotary oil pump only. 	Then an electric 

furnace was placed around the sorption cell and the temperature 

slowly raised over a period of eight hours to 360°C< 	This 

temperature was maintained for sixteen hours with the 

sorbent under high vacuum; the sorption cell was then isolated 

and the sorbent allowed to cool. 	The unit (W) was transferred 

to the sorption system and placed in the thermostatic bath. 

The sorption system was then pumped out with tap Tl  closed. 

Isotherms were measured usually at 30°  intervals 

always beginning at the highest temperature. 	All pressures 

on the manometers were read correct to 0.005cm. using two 

cathetometers each serving two sorption systems. 	Corrections 

for capillary depression of the mercury menisci were made 

using the data given by Kay and Laby (1956). 	It was not 

necessary to bring the mercury in the manometer exactly to 

the fixed mark M5; the diameter of the manometer was known 

and it was therefore possible to calculate the change in 

the doser volume. 
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The doser volume was filled with CO
2 
 and its 

pressure measured. 	The room temperature and the temperature 

of the burette in the jacket X,fig. (13) were also noted. 

Using the perfect gas laws the volume of CO2  in the doser 

volume was converted to cm3 at s.t.p. 	Tap T
1 
was then 

opened and the pressure and temperatures again read when 

equilibrium was reached. 

After the first equilibrium point had been measured 

the mercury in the gas burette was raised to mark L2. 	The 

new equilibrium point was measured and the mercury raised to 

the mark L3. 	Sometimes, especially at law pressures, 

raising the mercury level in the gas burette produces only 

very small changes in pressuresand it is necessary to close 

tap Tl  and introduce a new dose of gas. 	By measuring the 

change in pressure and applying the ideal gas laws, the extra 

volume of gas taken into the system can be calculated. 

The above procedure was repeated until an equilibrium 

pressure of about 60cm. Hg. was reached and then a desorption 

isotherm was measured. 	This is merely the reverse of the 

sorption procedure; doses of gas are snccessively removed 

from the sorption system and frozen back into the gas line. 

At low equilibrium pressures,CO2  was removed from the sorbed 

phase by cooling the side arm (F) in liquid nitrogen. 

When each isotherm was completed the remaining 

CO
2 
in the system was frozen into the side arm (F) by 

cooling it in liquid nitrogen. 	This was to check whether 

any permanent gases had entered the system during the 

sorption run. When three isotherms were completed, the 

first isotherm measured was repeated as a check; this 

procedure was adopted throughout the work and eliminated 

cumulative errors. 



93• 

Usually, six isotherms at least were measured for each sample. 

When the final isotherm was completed, the sorbent was 

again outgassed at 360°C for sixteen hours and one of the 

initial isotherms repeated; this was done to check that the 

sorbent was stable under the conditions of outgassing and 

that the experimental results were reproducible. 



Chapter 4 

EXPERIMENTAL RESULTS 

AND 

THERMODYNAMIC PROPERTIES 

OF THE SORBED PHASE 

4.1. 	Experimental Isotherms 

Isotherms for the zeolites were usually 

measured at 30°  and 35°  intervals in the range 30°  to 

190°C and for the carbons at -40°  -20°  0°  and 30°C. 

saturation capacity, (Vsat.) of each sorbent was obtained 

experimentally; Vsat. was measured at -89°C (P0  = 30.63cm.) 

for NaX, NaY, CaY, NaA, CaA, erionite, Na-Zeolon, H Zeolon, 

carbon(71.1%)and carbon(58.9%) and at -84°C (P0  = 47.85cm.) 

for the clinoptilolite-type zeolites. 

All isotherms measured were reversible and 

reproducible. 	Equilibrium was established quickly and 

readily, usually within 30 minutes of exposing the sorbent 

to the carbon dioxide. 	Breck et al. (1956) studied adsorption 

kinetics on NaA 

in 16 minutes. 

phillipsite was 

to be very slow 

consequently it 

experimentally. 

and found that for CO
2 

equilibrium was reached 

Although equilibration of CO2  with 

rapid in the range 30°  to 190°C it proved 

in the range -90°  to -10°C. (see 4.1.3) and 

was not possible to measure Vsat. 

' Families of isotherms for the natural and synthetic 

zeolites are plotted in figures (16) to (21) and for the 

carbons in figure (22). 	Comparative plots for CO2 sorption 

by acid treated clinoptilolite at 30°  and 90°C are shown 

in figures 23(a) and 23(b). 
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It is seen from the plots that all the isotherms 

are of type 1 (Brunauer's classification) and some interesting 

comparisons can be made. 

Saturation Capacities at -89°C  

Table (5) 

Vsat. cm. 	s.t.p)/gm Sorbent (outgassed sorbent) 
% weight loss 
on outgassing 

NaX 210.5 25.92 

NaY 218.5 26.1 

CaY 213.0 26.51 

NaA 156.5 22.01 

CaA 167.75 23.70 

Erionite 114.26 16.38 

Phillipsite very slow equilibration 16.54 
(see text) 

Na-Zeolon 98.67 12.9 

H-Zeolon 113.7 14.08 

Carbon (71.1%) 282.0 11.51 

Carbon (58.9%) 334.0 7.28 

NaX and NaY have, as far as it is known the same framework 

structure and differ only in their silica to alumina ratios 

(1.2.3) and yet at 30°C and an equilibrium pressure of 3cm. 

NaX sorbs ca. 77cm3  CO2 (s.t.p) whereas NaY sorbs only 24cm. 

(s.t.p.). 	Figure 23(b) shows, that at any given pressure, 

sorption on acid treated clinoptilolite decreases as the 

strength of the acid used increases. 	The effect of the 

cation density on CO2  sorption is discussed in (4.1.4). 
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A comparison of fig. 18(a) with fig. 18(b) shows 

that in the temperature range 30°  to 190°C the isotherms 

for Na-Zeolon are more rectangular in shape than those for 

H-Zeolon and yet at -89°C the latter adsorbs more CO2 
than 

the former. 	On comparing the 30°C isotherm for the carbons 

with the corresponding isotherm for the zeolites it is seen 

that in general the zeolites show a greater affinity for CO2. 

The saturation capacities measured at -89°C are given in 

table (5); those for the clinoptilolite-type zeolites are 

given in table 7(b) (see 4.1.2). 

The saturation capacities of some zeolites for CO2 
at -89°C are plotted as a function of their water contents 

in fig. 23(c). 	From the correlation obtained it is possible 

to interpolate the CO2  saturation capacity of a zeolite if it 

is assumed that the same interstitial volume is available 

to water and carbon dioxide. 

4.1.1. The Number of CO2  12:21LEaLtEjlIELEitd_per 

Unit Cell at Saturation  

It is possible to calculate the number of unit 

cells per gm. of zeolite when the unit cell formula is known. 

If the saturation sorption capacity of the zeolite is also 

known then the number of sorbate molecules per unit cell of 

the zeolite can be obtained. 	For carbon dioxide sorption 

this number is given by the expression:- 

Volume of CO2 (cm
3 s.t.p.) sorbed per gm. 

Number of Unit Cells/gm. 

where No is the Avogadro Number and Vm 
is the molar volume 

of carbon dioxide (22, 261.5cm3 s.t.p.). 

molecules sorbed per unit cell at saturation (measured 

experimentally at -89°C) is given in table (6) for some of 

the zeolites studied. 

N
o 

x 
Vm 

The number of CO2 
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The figures in brackets give the number of molecules 

adsorbed per large cavity assuming that no carbon dioxide 

sorption occurs in the sodalite cages of the X, Y, and A 

zeolites. 	Denny (1962) found that basic sodalite containing 

sodium hydroxide in 54% of its cages sorbed a small amount of 

CO2 (ca. 4cm
3. (s.t.p.)/g. per day) at room temperature. 

Barrer and Gibbons (1963) found some evidence for NH3  sorption 

in tbo sodalite cages of faujasite-type crystals. 	The unit 

cell volumes given in column 3, table (6), for the sake of 

comparison, were calculated using the data of column 5. 	For 

similar data on the clinoptilolite-type zeolites, see next 

section. 



Zeolite 

Number of 
Unit Cells/gm 

- x 10 20  

Vol. of 
Unit 

Cell(cm3) 
x 1021 

Number of 
CO2 

molecules 
per Unit 
Cell 

Unit Cell 

NaY 

Cap. 

-Zeolon 

Phillipsite 

Erionite 

126.7 
(15.8) 

126.0 
(15.7) 

12.2 

12.8 

equil- 
ibration 
(see text) 

cubic (3) 
a = 24.94 

cubic (5) 
a = 24.71 

cubic (4) 
a = 12.27 

cubic (4) 
a = 12.22 

a = 18.13 
b =20.49 
c = 7.52 

a = 9.96 
b = 14.25 
c = 14.25 

0.449 	15.25 

0.469 	15.09 

3.46 
	

1.85 

3.54 
	

1.82 

1.998 
	

2.79 

2.82 	2.022 

2.51 	2.30 

13.4 	ortho- 
rhombic(1) 

very 	ortho- 
slow 	rhombic(6) 

12.3 	Hexagonal 
(6.1) 	(2) 

a = b = 
13.26 

c = 15.12 
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Number of CO2  Molecules per Unit Cell at -89°C  

Table (6) 

References: (1) Meier (1961); (2) Staples and Gard (1959); 

(3) Barrer,Bultitolude and Sutherland (1957); 

(4) Barrer and Meier (1958); (5) Howell (1960); 

(6) Steinfink (1962). 
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4.1.2. 	Carbon Dioxide Sorption in Clinoptilolite-type  

Crystals 

Comparative plots of isotherms, measured at 30
o 

and 90°C for acid treated forms of the natural mineral 

clinoptilolite are shown in figures 23(a) and 23(b). 	The 

silica to alumina ratios, determined by the methods described 

by Vogel (1957), are given in table 7(a). 	The approximate 

composition of the acid treated zeolites, based on the analysis 

of the original sample, is given in column 3. 

Table 7(a) 

Treatment of 
Sample 

Molar ratio 
Si02/Al2

03 

Original 
untreated 
sample 

9.3 : 1 

0.25N HC1 9.3 : 0.58 

. NHC1 9.3 : 0.33 

1N HC1 9.3 : 0.07 

2N HC1 9.3 : 0.00 

Approximate composition 
of product 

Ca K Na 	
[ 14.65011.30 
 0 

0.09 0.04 0.78 	4.65 11. 0 

• 3.3H20 

(H3e)0.58[10.58Si4.6509.62 

(014)1.68 	nH20 

(H30+)0.33  LA10. 33sik.6308.62  

(OH)2.68 	nH20 

(H30+)0.07 [A 10.07Si4.65°7.58' 

(0103.72]. nH20 

Pi4.6507.3(°H)4 	nH 0 2 



109. 

It is seen from table 7(a) that treatment of the 

zeolite with HC1 of increasing normality progressively 

removes aluminium from the framework. Very little remains 

after treatment with the 1N acid and complete decationization 

is effected by the 2N acid. X-ray powder photographs showed 

that the four acid treated forms were crystalline; there was 

very little change in the pattern of the 0.25N sample and 

only a slight gradual weakening in the clinoptilolite lines 

of the 0.5N, 1N and 2N products. 	The hydrolysis of the 

Al - 0 - Si bonds is discussed in chapter (6). 

Barrer and Makki (1964) treated clinoptilolite with 

HC1 of normalities ranging from 0.08 to 10N; they found that 

the sorbents showing the largest sorptive capacities were 

those produced by treatment with HC1 of normality 0.16N to 

0.67N. 	The saturation capacities, measured at -840C, for 

carbon dioxide sorption by the original clinoptilolite and 

the sorbents obtained by treatment with 0.25N, 0.5N, 1N and 

2N HC1 are given in table 7(b). 	Column 2 gives the 

saturation capacity per no. unit cells, where no  is the 

number of unit cells per gram of the original untreated 

zeolite. 

It is seen from table 7(b) that the 0.25N sample 

shows the largest sorptive capacity for CO2  and that there 

is only a very slight decrease in the saturation capacity 

as decationization is carried out. 	The relationship between 

cation density and the affinity of clinoptilolite-type 

crystals for CO2  is discussed in section (4.1.4) and again 

in chapter (6). 	The number of CO2  molecules sorbed per unit 

cell by the acid treated zeolites at saturation was 

calculated using the approximate formulae in table 7(a) and 

is shown in table 7(c). 
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Saturation Capacities of Clinoptilolite-type Crystals for  

CO2 at -84°C  

Table 7(b) 

Zeolite 

Vsat,(cm3) 
(s.t.p)/gm. 

Vsat,per 
no  unit 
cells 

% increase 
in Vsat per 
no unit cells 

H2O content 

(% Wt.) 

Original 82.75 82.75 elk 14.01 

0.25N 103.8 89.64 8.32 15.55 

o.5N 105.1 89.25 7.85 14.3 

1N 106 88.4o 6.82 14.4 

2N 106 87.90 6.22 15.4 

Table 7(c) 

Sorbent 
Number of unit on  
cells/gm (x 10-'') 

Number of molecules 
per unit cell at _84oc  

Original 2.64 8.49 

0.25N 3.05 9.21 

0.5N 3.10 9.18 

IN 3.16 5.11 

2N 3.18 8.97 



It is seen from table 7(c) that there is an increase in 

CO2 sorption of approximately 0.7 molecules per unit cell 

when clinoptilolite is treated with 0.25 to IN HC1. 	If 

it is assumed that all the cations in the natural zeolite 

are Na+  (radius 0.988) then the six cations present per 

unit cell would occupy a volume of:- 

6 x 11' (o.98)3  . 23.650 

The volume of a CO2  molecule assuming it to be cylindrical 

in shape is 31.4R3  using the data given by Pauling (1960). 

It is seen therefore that the increase in CO2 sorptive 

capacity of ca. 0.7 molecules per unit cell, on acid treatment 

could be due to the removal of the cations thus making a 

larger interstitial volume available to the sorbate molecules. 

This conclusion would seem to be supported by the fact that 

there is very little change in the CO2  saturation capacity 

when the acid strength is increased from 0.25N to 0.5, 1 and 

2N. 

Activation Energy of the Phillipsite/CO2  System 

at Low Temperatures  

It was found that the equilibration of CO2  with 

phillipsite at -89°C was a very slow process (less than 

1cm3 (s.t.p.) sorbed in 12 hours) while equilibrium was 

established within minutes at 30°C and higher temperatures. 

The equilibration process was studied at -34°C and -17°C, 

since at these temperatures sorption proceeded at a 

measurable rate. 	A fixed dose of gas, Moo  which would have 

been completely adsorbed at room temperature was used. 

The volume of CO2 
remaining in the gas phase after a time 

t i.e. Mot — Mt  was measured at various intervals up to a 

total time of 310 minutes, at both temperatures. 
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When the experimental measurements at -34°C had been made, 

the CO2 was removed from the zeolite by heating to 360
°C 

overnight and was recovered in trap F (fig. 13) which was 

cooled in liquid nitrogen. 

From the treatment of diffusion in spheres, 

Crank (1957),the total amount of diffusing substance entering 

or leaving a sphere is given by:- 

M
t 	6 	

?..2. 
 1 

	
42 2,/  = 1 — 	 ( 	n ti

12 L__ 2 exp oo 	1  
n=1 

(1) 

Neglecting all but the first term in the expansion of the 

right hand side of (1), rearranging and taking logarithms 

we get:- 

loge  (1/10,,3  - Mt) = loge602Xce 	DtT12/a2 	(2) 

Differentiating (2) w.r.t. t we obtain:- 

1 	(m - m  ) = -DT1 _ 2  s  
1  a °ge 00t 	----4 - 

[ a 
, say (3) 

Using the relationship D = Doe
-E/RT we get:- 

1og10
(S1

/S2) = 
4.57 

where E is the activation energy. 

Plots of loglo(Moe  - Mt) against t- areshown in 

fig. (24) for the temperatures -34°C and -17°C. 	Substitution 

of the respective slopes of 7.2 x 10-3  and 1.4 x 10-3  in 

equation (4) gives an activation energy E of 4.76 K.Cal./mole. 

(4) 



The above treatment is open to certain criticisms, 

e.g. (0 	heterogeneity in particle size 

(ii) 	the process could be a function of concentration, 

a large amount of heat being evolved in the 

initial stage so that there is, at first, 

some local heating of the sorbent. 

4.1.4, 	Effect of Cation Density of CO2  Sorption  

The CO2 molecule possesses no permanent dipole 

moment, but has a large quadrupole moment (2.3.3) which will 

interact with the field gradient in a zeolite lattice (see 

chapter 6). 	From this it might be expected that the cation 

density in the adsorptive cavities•of a porous crystal would 

have some effect on the extent of sorption of a quadrupolar 

molecule. 

The amount of CO2 sorbed per cm.
3  free volume 

is plotted as a function of the cation density (number of 

cations per cm.3  ) at three temperatures for the sieves A, X, 

and Y in figures 25(a) and 25(b). 	The equilibrium pressure 

is 10cm. in the former and 30cm. in the latter. 	The free 

volume available to CO2 was calculated using the experimentally 

determined saturation capacity at -89°C and the extrapolated 

density of the supercooled liquid. 	Fig. (26) is a similar 

plot for the clinoptilolite-type zeolites.. In this case 

the abscissa represents the % of aluminium, relative to that 

of the natural clinoptilolite, remaining in the HC1 treated 

product. As we have seen already, the aluminium content of 

a zeolite is related to its cation density (1.2.1.) 

Figures 25(a), 25(b) and 26 show that a 

relationship exists between the amount of CO2  sorbed and the 

cation density of the sorbent. 
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This relationship would explain the difference in shape 

between the isotherms for Na-Zeolon, fig. (18a) and H-Zeolon 

fig. (18b). 	The protons in the H-Zeolon are probably recessed 

into the oxygen framework and have little effect on CO2 
sorption. 	Similarly the 2N clinoptilolite which is 

completely decationized shows a greatly reduced affinity for 

CO2' fig. (23). 	Thus it becomes clear that the field 

gradients in zeolites have a profound effect on the 

characteristics of carbon dioxide sorption. 	The relationship 

between cation density and the isobteric heat of sorption is 

discussed in chapter 6. 

4.1.5. 	Thermal Expansion of the Sorbed Phase 

Estimates of the apparent saturation capacity, 

Vsat. were made for the zeolites in the range 30°  to 190°C 

and for cellulose carbon(71.1%)in the range 0°  to -40°C from 

the limiting slopes of P/x against P plots. 	The saturation 

capacities are plotted against temperature for some of the 

sorbents studied in figures (27) and (28). 	The saturation 

capacities for the cellulose carbon(71.1%)are given in 

table 8(a). 

Table 8(a) 

Temperature (°C) Vsat.(cm 	s.t.p.) 

0 179 

-20 210 

-4o 238 
-89 282 



120 
1•1•1114•Wil•• 

Plots of Calculated CO
2 
 Saturation Capacities  

against Temperature 

MED 100 
CaA, 

Erionite 

80 
Vsat, 

cm(s.t.p)/gm 

60 

14_0 

20 

I 	 I 	 I I 	, 	I 

Temperature (°C) 

1 	I 	• 	1  

20 	40 	60 	80 	100 	120 	140 	160 	180 



170 

Plots of Calculated CO2  Saturation Capacities 

against Temperature 
150 

Vsat, 

cm3(s.t.p)/gm 130 

0'4 

03 
110 

90 

70 
H-Zeolon Na-Zeolon 

50 

Phillipsite 

30 
20 

Temperature (°C) 

I 	I 	I 	I 	1 	I 	 
1.0 	60 	80 	100 	120 	140 	160 	180 



Sorbent 

Mean Coefficient of 

expansion x 103  

CaA 4.87 

Erionite 4.04 
Clinoptilolite 3.87 
Phillipsite 3.68 

NaX 3.84 

Na-Zeolon 4.19 

NaY 5.18 

NaA 5.72 

Cellulose carbon 6.04 
(71.1%) 

120 

As the expansion of the sorbent is negligible over the 

temperature range studied, an approximate coefficient of 

cubical expansion of the sorbate can be calculated from the 

slopes of the plots in figures (27) and (28). 	The mean 

coefficients of cubical expansion of sorbed CO2  obtained in 

this manner are given in table 8(b). 

Table 8(b) 

The mean coefficients of expansion in table 8(b) may be 

compared with the mean coefficient of expansion of liquid 

CO2 (5.41 x 10-3) in the temperature range -20
° to 0°C. 

It must be remembered that the saturation values calculated 

by the method described above are approximate and that all 

the isotherms for sorption on the zeolites,-  except those at 

300C, were measured above the critical temperature of CO2. 
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4.2. 	Thermodynamic Properties of the Sorbed Phase 

4.2.1. 	Isosteric Heat of Sorption  

Isosteric heats of sorption were determined 

for all the sorbents studied using the Clapeyron-Clausius 

equation (2.1.4.). 

= qst 
 = 2.303R log. P2/ 	(5) 

P1 

The isosteric heat for a given amount adsorbed was obtained 

from all possible pairs of isotherms and the average was 

taken. 	There was no evidence of a temperature coefficient 

in 
 cisti but if one existed, then it lay within the experimental 

error. 	The average deviation of qst  was 40.2 K.Cal./mole 

and the maximum deviation was ( 0.4 K.Cal./mole. 

The isosteric heats are plotted against amount of 
3 CO

2 
adsorbed (cm. at s.t.p./g.) for Na-Zeolon, H-Zeolon, 

phillipsite, erionite, NaY, CaY, clinoptilolite, 

Ca-chabazite, NaA and CaA in figures (29) to (31). 	The 

isosteric heats for CO2 
sorption on NaX and NaY are compared 

in fig. (32); thecist 
 values obtained by Barrer and Stuart 

(1959) for N2  and AT sorbed on TAX Pr,e 	in.cluidad and are 

discussed in chapter (6), 	Figure (33) shows a comparative 

plot of qst  for some of the zeolites studied against 

0 - /1.Q-- where Vsat., the saturation sorption, is that 
Vsat. 

measured at -89°C and Vs is the amount adsorbed at the 

experimental temperature and pressure. 	Since Vsat, can be 

temperature dependent, the value of% is not to be regarded 

as a true measure of the degree of saturation of the sorbents 

at the experimental temperat4s, but it does provide a 

convenient horizontal scale in the range 0 < 0.<1 for all 

sorbents. 
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Isosteric heats are plotted for the acid treated forms of 

clinoptilolite in fig. (34) and the heat curve for the 

untreated mineral is included for comparison. 	Figures 36(a) 

and 36(b) give the isosteric heats for carbons 71.1% and 

58.9% yield respectively. 

It is seen that except for a slight initial 

heterogeneity, CO2  sorption on NaY, erionite and the cellulose 

carbons is energetically homogeneous. 	There is a peak of 

ca. 550 cals./mole in the heat curve for erionite which is 

discussed in chapter 6. 	The isosteric heat curves for the 

clinoptilolite-type zeolites fig.(34) make an interesting 

study. 	The natural mineral shows a large energetic 

heterogeneity to CO2  sorption; the heterogeneity decreases 

gradually as the strength of the acid used to treat the 

mineral increases, until finally the 2N sample is energetically 

homogeneous. 	It is interesting to note that the 2N acid 

removed all the alnminium from the zeolite (section 4.1.2) 

leaving it completely decationized. 	The effect of 

decationization on the isosteric heats of sorption of 

quadrupolar molecules is discussed in chapter 6. 

The isosteric heat values for CO2 sorption on 

Na-Zeolon fig.(29) are between 3 and 4 K.Cals,/mole larger 
than the corresponding values for sorption on H-Zeolon and 

both samples show considerable energetic heterogeneity. 

The heat curves of these sorbents are discussed in chapter 6, 
It is seen fig. 30(a), that the isosteric heat curve for 
CO2 

sorption on CaY is very similar to that of NaY and that 

the heat curve for CaA is similar to that of NaA(fig. 31(b)). 

However, in both cases the calcium forms show enhanced heats 

of sorption over the sodium forms at low coverages; this 

increase is thought to be due mainly to an increase in 

electrostatic interactions and is referred to again in 

chapter 6. 
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The isosteric heat curves for CO2 
sorption on the two steam 

activated forms of cellulose carbon are similar in shape 

and differ at most by ca. 400 Cals./mole; the carbon with 

the higher degree of activation has the lower isosteric 

heat of sorption. 	The smallest heat obtained for CO2 
sorption on the meolites was 7.1 K.Cal./mole fig. 29(a) for 

45om3 (s.t.p.)/gm. sorbed on H-Zeoloni the largest heat of 

sorption for the carbons was 6 K.Cal./mole for 5cm3(s.t.p.)/gm. 

sorbed fig. 36(a). 

4.2.2. 	Integral Heats of Sorption 

The integral heats of sorption were calculated 

by graphical integration of curves of the isosteric heat 

against amount adsorbed and use was made of the equation 

An extrapolation to zero coverage is necessary for the 

integration of (6) to be carried out. 	The integral heats 

of sorption for CaA, CaY, NaA and NaY were obtained using 

the equation:- 

1 
n1 
©H1  do 

n2 

(6a) 
1-n

2 

The lower limit of integration, n2, was not zero because it 

would have been too inaccurate to extrapolate to zero 

coverage in these instances, 	Integral heats of sorption 

are shown in fig. 35(a) for the clinoptilolite-type zeolites 

and in figures 38 and 39 for the other sorbents studied. 

c 1 

n/ 	A, Hi  dn 	(6) 

0 
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The integral heats of sorption may be compared with the 

latent heat of evaporation of CO2  (Barrer and Langley, 1958) 

which is 2.72 K.Cal./mole at 0°C and 0.67 K.Cal./mole at 30°C 

(Quinn and Jones, 1936). 	It is seen that the integral 

heats of sorption for the zeolites are very much larger than 
N 

the latent..heat of evaporation e.g. 6111  for 50cm3 CO2  sorbed 

on erionite is 10.8 K.Cal./mole. 	This fact must be 

attributed to the difference of environment of a CO2 molecule 

in the liquid state and in the sorbed state in the crystal. 

The integral heats for CO2  sorption in the carbons are about 

twice the latent heat of evaporation at 0°C(fig. 38(b)). 

4.2.3. 	Differential Entropy of the Sorbate 

The differential molar entropies for carbon 

dioxide adsorbed on the various sorbents were obtained from 

the isosteric heats of sorption using the equation:- 

'go 
1 	g 

111 + R1nPo/ 	--7F-- (7 

where p is in cm. Hg. and ES H1
is in calories per mole. 

r-4 	No 
To simplify calculation S , (= Rlnpo

/p + S ) see (2.1.3.) 

was plotted against log.10 for each temperature at which 

isotherms were measured. 	The standard entropy, (S ) of 

gaseous CO2  was obtained from the data of Din (1956). 

The differential molar entropies for CO2  sorption 

on the cellulose carbons are plotted in figures 36(b) and 

37(b); figures 40 to 46 show the differential entropy for 

CO2 sorption on the zeolites. 	
The dotted portions of the 

curves were calculated using the half standard differential 

entropy of sorption (see 4.2.5). 

In general the differential entropy curves for 

sorption on the zeolites pass through a maximum at low 
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coverages and then gradually decrease as sorption increases. 

The maxima in the entropy curves for CaY (fig.40) and CaA 

(fig.44) are sharper and better defined than the corresponding 

maxima in the curves of the sodium zeolites. 	The differential 

entropy plots for NaX do not possess a maximum although the 

sorption was energetically heterogeneous (4.2.2). 

Differential entropy curves for sorption on the clinoptilolite 

type zeolites are shown in figure 40. 	It is seen that the 

curve for the untreated sample possesses a maximum at low 

coverages. 	This maximum which is characteristic of 

energetically heterogeneous sorption systems (Everett, 1957) 

gradually vanishes as the clinoptilolite is decationized (4.1.2); 

the differential entropy curves for the 1N and 2N samples are 

similar to those of energetically homogeneous sorption systems 

e.g. the curves for CO2  sorption on the cellulose carbons 

fig. 36(b) and fig. 37(b). 

The differential entropies for a given amount of 
CO2 sorbed per unit free volume (see 4.1.4.) are compared for 

the zeolites NaA, NaX, and NaY in table (9). 

Table (9) 

/Vinst. 
NI  (30°C) Cals.deelmolgl  

NaA NaX NaY 

100 28.05 28.22 33.10 

80 28.05 28,51 33.70 
60 28.13 28.89 34.22 

40 28.42 29.25 34.46 
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It is seen from table (9) that gi  decreases in the series 

NaY > NaX) NaA i.e. with the increase in cation density 

(see 4.1.4). 	A similar comparison for the isosteric heats 

is discussed in chapter 6. 

4.2.4. 	Integral Entropy of Adsorption 

Integral entropies of adsorption were obtained 

by graphical integration of plots of di  against amount a&sorbc 

and use was made of the equation:-- 

c 1 

	

S1  =  n 	1 '1 	5,dr1 	(8) 
1 

Integral entropies of adsorption calculated in this manner 

are shown in figures 47 to 49. 	Figure 37(b) shows the 

integral entropy of adsorption for the clinoptilolite-type 

zeolites. All the integral entropy plots are for sorption 

at 30°C, but by using the half standard integral entropy r 
1%)  adsorption (4.2.5) it is an easy ratter to calculate S1 

at 

other temperatures. 	The integral entropy of adsorption 

be compared with the entropy of liquid CO2;SL, which is 
-1 

36.25 cals. deg. mole at 30°C (Din, 1956). 	It is seen frr. 

fig. 47(a) that ,S1  for CO2  sorption on carbon (58,9%) 

initially greater than TI,  but gradually falls to the value 

35 call. deg. r  mole-1. when 120c=,3  s.t.p. are sorbed. 	When 

the integral entropy curves for sorption on the zeolites are 
."/ 	r.) 

examined it is seen that "N clinoptilolite has S1 ̀ --- SL at 

very low coverages but as the degree of sorption increases 

the integral entropy falls off gradually. 	The integral 

entrow, )f sorption on all the other zeolites is much leer 

than the entropy of the liquid; S1 for CO2 sorbed on Na-Zoolo-

(fig. :8)18 approximately constant with coverage and is ca. 

10 cals.deg.-lmole-1  less than;. 

0 
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The smaller entropy of the sorbed phase is what would be 

expected if there are electric fields in the crystal which 

would interact with the quadrupole moment of the CO2  molecule. 

The fact that ilk clinoptilolite is nearly decationized may.. 

account for the integral entropy of sorption at low coverage 

on this zeolite being slightly larger than the entropy of the 

liquid. 

4.2.5. 	Half Standard Entropy of Adsorption  

It was shown on theoretical grounds in section 

(2.1.6) that the half standard differential entropy of 

adsorption defined as:- 

s
g  
o _ 

A-). 1 	1 (9)  

and the half standard integral entropy of sorption defined as:- 

tv 	es) „ 
S = 	S 1 	g 	1 

should be independent of temperature for a fixed amount 

adsorbed, provided 4,,H1 is independent of temperature. 	The 

expected behaviour is well established by the data in tables 

10(a) and 10(b) for 451  and, in tables 11(a), 11(b) and 

11(c) for LS1. 

(10)  



-J 	C.40 
SiA = sg 

 - s1 

Table 10(a) 

Vs cm3  

(s.t.p.)/gm. 

NaY NaX 

30°C 60°C 90°C 70°C 130°C 

10 17.11 17.04 16.95 21.42 21.47 

20 16.93 16.91 16.07 21.72 21.75 

30 17.07 17.06 17.05 22.02 22.01 

4o 17.38 17.40 17.43 22.29 22.29 

5o 17.79 17.82 17.79 22.54 22.52 

6o 18.24 18.29 18.23 22.79 22.78 

7o 18.66 18.72 18.67 23.01 23.0o 

8o 19.06 19.12 19.07 23.24 23.24 

90 19.44 19.50 19.45 23.45 23.45 

100 - - - 23.68 23.67 

149. 



150. 

Table 10(b) 

Carbon(58.9* Clinoptilolite 
Vs 
cm3  

Vs 
cm3  

(s.t.p)/gm. 30°C 0°C -20°C -40°C ,s.t.p)/gm. 30°C 120°C 

20 14.55 14.56 14.64 14.59 6 23.20 23.16 

4o 15.41 15.44 15.49 15.46 lo 22.98 22.97 

16 22.89 22.93 

60 16.12 16.11 16.09 16.02 20 22.96 23.01 

8o 16.69 16.66 16.69 16.64 24 23.10 23.13 

loo 17.24 17.22 17.24 17.20 26 23.19 23.20 

32 23.47 23.48 

110 17.50 17.48 17.49 17.47 36 23.70 23.68 

120 17.74 17.72 17.73 17.71 4o 23.93 23.89 

7a.. .70 .. .E. 
g 	1 

Table 11(a) 

(Clinoptilolite/CO2) 

Vs cm3  (s.t.p)/gm 30°C 60°C 90°C 120°C 

16 - - 23.00 23.05 

20 - 23.46 23.52 

30 24.81 24.72 24.76 24.76 

36 25.54 25.56 25.56 - 
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Table 11(h) 

(Phillipsite/CO2) 

Vs 60°C 90°C 155°C 

18 - 27.31 27.54 

22 27.88 27.88 27.86 

26 28.48 28.48 - 

30 28.68 28.59 - 

Table 11(c) 

(Na-Zeolon/CO2) 

Vs 90°C 150°C 190°C 

5 - 25.75 25.79 

15 - 26.52 26.40 

25 26.20 26.25 26.23 

3o 25.92 25.95 - 

35 25.66 25.71 - 

The dotted portions of the differential entropy curves 

(4.2.3.) were calculated using the temperature independence 

of ASS  in equation (9). 
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In fig. 47(a) the integral entropy points at 60°  and 90°C 

were calculated from the data at 30°C using equation (10); 

the actual curves were obtained in the usual manner by 

integrating graphically plots of §1  against amount adsorbed. 

It is seen that agreement is very good,,being well within the 

experimental error. 
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Chapter  5 

IDEAL MODELS 

AND 

EMPIRICAL ISOTHERM EQUATIONS 

5.1. 	Statistical Models of the Sorbed Phase 

In this section an attempt will be made to 

interpret some of the experimental isotherm data which were 

described in chapter 4, in terms of limiting isotherm 

equations derived from statistical models of sorption on 

energetically homogeneous sorbents. 	It was seen in (4.2.1) 

that except for a slight initial heterogeneity, CO2  sorption 

on NaY, erionite, 2N clinoptilolite and the cellulose carbons 

was energetically homogeneous; CO2  sorption on all the other 

sorbents studied was energetically heterogeneous. 	A 

rigorous investigation of the state of a physically adsorbed 

molecule by the methods described in chapter 2 is necessarily 

restricted to energetically homogeneous systems. 	However, 

as an approximation these methods may also be applied to 

energetically heterogeneous systems in order to establish 

the direction and the extent of deviations from simple models. 

The isotherm equations obtahed from statistical models and 

the methods for testing them are summarized in table (12). 

An alternative test is to compare isotherms, 

calculated using one value of the constant K at each 

temperature with those obtained experimentally. 	A more 

sensitive test is to compare entropies predicted by the 

various limiting models with those calculated from the 

experimental data (see 5.1.2.). 



154. 

Tests  of Isotherm Equations 

Table (12) 

Isotherm equation Plot against 0 	Result if model 
is applicable 

(1)  
p = KL  P  KL  independent of 4 

(-1-2-74-) ( 	36  - KL 

(2)  

P = KBW 
exp 

44 
log`     

= log.KL  

- 	1 
ED(1 
	e) ------ straight line, 

slope -b/2.303, 
intercept 
= log KBW 

(71--7-49.  

(-b4) 

4 

(3)  

p= Kv() 

"p. 

—9 (1 	- 4)  KIr  independent 
" of 9 

'4). -- 

I 	4 	\ 

p 	exp 1-  _ 4  4  

= K . c--74) 

(4)  

P  = KVW(1 

exp 0C4) 

log. 

= log 

p(1 - 4) -exp  - 
- 
'
K
V 

- 
-4 straight line, 

slope 
-0V2.505. 
intercept 
= log.K 

VW 

-----4:4)• 
( 1  _ 4  

- 
(
0 
_ 	,G, 
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5.1.1. 	CO2  Sorption in Energetically Heterogeneous Systems  

(1) NaX/CO2  : The equations predicted by the 

statistical models table (12) were tested by plotting log.K.v. 

and log.K/  against A (fig. 50(a) and fig. 50(0. 	It is 

seen that log.Kv  first increases with coverage, then passes 

through a broad maximum and finally decreases. 	The plots 

of log.KL  against 0, fig. 50(b), are straight lines in the 

range, 04( 0 <0.55 but develop into gentle curves at higher 

coverages. 	The slopes of the lines are positive and.the 

equation which reproduces the plot is of the form:-- 

p= K (1 	4:4  0) exp (b0) 	(1) 

The intercept of the line at A = 0 gives K and b is obtained 

from the slope. 	Equation (1) has the same form as the 

Bragg-Williams equation (table 12, equation 2) but the sign 

of b in the latter is negative. 	If equation (1) were the 

Bragg-Williams equation, the positive exponential term would 

indicate repulsion between the -sorbate molecules which would 

result in a decrease in the isosteric heat of sorption. 

It is seen from fig. 32, section (4.2.1) that there is, in 

fact, a continuous decrease in -6H1 with increasing sorption; 

however this is considered to be due not to molecule-molecule 

interaction of the sorbate, but to decreasing field gradient- 

quadrupole moment interactions (see chapter 6). 	Evidence 

to support this view is obtained from the fact that the 

isosteric heat of sorption of CO2  sorbed on NaX decreases 

even at very low coverages where molecule-molecule interaction 

would be very unlikely. 

Equation (1) was further tested by recalculating 

isotherms at 100°, 130°  and 160°  using the values of K and b, 

given in table 13, which were derived from the slopes and 

intercepts of the plots of log.KL  as a function of 9. 



1.0 

0.8 

0.6 

0.4. 

0.2 

0 

Fig. 50(a) 

0 0.2 0. 0.6 0.8 

0.2 0.4. 	0.6 	0.8 

Fig. 50(b) 

156 



log. 10K 	b 	Vsat.(cJO s.t.p)/g. 

100 1.00 1.95 119.0 

130 1.39 1.59 107.5 

160 1.84 0.667 90 
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Table (13) 

The calculated isotherms are shown in fig. 51 and as would be 
expected from fig. 50(b), agreement with experimental results 

is excellent for 0 <:G. <0.55. 	Barrer and Gibbons (1963), 

obtained a similar result for NH3  sorption in (Cs, Na) 	X. 

It is interesting to note that CO2  sorbed on NaY, which can 

be regarded as a partially decationized form of NaX, obeyed 

the Langmuir,isotheri.e. equation (1) with b = o, quite well 

in the range, 0.2<( G <0.7 (see 5.2). 

(2) Other Energetically Heteroupeous Systems : 

The other energetically heterogeneous systems i.e. CO2  sorbed 

on CaA, CaY, natural clinoptilolite, 0.25N clinoptilolite, 

0.5N clinoptilolite, 1N clinoptilolite, Na-Zeolon, H-Zeolon, 

Ca-chabazite and phillipsite, were also tested by the methods 

outlined in table (12). 	No agreement with any simple 

isotherm equation was found and the results for CO2  sorbed 

in phillipsite and H-Zeolon, which are typical of the other 

heterogeneous systems, are shown in fig. 52 and fig. 53. 

5.2. 	CO2 
 Sorption in Energetically Homogeneous Systems 

It was seen in section (4.2.1) that except for 

a slight initial energetic heterogeneity, CO2  sorption on NaY, 
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carbon(71.154, carbon(58.9%)and on erionite was energetically 

homogenous. 	Plots of log.Kt  against 0 for these systems 

are shown in figs.54, 55 and 56; plots of log.Kv  against 

are shown in figs.57 and 58. It is seen that KL  is 

reasonably constant over a considerable range of 4 values, 

sometimes as large as 0.2 4.0 <0.8. Agreement with Langmuir's 

isotherm is best at higher temperatures and deviations 

increase as the temperature decreases. ,It is seen that KL  

for CO2 
sorption at -89°C on the carbons, is constant up to 

= 0.85. 	It must be remembered that 0 values are approximate 

since all saturation capacities, except those for sorption 

at -89°C on the carbons, were calculated from the limiting 

slopes of plots of P/v*  against P (see 4.1.5). 	The values 

of KL for CO2 sorption in NaY at representative temperatures 

are shown in table 14(a). 

It is seen from fig, 57 and fig. 58 that none of 

the systems, except possibly, sorption on the carbons at low 

coverages gave any agreement with the tests for mobile 

sorption. The isosteric heat of sorption of CO2  on 2N 

clinoptilolite was constant in the range of coverage studied 

(fig. 34, 4.2.1). 	The Langmuir quotients, KL  for CO2  

sorption on this sorbent are given in table 14(b). 	It is 

seen that agreement with Langmuir's isotherm is not as good 

as for the other relatively homogeneous systems described 

below. This may be due to the inaccuracies involved in 

obtaining 4, since the isotherms were not very rectangular 

in shape (see section 4.1.). 	As a further test of the 

Langmuir equation for CO2 sorption in NaY isotherms were 

calculated at 30°C and 45°C using the constants given in 

table 14(c). 	The values of KL  chosen are average values 

from table 14(a). 	The calculated isotherms are plotted in 

fig. 59 and it is seen that for 0.2 <9 <0.7 agreement with 
the experimental isotherms is excellent. 
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Table 14(a) 

Isotherm Constant  KL  for CO2 sorbed in NaY 

t = 30°C t = 45°C t = 90°C 

G KL Q0 KL KL 

0.16 16.83 0.24 23.00 0.09 58.42 

0.20 17.15 0.39 25.28 0.16 62.11 

0.28 18.04 0.49 26.89 0.22 60.26 

0.36 18.33 0.56 26.43 0.27 61.70 

0.49 19.10 0.60 27.26 0.31 59.76 

0.58 19.43 0.65 26.70 0.33 58.88 

0.65 19.35 0.67 27.22 0.37 58.88 

0.69 19.54 0,43 55.00 

0.74 19.23 0.51 54.95 



toC KL 	Vsat (cm3  
s.t.p)/gm. 

30 	19.00 	160 
45 	26.01 	140 
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Table 14(b) 

Isotherm Constant KL  for CO2 Earbaclla2aallaptilolite  

t = 30°C t = 60°0 

0 log.KL  9 log.KL  

0.18 1.12 0.23 1.44 

0.28 1.28 0.34 1.51 

0.34 1.33 0.45 1.54 

0.39 1.37 0.51 1.54 

0.51 1.42 0.56 1.53 

0.57 1.46 

0.62 1.48 

0.68 1.48 

Table 14(c) 
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5.2.1 	Examination of Differential Thermal Entropy  

The differential entropy of adsorption, Ti, 

predicted by the various statistical models may, (provided 

that the configurational entropy can be defined), be 

factorised as below (see 2.2.3. 

7 	Sc  + Sth 

= 	S 	+ 1 	1 t 
	5th 

N 	= 	s 	+ s 
1 	2 	th 

and 2.2.4). 

(2)  

(3)  

(4)  

1 _u 
The quantitiesc' St'  St  are (as defined in chapter 2) the • 
partial molar configurational and translational entropies 

associated with a localized model or a model with one or two 

degrees of translational freedom. 	These quantities can be 

calculated using the formulae in table 15 and therefore it is 

possible to obtain the differential thermal entropies in 

equations (2), (3) and (4). 	The differential thermal 

entropies may be factorised as below: 

Sth  = 	+ 	(5) th 3 v 	R 

:Sth 2 
S= 	S" 

v  + R 	(6) 

Sth = 1-S-v 	c,2 
	(7) 

In this work it was found that at some temperatures 5th  varies 

slightly with 0 and therefor'e is not equated with Sth • 
The variation in 5th with G was, in most cases, of the same 

order of magnitude as the experimental error and could be due 

to the errors involved in calculating Vsat (4.1.5), 	The 

integral thermal entropy (Sth) is discussed in section (5.2.3). 
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Table (15) 

Test of Entropies Predicted by Models 

S
c and St Plot against 4 Result if model 

is applicable 

(i)  

8c 	Rin 1  - '9  = -S-1 - gc = gth 

Positive, predicts 
reaso nable frequency. 1 4 

(ii)  

(211 mkT)4. Rln 
— 	— 	—I 
S1 -1St = Sth 

1)  

Positive, predicts 
reasonable frequency.  

) 
1St  = h 

L(1 - GO + 
4 

1 	4 
R(2 	1  _ 

(iii)  

2frmkT Rln ' 
lt  

g 	-1 	2  Tt  = s th 
Positive, predicts 
reasonable frequency 

AV 

2bt = 	h  

a(1 - 4) 
4 

R (I + 	- 1 - 

,Plots of 8th against 4, at representative tempera:burl= in the 

experimental range, are shown for CO2 sorption on NaY erionite 

and cellulose carbons in figures 60(a), 61, 62(a) and 62(b). 

Plots of the differential entropy g.1  are also included for 

comparison. 	It is seen that there is very little variation 

in Sth with 0; the maximum deviation from the average value 
-1 (see table 16) for the NaY/C02 system is ca. 0.6 cals.deg. 

mole-1 in the interval of G, 0.2 < 4<0.7 and ca. 0.8 cals. 

deg.-1mole-1  for CO2 sorption on erionite in the interval 

0.2 < 4 i( 0.8. 
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Fig. 60(a) 
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cellulose carbons is ca. 0.4 cals.deg.-1mole-1 over the range 

0.1 4<o.65. 	The th curves for erionite and NaY 

fluctuate most at the lowest temperatures and decrease rapidly 
when 0 (8 <0.2. 	Sorption of CO2  at low coverages on these 

zeolites was energetically heterogeneous (4.2.1) and it is 

likely that the configurational entropy component of NI  in the 

range 0 < 8.<0.2, is reduced due to the larger binding energy. 

In figures 63(a) and 63(b) Sth is plotted as a 
function of - Q H1  and it is seen that straight lines of 

negative slope result. 	The slopes of these lines, multiplied 
1 by T  are given in table (16). 

Table (16) 

t°C 3o 	45 	60 	90 	120 150 

Zeolite Slopes of plots of gth  against 	- 4H1 
T 

Erionite 

NaY 

... 	• • • 	-1.28 	-1.08 	-0.96 

-1.35 	-1.25 	-1.045 	... 

-1.05 

... 

Maximum deviation of Eth  from average 
value (e.u.) 

Erionite 
(0.2< 8 <:. 

NaY 

(0.1 < 4 < 

0.9) 

0.6) 

	

0.8 	... 	0.6 	0.5 	0.2 

	

0.6 	0.5 	... 	0.5 	... 

0.2 

... 

The maximum variation in S
th for CO2 sorption in the 
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It was seen in section (2.2.3) that Everett's isotherm has 

the form: 

p 	p
o 
 exp. 	4 

RT  
6; 	

R th) 1 - 8 	
(8) 

where P'S°  = S 	So 
th th g 

If the slopes in table (16) were minus one then equation (8) 

would be identical with Langmuir's isotherm. 	It is seen 

from the table that the slopes approach minus one at the highest: 

temperatu'res and in general, become more negative as the 

temperature decreases; this explalns why KL  and Sth  show the 

least variation with 4 at the highest temperatures. 	In 

chapter 6, the peak in the isosteric heat curve for CO2  sorbed 
on erionite (see fig. 30(a)).is shown to be due to molecule-

molecule interaction in the sorbed phase.. Thus, according 

to the Bragg-Williams equation (table 12), it might be expected 

that log.KL  would decrease over the range of 4 corresponding 

to the maximum in the isosteric heat curve. 	However, this 

is not found to be the case (see fig. 54) and may be explained 

by the compensation between 	H1 and Sth in this region 

(see fig. 63(b)). 

Although the experimental isotherm data showed very 

little agreement with the ideal models for mobile sorption, 

except possibly at the lowest coverages, the residual thermal 
t 	_tt 

entropies Sth and Sth were obtained using equations (ii) and 

(iii) in table (15). 	Plots of Sth and Sth against 8 are 

shown for CO2 sorption on NaY, erionite and the cellulose 

carbons in figures 60(c), 63(d) and 64. 	The entropies 

1St and 2t are shown in figures 60(b), 63(c) and 64. 	It is 

seen that for the CO2  - NaY and erionite systems, Sth  and 

S
th 

show larger variations with coverage than Sth does. 
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_1 
For CO2 sorption in the cellulose carbohs, however, Sth and 

Sth are constant with coverage in the range, 04.', 9 <0.4 

but increase rapidly for larger values of G. 

5.2.2. 	Rotational Entropy of the Sorbed Phase  

It was seen in section (5.2.1),(equations (5), 

(6) and (7) that the thermal entropy predicted by the ideal 

models may be subdivided into vibrational and rotational 

components. 	In order to analyse the entropy functions further, 

it is assumed that E = re , and SR = SR over the range of G 
in which sorption is energetically homogeneous. The 

rotational entropy of gaseous CO2  at one atmosphere pressure 

and the temperatures shown in table (17) were calculated 

using the formula:- 

(412i k;) SR = Nk 1n 	 + 1 (see Moelwyn-Hughes, 1961) 
h2 

Table (17) 

t°C 1 SR 	(cals.deg.
-1  mole-  ). 

-40 12.51 

-20 12.67 
30 13.03 

90 13.39 
150 13.69 
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It was seen in section (2.2.4) that the entropy associated 

with a simple harmonic oscillation of frequency Vis given 

by: 

rJ 
1
S
v 
= R P 	e-u eu  - 1)-1  - ln(1 	(9) 

where u h's)--- kT 

Therefore it is seen that if the frequency of vibration is 

known it is possible to calculate the vibrational component 

of the thermal entropy. 	Garden, Kington and Laing (1956) 

proposed estimating the frequency of vibration,' , from the 

value of 1 x 1012sec.-1 calculated by Orr (1939) for Ar on 

KC1, by using the following equation:- 

lo12  
[INE . m Ar 

EAt • m - 
(10) 

where bEAr  = 1.5 K.Cal.mole-1  and m is the mass of the molecule. 

LSE is the energy of sorption.which can be obtained from 

the isosteric heat of sorption, since 

= clst 	RT 

It is assumed in equation (10) that the vibrations 

are simple harmonic and that the frequency of vibration is 

-proportional to (4E)4'. 	Calculation of vibrational 

frequencies using equation (10) is obviously a highly 

approximate procedure but there are no direct experimental 

methods available for measuring '1) 

Mean frequencies of vibration were calculated for 

CO2 sorbed in NaY, erionite and carbon (71.1%), using 

equation (10). 	The entropies associated with these 

frequencies were obtained from equation (9) and are shown in 

tables 18(a), 19(a) and 20(a). 	All entropies are quoted in 

cals.deg.-1mole-1. 
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The values of 4E and 9 used in the equations are also 

included. 	The remainder of the thermal entropy after 

subtracting the calculated vibrational entropy is shown in 

tables 18(b), 19(b) and 20(b). 	By comparison with table 17 

it is seen that the model predicting two degrees of 

translational freedom can be eliminated since a molecule with 

two degrees of translational freedom would also be expected 

to be a free rotator. On the other hand, the entropy values 
in columns 1 and 2 of tables 18(b), 19(b) and 20(b) are 

sometimes larger than can be accounted for by even a free 

rotator. 	It would seem therefore, that the vibrational 

entropy has been underestimated; this is due possibly to the 

assumption that the vibrations are three-fold degenerate. 

In the next section the thermal entropy is analysed Thom a 

different viewpoint; it is assumed that the rotational entropy 

of a CO2 molecule in the sorbed phase is equal to its 
rotational entropy in the gaseous phase and consequently the 

vibrational entropy is obtained indirectly. 

Table 18 

CO2  Sorption on NaY at 30°C  

(a) 

(b) 

4 - T th 	3 v S 	S th 	2 v 
S 	S th 	1 v 

0.1 17.2 14.2 10.50 

0.3 17.2 14.6 11.50 
0.6 16.4 15.6 11.60 



ra 
2sv  

4.27 8.54 	12.81 

/SE = 9.78 K.Cal./mole 
= 2.42 x 1012sec.-1  

7th 	- lr 8 th 	2 v Sth 1 v 

0.1 14.4 10.43 
0.4 15.2 12.13 
0.6 14.3 12.46 

6.56 
8.2 
8.7 

2 v 3
s
v 

4.02 	8.04 	12.06 

r-a 
1Sv 

LIE = 5.25 K.Cals./mole 
= 1.79 x 1012sec.-1 

(a)  

4 7 - th 	3 v 
f 

S fg 7 " th 	2 v th r  1 v 

0.1 17.0 13.9 10.46 
0.3 16.4 13.9 10.48 
0.5 16.0 14.4 11.0 

Table 19 
c02 Sorption on Erionite at 90°C  
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(a) 

Table 20 

c0.2  Sorption on Cellulose Carbon (71.1%) at (-20°C)  

(b)  



(1) 	-.. 	 -- 
tN4 
S = R 1 4 n 

1  1 (1 - 44  In 11  - G\ 4 k c 	G/ k 0 / 

(ii)  
r4  
1St = R In (21"finkt -+ L ^  

+ In (1 - 0 h 	t 	4 
+ 3 2 

   

   

(iii)  

114Mk 	 ..- 0) 
2St = R In 

2 	T  + In (1  44 	+ 2 
h  
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5.2.3. 	Examination of Integral Thermal Entropy 

P.) 
The integral configurational entropy, Sc, 

associated with ideal localized sorption and the integral 
ro 

entropies 1St,2St  of one and two degrees of translational 

freedom of the sorbed phase, were calculated using the 

formulae in table (21); 

Table 21 

the symbols have the same meaning as in section (2.2.4). 

Therefore the integral entropies, which are defined in a 

similar manner to the correspesnding differential quantit-Les 

in section (5.2.1), can be obtained. 	These are shown in 

tables 22, 23 and 24 for CO2  sorption on NaY, cellulose carbon 

(71.1%) and erionite. 	Entropies for CO2  sorption on carbon 

(58.9%) are not analysed since -51711  for CO2  sorption on this 

sample was similar to that of carbon (71.1%). The entropy 
rJ 

of liquid CO2' SL' is also included for comparison. -1 (All entropies are in cals.deg. mole-1). 



ra 
4 	S 

r4 

1 	Si - Sc -1St  S
f•J 

S - 2 1 	t 

0,1 34.22 27.61 21.01 12.61 

0.2 34.07 28.97 21.51 13.31 

0.3 33.47 29.47 21.73 13.56 

0.4 32.76 29.48 21.77 13.62 

0.5 32.12 29.39 21.82 13.68 

o.6 31.46 29.26 21.98 13.83 

rJ 	os, 	0-10 	ese 
- 

1 	
S
1 
- S

c 	
S 	" 6 
1 t 1 2t 

0.2 	35.95 	30.85 

0.3 	35.85 	31.85 

0.4 	35.57 	32.29 

0.5 	35.20 	32.47 

0.6 	34.77 	32.57 

0.7 	34.40 	32.70 

23.61 

24.31 

24.97 

25.46 

25.81 

26.18 

16.01 

16.41 

16..72 

16.96 

17.26 

18.61 
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(NJ 
Table 22 

Analysis  of Si  for CO2  Sorption  on WaY 

(a) t = 30°C 
P4 SL  = 36.30 

t = 90°C 



185. 

Table 23 

Analysis of 	for CO2  Sorption on Cellulose  
Carbon (71.1%) 

- r'sjc 1 	1 -   1 t 	I -  2 t 

0.1 34.9 28.3 21.9 14.4 

0.2 34.0 fig. ,ti 21.9 14.4 
0.3 33.4 29.4 21.9 14.0 

0.4 32.8 29.5 21.9 14.4 

0.5 32.2 29.5 22.0 14.5 

0.6 31.6 29.4 22.2 14.8 

Table 23(b) 

(a) t =-20°C 

LS = 30.80 

e"..J 
S
1 

S
1 
- S

c 

e•-# 
S 	- 
1 	1

St 
 

N 	f"-'1  
S 
1 
 - 2S t 

0.1 34.1 27.5 21.0 13.2 

0.2 33.2 28.1 21.0 13.2 

0.3 32.5 28.6 21.0 13.2 t = -40°C 
/NJ 

0.4 31.9 28.6 21.0 13.4 SL = 29.14 

0.5 31.3 28.6 21.1 13.5 

c).!5 31.0 28.5 21.2 13.6 



9 S1  

0.2 29.2 

0.3 28.6 

0.4 27.9 

0.5 27.2 

0.6 26.3 

0.7 25.6 

0.8 24.9 

24,1 

24.6 

24.6 

24.5 

24.1 

23.9 

23.6 

S1 
- 
'Adc  1 t 	21t 

18.2 
18.7 
19.1 
19.5 
19.7 
19.8 
20.0 

10.5 
11.1 
11.5 
11.7 
11.9 
12.1 
12.4 

Table 24 
ro 

Analysis  -)f S/  for CO2  Sorytion  on  Erionite 

186. 

t = 30°C 
S = 36.30 

S1  

0.2 31.0 25.9 
0.3 30.8 26.8 
0.4 30.4 27.2 
0.5 30.0 27.3 
0.6 29.5 27.: 
0.7 28.9 27.2 
0.8 28.4 27.2 

(b) 
t = 90°C 



1 	c 	- 1St - 2st 

0.2 32.6 27.5 

0.3 32.5 28.5 

0.4 32.3 29.1 

0.5 32.1 29.4 

0.6 31.8 29.6 

20.0 

20.7 

21.4 

21.8 

22.2 

11.5 

11.2 

12.8 

13.2 

13.6 

Table 24(c) 
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(C) 

t = 150°C 

In liquid CO2  the configurational entropy is certainly small 

but in sorbed CO2 this is not the case. 	
The integral 

thermal entropy, Sth, obtained by subtracting 	from Y,i  is 
".0 

shown in tables 22, 23 and 24. 	It is seen that at 30°C, 

'th is for CO2
sorbed in NaY and in erionite (tables 22 and 24) 

eJ 
considerably less than SL'  • Sth  for CO2 sorbed in the 

carbon, however, is only ca. 0.8 cal.deg.-1mole
-1 les.r, than 

L 
rsi 

SL at -40°C (table 23). 	The quantity S
L 

Sth for the three 

sorbents decreases in the same order as the isosteric heats 

i.e. .erionite ) NaY > cellulose carbon. 	This result would 

seem to be in accord with the restrictions imposed on the 

CO2 
molecules by their environment in the sorbed phase, and 

with the more energetic binding of CO2  in the zeolite crystals. 

It is seen from tables 22, 23, and 24 that neither 
ry 	(N./ 
S1 - Sc,

nor the residual thermal entropies in columns 4 and 

5 vary appreciably with G. 	Therefore one may take the 

averages of the thermal entropies in the tables above, in 

order to see which of the limiting models may be excluded. 

The thermal entropies may be rotational and vibrational and 
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in order to carry the analysis further, it is assumed that 

these components are additive. 	If it is also assumed that 

the rotational entropy of a CO2 molecule is the same in the 

gaseous phase and in the sorbed phase, then the vibrational 

entropy may be obtained. Since CO2 is alinear symmetrical 

molecule the entropy associated with each degree of freedom 
1r4 

 in the gaseous phase is 2  —S (see table 17). 	
If, as in 

section (5.2.2) the sorbed CO2  molecules are regarded as a 

set of Einstein oscillators, the entropy associated with each 

vibrational mode is given by:- 

1Sv =IR u (eu  - 1)-1  - ln(1 
e-u)-1 	(9) 

rJ 

where u 

(No 
1Sv is obtained by dividing the total vibrational entropy by 

the number of vibrational modes (3 - 5 for the possible 
limiting states). 	The mean vibrational frequency 

e.1 	 to 
associated with 1Sv is obtained from plots of 

	against 1Sv 
according to equation (9). 	The mean vibrational frequencies 

for the various models are summarized in tables 25, 26 and 

27. 	The possible limiting cases in which the two free 

rotations of a sorbate molecule are successively chan-d into 

rocking vibrations are also included in the tables. 

• 

kT 
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Table 25 

Erionite/CO2  

(a), t = 90°C. 	0.2 6.4  0.8 

Average values of 
thermal entropy 
from table (24) 

Model for 
thermal 
entropy 

r.-1  
1
Sv 

-1 -.), x 10-12(sec. 	) 

N 	ev s1 - sc = 26.80 
Ov. + Ala  

4 Sv 
nJ 	

+ 1 8R 
ev 

AJ 
5Sv 

4.46 

5.02 

5.36 

2.22 

1.67 

1.37 

S1  - 1  S 	=19.0 

Al 	ra 
2Sv + 2SR 
ov  + 12; 

r.0 4sir 

2.80 
4.10 

4.75 

5.05 
2.65 

1.91 

S1 - 2  tt  = 11.2 

i..i 	+ 	SR 
g'IT + lgi

R  
31.g; 3.73 

negative 
2.2 

- 

7.15 

3.17 

(b), t = 150°C 0.2‘4ati0.6 ...... 

eJ

1 - Sc 
eV 	

= 29.3 S  

gr  + aR  
,..../ 

4
AV
sir + lsR 

nil 
5S.17- 

5.2 

5.62 

5.86 

1.75 

1.45 

1.26 

51  - 1  fgt  = 21.2 

2.... v  + a'R  
35v  + 12ri R 

Lev  

3.75 

4.78 

5.3 

3.60 

2.22 

1.67 

S 	- 
2  S 	= 12.5 1 	t 

per
l '1r + gR  
0.4 	....1 
2Sv + 1SR 

e4 

3Sir 

negative 

2.82 

4.1 

- 

5.92 

3.1 
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Table 26 
Cellulose Carbon (71.1%)/CO2  

(a) t = -20°C 0.1.44.0.6 

Average values of 	Model for 
thermal entropy 	.thermal 
in table 23 	entropy 

T 1v- „) x 10-12(sec.-1) 

nJ 
38ir
00 	

+ 2SR 
FJ
1 - Sc 

r,$) 	
= 29.3 	a 	+ 	 R  8 	 v 

0v  

5.53 

5.73 

5.86 

0.82 

0.75 

0.72 

2n + 22.; 

S 	- 1 t S 	= 22.0 	3Sv SR + 1 1 
1.4  4sv 

4.65 

5.21 

5.51 

1.25 

0.95 

0,85 
p.1 

	+  2 SR 
,.., 1Sv  

S - 2 8 	
ni 

S 	= 14.5 	28v + 1t1  1 	
"1 
t 	R 

r.../ 
38v  

1.80 

4.07 

4.83 

5.60 

1.72 

1.15 

(b)  
t = -40°C 	0.11i G.I.:; 0.55 

eV 	e•-• 
3S

31. 
+ 2SR 

"..1 	
- 

ra 	
= 28.3 	

r-1 	e...." 
S1 	Sc  	4sv + lsR 

52c 

5.21 

5.51 

5.66 

0.85 

0.74 

0.71 

26; + 4 
"/ 

- 1 S 	
r•A 	00 

1
e%," = 

21.0 	3 8v c S + 1SR 
ra 
48v 

4.25 

!I-.91 

5.25 

1.33 

0.96 

0.82 

isv + 2SR 
^i 	ni 	4v 
S1  -2 t  S 	= 13.2 	2S v + 1 R 

rJ 
38v  

1.01 

3.37 

4.41 

7.91 

2.10 

1.25 
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Table 27 

NaY/CO2  

t = 30°C 0.1‹4‹.0.6 

'verage values of 
thermal entropy in 
table 22 

 Model for 
thermal 
entropy 

:ITIT  -17x 10-12(sec.- 

r..., 	
- S

c 
 = sl 29.0 

nJ + 2SR  
La'v  + .11 R 

0 v 

5.33 
5.62 
5.81 

1.18 

1.05 

0.95 

1(g't  = 21.4 

2a.' + 2SR V 
nr 	".1 
3Sv + 1SR 

421v  

4.21 

4.93 

5.35 

2.05 

1.43 

1.13 

51 - 2 	= t 13.0 
1Tv 	R + gr 
",1 	

+ 1SR 
,../ 

2Sv 

3c 

0.05 

3.21 

4.33 

v; larm 

3.45 

1.94 

It is seen from tables 25, 26 and 27 that for CO2  sorption in 

erionite, cellulose carbon (71.1%) and NaY, the model involving 
two translational degrees of freedom can almost certainly be 

ruled out, on the grounds that l) is too high. 	The distinction 

however, between localized sorption and the model involving 

one degree of translational freedom, especially for sorption 

on the cellulose carbon is not clear. 

In summary then in sections (5.2) to (5.2.3) it has 
been seen that the experimental isotherm data for CO2  sorption 

on NaY, erionite and cellulose carbons 71.1% and 58.9%, obey 
the La.ngmuir isotherm equation quite well over considerable 

ranges of .0 values, sometimes as large as 0.24;9(0,8 and 
es../ 

that S
th' especially for CO2 sorption on NaY and erionite,  
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is less than the entropy of liquid CO2. 	Taking this evidence 

in conjunction with the values of the mean vibrational 

frequencies it is seen that CO2 sorption on these sorbents 

caa be interpreted in terms of a localized model. It would 

seem likely however, especially for CO2  sorption on the 

carbons that the sorbate molecules execute soft vibrations; 

these would be most likely to occur in directions parallel to 

the surface of the adsorbent. 

5.3. 	Osmotic Pressures and Empirical Isotherm Equations  

The following equation for the osmotic pressure 

was derived in section (2.2.6). 

  

p 	(12) CRT - me, 

where f is the density of the zeolite and C is the concentration 

of carbon dioxide in the carbon dioxide-zeolite solution; x 

is the weight in gm. of the sorbate of molecular weight m per 

gm, of zeolite. 	Equation (13) relating the change in 

chemical potential of the sorbent on sorption to the osmotic 

pressure was also derived in section (2.2.6) i.e. 

$13  
_Ar2  41'7 _ mMRT x dp 	(13) 

where V is the molecular volume of the lattice-forming unit-1 

of molecular weight M. The lattice-forming unit chosen was 

that containing one silicon or aluminium atom and two oxygens. 

Some of the constants used in the calculations are given in 
tables 28(a) and 28(b). 



Zeolite I2(gm/cm.3) V(cm.3) 

1.73 38.50 66.58 

1.79 35.41 63.50 

1.41 47.34 66,90 

1.43 47.85 69.87 

Erionite 

Na-Zeolon 

NaY 

NaX 
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Table 28(a) 

sat in gm/pi  

' ''''..--,,,,,,t°C 

zeolite,......„4  
30 90 

NaY 0.316 0.184 

Erionite 0.173 0.118 

Table 28(b) 

If C, (=
1 
 HE =lH) is in moles/c0, and R is taken as 82.06 mV 

- 	-1 atm.deg. mole 	then the values ofIrobtained from equation (13) 

will be in atmospheres. 	Plots of x/p against p for CO2  

sorption in erionite, Na-Zeolon, NaY and NaX at various 

temperatures were integrated graphically and osmotic pressures 

were calculated using equation (13). 	Typical values of 

for CO2 sorption in NaX, NaY, erionite and Na:-Zeolon are shown 

in tables 29(a) and 29(b). Plots ofTi/CRT against the volume 

of CO2 sorbed (in cm.
3 s.t.p./gm) are shown in figures 65(a) 

and 65(b). 
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Fig. 65(a) 
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Table 29(a) 

Osmotic Pressures  in Atmospheres 

NaX NaY 

Vs 	(cm.3  30°C 100°C 130°C 30°C 90°C 
s.t.p)/gm. 

10 17.92 20.51 22.79 15.72 18.89 
20 41.02 45.45 52.10 36.76 40.26 

30 63.89 75.94 87.06 57.00 63.11 
4o 102.83 113.72 129.03 78.22 87.64 

50 143.57 158.39 176.02 96.49 117.00 
6o 191.56 204.81 - 122.06 - 
70 249.07 258.3o - 153.35 - 
8o 307.6 289.83 - 187.58 - 
90 369.12 - - 226.58 - 
l00 433.78 - - 268.46 - 
110 503.47 - - 311.71 - 

Table 29(b) 

Erionite Na-Zeolon 

Vs 	(cm.3  

s.t.p)/gm. 
90°C 150°C Vs 	(cm.3  

s.t.p)/gm. 
120°  150°C 

3 10.08 3 8.57 8.95 

5 12.71 17.81 5 15.13 15.33 
to 28.90 58.64 8 25.93 27.89 
15 48.55 60.98 12 44.03 47.41 
20 71.96 86.02 16 63.72 66.70 
25 99.42 115.25 20 88.16 90.64 
30 123.98 24 114.09 117.13 

35 163.00 28 145.20 148.37 
4o 195.36 32 180.21 181.28 
45 242.76 ibia• 36 232.07 217.54 
5o 291.26 280.8 
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Em irical Isotherm Equations:  

It was shown in section (2.2.6) how the osmotic 

pressure equation of state i.e. equation (14) below, could be 

used to derive empirical isotherm equations. 

ire 
CRT._ 

1 + A1 
	

A2C2 	A nn  C+• .. 	OW (14) 

Since C = k19' where k1 	
sat. equation (14) may 	also be 

written:- 

CRT
11  -1+A1G+ A24)

2. .. A'Gn 	(15) 

If all the terms on the right hand side af equations (14) and 

(15) except the first three are neglected, then the 

coefficients Al' 
 A2, and Ali  and A 2  may be obtained from the 

values of11/CRT. These coefficients may then be substituted 

in the empirical isotherm equations (16) and (17) (see 2.2.6). 

p = K1C exp.(2A1C + iA2C2) 
	(16) 

p = K29 exp.(2A19 + 212$
2 

 ) 
	(17) 

The coefficients of the empirical equations (16) and (17) are 

given in table (30) for some CO2  -zeolite systems studied. 

The empirical isotherm equations for CO sorption in NaX and 
Tr erionite were checked by recalculating /CRT galues using 

equation (14); the calculated values are shown in column 4, 

table (31) and are seen to be in very good agreement with 

the experimental fri7CRT ratios in column 2. 
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Table 30 

Na-Zeolon 	NaX 
Zeolite at 

t°C NaY Erionite 

14 48 0.65 1.215 1.48 0.953 	1.048 A2 

(a) 

Table 31 

r77/  ir/CRT Ratios  

NaY/CO2, 30°C 

A
1 	49.78 	65.50 319.0 299.4 181.9 94.3 

A
1 	0.502 	0.38 	1.45 1.18 1.77 0.73 

A2 	9.35 	3.14 	7.2 4.11 1.28 2.51 

x103 	x104  x104 x104 x104 x104 

30 	90  120 150 30 100 Coeff. 

Vs(cms.t.p)/gm. experimental 

10 1.04 1.04 1.06 

30 1.13 1.13 1.13 

50 1.25 1.24 1.25 

70 1.40 1.33 1.40 

90  1.59 1.54 1.59 

110 1.79 1.73 1.80 

Langmuir Empirical 
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Table 31 

IT/CRT Ratios  

(b) 	 Erionite/CO2'  90°C 

Vs(cm-.3,s.t.p.)/gm. experimental Langmuir Empirical 

10 1.09 1.14 1.09 

20 1.24 1.26 1.24 

30  1.47 1.43 1.45 

ko 1_72 1.67 1.72 

5o 1.99 1.99 2.05 

Tests of Isotherm Models: In section (2.2.6) the 

following expressions for tol.2 
were derived from the isotherm 

equations of ideal models: 

	

Ap2  = Rm  TM ,xsat.ln(1 - 4) 	(Langmuir's isotherm) (18) 

= 
R
m
TM 

xsat. 1 	4 (Volmer's isotherth) 	(19) 
— — 

In figures 66(a) and 66(b), -,611.2  calculated from the 

experimental data for CO2 
sorption on NaY and erionite using 

equation (13) is compared with -.4.2  obtained from equations 

(18) and (19); it is seen that the curves predicted by equation 

(18) are virtually coincident with the experimental curves. 

It was also seen in section (2.2.6) that the osmotic ratio, 

qT/CRT for ideal localized sorption could be written:- 

	

Tr/CRT = ln(14
- 4) 	 (20) 
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Similarly the osmotic ratio corresponding to the Volmer equation 

was found to be:- 

CRT = --4  / 1 - 4 (21) 

Some osmotic ratios for CO2 sorption on NaY and erionite, 

calculated using equation (20) and the saturation capacities 

in table 28(a) are shown in column 3 of table 31.. It is seen 

that agreement with the experimenta114/CRT ratios, and with 

those obtained from the empirical isotherm equations is 

excellent. 	From equations (20) and (21) it is seen that for 

each ideal model a plot of117CRT against 9 is a characteristic 

curve independent of temperature and sorbent. 	Therefore at 

all temperatures plots of Ti/CRT against .9 for sorption 

equilibria obeying the Langmuir isotherm should be identical 

with the curve of - ln(1 - 4) against 9. 	The characteristic 

curves predicted by the 9 Langmuir and Volmer equations are 

plotted as functions of .9.in figure (67). 	It is seen that 

the osmotic ratios,q/CRT, for CO2  sorption on NaY at 0°, 

30°  and 90°C and the ratios for CO2  sorption on erionite at 

60°, 90°  and 150°C show very little scatter from the 

characteristic curve obtained from equation (20). 	The osmotic 

ratios for CO2 sorption on NaX and Na-Zeolon as would be 

expected, do not fall on either of the characteristic curves. 

The results of the isotherm tests applied in this section 

support the conclusion that CO2  sorption in NaY and erionite 

is localized (see section 5.2.3). 

5.4. 	Interpolation of Isotherms for CO2  Sorption 

• on Cellulose Carbons 

It was seen in section (2.2.5) that if the 

experimental isotherm data obey Polanyi's potential theory, 

than a characteristic curve, E 	f(V) can be constructed, 
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Fig. 69(a) 
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3 ( ) 	c 	v (cm. s.t.p.)/gm. 

-20 	33.11 (exp.) 	206.7 (exp.) 

-4o 	44.67 (calc.) 	224.26 (calc.) 
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The value of c at -40°C was obtained using equation (23) and 

the assumption that El  - EL  does not vary in the rather small 

temperature range -20°to -40°C, was made. 

El - EL 2.303RT log c 
	(23) 

Following Brunauer et al. (1938) it was assumed that vm  varies 

as the density of liquid CO2  in the range -20°  to -40°C. The 

values of c and vm obtained from the experimental data at 

-20°C, and the calculated values at -40°C are given in table(32). 

Table 32 

The isotherm at -40°C, calculated from the experimental data 

at -20°C is C 	shown in fig.69(a). 	It is seen that this 

isotherm compares very well with the experimental curve for 

p/po  values>0.01. 
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Chaper 6  

INTERPRETATION OF SOME 

ISOSTERIC HEATS OF 

CARBON DIOXIDE SORPTION 

6.1. 	Effect of Cation Density on Isosteric Heats 

of Sorption of CO?  in some Porous Crystals  

In section (4.1.4) it was seen that the cation 

density of the sorbent had a profound effect on the shape of 

CO2 sorption isotherms. 	In this section the effect of the 

density on the isosteric heats of sorption of CO2  is 

investigated. 

Table 33(a) 

Zeolite NaA NaX NaY 

(Na+ions/cm.3) x 1021  6.4 5.6 3.7 

Vs/Vinst. - &Hi  (K.Cal./mole) 

300 9.44 9.10 7.55 

250 9.70 9.40 7.55 
200 9.85 9.70 7.55 
150 10.10 9.90 7.40 
loo 10.75 10.40 7.30 
80 11.02 10.58 7.30 

60 11.38 10.83 7.30 
40 11.70 11.20 7.38 

20 12.21 11.60 8.10 
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The isosteric heats for a fixed amount of CO
2 adsorbed per 

cm.3 free volume of the zeolites NaA, NaX and NaY are compared 

in table 33(a). 	A similar comparison of the isosteric heats 

of sorption on the clinoptilolite-type zeolites is made in 

table 33(b). 	The quantity Vs/Vinst. has the same meaning 

as in section (4.1.4). 	Some of the data in tables 33(a) and 

33(b) are plotted in figures 70(a) and 70(b). 	It is seen 

from fig.70(a) that the isosteric heat of sorption of CO2  on 

NaY, NaX and NaA increases with the cation density and that 

the effect of the cations is most pronounced at the lowest 

coverages. 	The plots in figure 70(a) are not smooth curves 

since the framework structure of NaA differs from that of NaX 

and NaY. 

Table 33(b) 

Clinoptilolite 
sample Original 	0.25N 0.5N 1N 2N 

Al in sample 
relative to 
untreated sample 

100 58.0 33.0 7.0 0.0 

Vs/Vinst. -6H1 	(K.Cal./mole) 

200 10.55 9.38 8.8o - - 

150 11.15 9.8o 9.05 8.3o 8.18 
100 11.80 10.40 9.55 8.4o 8.18 
5o 12.9 11.70 10.48 8.61 8.18 

It is seen from fig. 70(b) that the isosteric heat for a given 

amount of CO2 adsorbed on the clinoptilolite-type zeolites 

depends markedly on the Al content of the sorbent i.e on the 

extent of decationization (see section 4.1.2)i 
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as with NaY, NaX and NaA, (above) the samples with the largest 

cation densities have the largest isosteric heats, particularly 

at low coverages. 

NaX and NaY have the same framework structure and 

differ only in their silica to alumina ratios, i.e. in their 

cation densities (see 1.2.2); therefore it would seem logical 

to attribute the differences in the isosteric heat curves of 

CO2 sorption on these sorbents to the effects of the cations. 

In the next section, -6111  for 002  sorption on NaX is analysed 

on this basis; a similar analysis of the heat curves for 002  

sorption in the clinoptilolite-type crystals is made in 

section (6.1.2). 

6.1.1. 	Energetic Heterogeneity of 002  Sorption in NaX. 

In this section the energetic heterogeneity of 

002 sorption in NaX is examined by the methods used by Kington 

and Macleod (1959) in their interpretation of the energetic 

heterogeneity of sorption of quadrupolar molecules in natural 

chabazite. 

The differential heat of sorption at 0°K, qost, 
 may 

be expressed by:- 

( Ur 
oc, F  2 + - 0 - 0 - 	- st I d r + 
	

4 
In (1) 

where E1qt40 is the molar energy of the gas phase at 0
oK; 

0
d' 
0
r 
and 0

o are the dispersion energy, repulsive energy and 

sero-point energy of one sorbed molecule (see section 2.3.1). 

The properties of the electric field which determine the 

energy of interaction with a molecule are the magnitude of 

the field F, its component along the axis of a molecule Ft  

and the gradient of this component along the axis of the 
molecule 1°Ft  - 

*10t- 
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`OF
t The quantities 0d' 0r 0o' Ft and,0t may vary with the position 

of the sorbed molecule in the sorbent and will be dependent 

on the sorbate concentration. 	At two sorbate concentrations 

(1) and (2) we obtain from equation (1):- 

Pist(1) 	0d(2) 	0d(1)  1 +1 ør(2) 	°r(1;1+  
- 

00(2) - 00(1) 
	2 	2 -f (F/ 	F2

) + F (Ft(1) 	Ft(2))  

Q ( "OF
t(2) t(1) 

—ot 

If the repulsive energy is independent of the sorbate 

concentration and provided that the zero-point energy term is 

small then the change in qst  will depend on the change in the 

electrostatic and dispersion components in equation (2). 

For qsf1) and qst(2) measured at temperature T we have:- 

qT  (1) - qst(2) = q (1) - q°  (2) st 	s°t 	st 
'Jo 

p(1) - U (4T (3) 

where Us(1) and Us(2) are the molar heat capacities of the 

sorbed phase at concentrations (1) and (2). 	In this analysis 

the last term in equation (3) will be neglected (see section 

2.3.4). 	Equation (2) will now be used in the two extreme 

cases where the electrostatic and dispersion energy terms in 

equation (2), predominate in turn. 

If the extreme case is considered in which the 

dispersion energy is independent of 4 and the energetic 

heterogeneity arises from electrostatic field variation 

equation (2) becomes:- 

(2) 



No st 	st rq 	ci (1) - 	(2)1 = 	(F2 	F2) 	u(F 	F 	) 

	

2 	2 T t(1) t(2) 
 

	

Q ( bFt(2) 	"OFt(1).) 

*-Ot 	- ̀ pt 

Thus for any one sorbate the difference between the isosteric 

heat at .G and 42 depends on the differences in the field 

characteristics and on the parameters 0C, y and Q of the 

sorbate molecules. 	If different sorbates adsorbed on the 

same sorbent are considered, then we have:- 

	

gst(1) 	gst(2) = ac + by + cQ 
	

(5) 

where a, b, c are constants for any pair of concentrations 

01 and2'  and depend on the solid but not on the properties 

of the sorbates. 

The isosteric heat data obtained by Barrer and 

Stuart (1959) for N2  and Ar sorption on NaX will be used to 

facilitate the interpretation of the energetic heterogeneity 

of CO2 sorption on NaX at low coverages. 	Since argon is 

non-polar and has zero quadrupole moment equation (5) for 

sorption of this molecule on NaX becomes:- 

qst(1) 	gst(2) = 
	 (6) 

The quantity q st(1)  - gst(2) for low concentrations of N2, 

Ar and CO2 adsorbed on NaX is shown in table 34. 

Since, within experimental error, ost  (1) - q s -c ,(2) is zero for a. 	4.- -.= 
Ar adsorbed on NaX (Barrer and Stuart, 1959), equation (5) can 
be written:- 

210. 

(4) 

qst(1) - gst(2) = cQ 
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Table 34 

Sorbate qst(0.07) 	- qst(0.26) 

(K.Cal./mole) 

qst  (0.1) - qst(0.2) 

(K.Cal./mole) 

Ar 0 0 

(i) 0.43 (189°K) (i) 0.21 

N?  (ii) 0,56 (207°K) (ii)  0.33 

Av. = 0.46 Av. = 0.26 

(iii)  0.40 (230°K) (iii) 0.25 

CO
2 1.16 0.65 

At low sorbate concentrations it would be expected that CO2  

and N2 sorption on NaX would occur initially on the most 

energetically sorbing regions,of the intracrystalline free 

volume (see Barrer and Stuart, 1959). 	It is possible that 

the CO2 and N2 molecules would have hindered rotation at low 

coverages and it is for this reason that Q
$' 

the quadrupole 

moment of the stationary molecule is used in this analysis, 

(see 2.3.3). 	The effective quadrupole moment Q for a 

classically rotating linear molecule averaged over the 

rotation is Qs/2,. 	The quadrupole moments for the rotating 

molecules Q are given in table 35. 	It should be noted that 

the definition of Q used in this work is that given by 

Hirschfelder et al. (1954) (see section 2.3.3). 

Using the data in table 34 and in column 3, table 35, the 

left-hard side of equation (7) is plotted against Qs/e in 

figure 71(a) and figure 71(b) and it is seen that there is 

ample support for equation (7). 
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Table 35 

Molecule Q (e.s.u) x 1026 Qs/e (A02) Reference 

Ar 0 0 - 

N2 

1.50 

1.60 

1.29 

0.62 

0.66 
0.54 

Ketelaar & 
Rettschnick (1963) 

Feeny et al. 	(1957) 

Smith & Howard (1950 

CO2 4.10 1.72 Buckingham & Disch 
(1963) 

The other extreme view, in which it is considered 

that the energetic heterogeneity arises from the variation of 

dispersion energy with coverage, will now be examined. 	The 

energetic heterogeneity could be caused by the interaction of 

a sorbed molecule with different numbers of nearest-neighbour 

solid atoms, all being of the same type. 	Kington and Macleod 

(1959) examined this possibility by considering the simplified 

case in which two types of site were available, the first 

being on a plane surface and the second in a hemispherical 

cavity. 	The potential energy at the equilibrium separations, 

do, from the solid is:- 

d(plane) -
f5 A 	

(8) 
9  a! 

and (1/Y4 x 27  (9) 
d(cavity) = 	9 	. - 3 Al 

a  
0 

(Kington and Macleod, loc.cit.) 

where f is the number of sorbent atoms per cm3 and a
o 
is the 

equilibrium separation of the sorbate molecule and the nearest 

neighbour solid atom. 
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Thus if the energetic heterogeneity arises only from the 

contact of the guest molecule with different number of sorbent 

atoms equation (2) becomes:- 

qst(1) - qst(2) = ød(2) -(1) = K(A/00) 	(10) 

The attractive constant A was obtained for each sorbate-oxygen 

pair using the Kirkwood-Muller expression (see 2.3.1); the 

equilibrium separation ao  is assumed to be given by :- 

ao 	2 = 	(rs  + r0  ) 

where rs 
is the equilibrium separation of an isolzkted pair of 

sorbate molecules_and r
0 
 is the equilibrium diameter of H 

oxygen atom which is assumed to be 2.8R. 	The equilibrium 

separations, rs, of N2  and CO2  molecules, which are given in 

table 36 were obtained by Kington and Macleod from 

considerations of the potential:functions of Corner (1948) 

and Kihara (1951) for spherocylindrical and ellipsoidal 

molecules. 

Table 36 

Equilibrium Separation (R) 

Sorbate 

• Potential Function 

Lennard- 
Jones 

Corner 
Kihara 

Sphero- 
ylindrical 	ellipsoidal 

Ar 

N2 

CO
2 

3.84 

4:do 

4.57 

3.78 

4.01 

3.47 	4.09 

3:70 	4.60 
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Table 37 

Ion or 
molecule 

Polarizability 

(cm3) x 1024  

Diamagnetic Susceptibility 

(c.g.$) units x 1030  

Ar 1.63 31.0 

N2 1.76 19.8 

CO2 3.01 34.5 

oh-  1.65 20.92 

The experimentally determined values 
ofclst(0.07-  qst(0.26) are 

compared with the calculated A/ao in table 38. 

Table 38 

Sorbate 

(A/a3) x 1020Cal./mole 
cm3 

qst(0.07) - qst(0.26) 

K.Cal./mole L - J Corner Kihara 

Ar 0 3.93 
N2 	

. 0.46 2.97 3.44 3.99 

CO2 1.16 4.23 5.16 6.16 

The values of A/ac3)  in column 5, table 38, are based on the 

spherocylindrical model. 	It is seen from table 38 that there 

is no support for a linear relationship between 

qst(0.07) - qst(0.26) and A/a
3 and therefore the concept of 

dispersion-energy heterogeneity arising from interactions of 

the sorbate molecules with different numbers of framework 

oxygens must be discarded. 
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Another possible source of dispersion-energy heterogeneity 

would be the interaction of the sorbate molecules with different 

combinations of oxygens and Na+  ions, as the degree of filling 

increases; since Ar sorption on NaX was energetically 

homogeneous, this concept must also be discarded. 

From the evidence presented in this section, it is 

seen that the energetic heterogeneity of N2  and CO2  sorption, 

at low coverages, on NaX is due, not to dispersion-energy 

heterogeneity, but to interactions between the quadrupole 

moments of the sorbate molecules and electric field gradients 

in the crystal. 

Freeman and Stamires (1961) who studied the electrical 

conductivity of the X and Y zeolites concluded that whereas in 

NaX7cations are associated with 6- and 12-membered rings, the 

cations in NaY are mostly associated with the 6-membered rings 

(see 1.2.6). 	The 12-membered oxygen rings will screen cations 

less effectively than the 6- rings and consequently there will 
be more high energy sorption sites in NaX than in NaY. 	It 

would be expected that the high energy sorption sites would 

have larger associated field gradients than the low energy 

sites. 	Therefore for sorption of quadrupolar molecules on 

NaX and NaY it would be expected that the energetic 

heterogeneity arising from field gradient-quadrupole 

interactions would be larger in the former. 	It can be seen 

from figure (32), section (4.2.1) that this is indeed the case 

for CO2  sorption; the isosteric heat for CO2  sorbed on NaX 

decreases with coverage while that for sorption on NaY is 

virtually constant. 	It is seen that the conclusions reached 

by Freeman and Stamires are in accord with the isosteric heat 

data discussed in this section; they also support the idea. 

that the energetic heterogeneity of CO2  sorption on NaX is due 

to interaction of the quadrupole moment of the CO2  molecule 

with a position dependent electrostatic field gradient in the 

crystal. 
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It is seen from figure (32) section (4.2.1) that at high 
the 

coverages/isosteric heat curve of CO2  sorbed on NaX approaches 

that of NaY. 	If it is assumed that at loacoverages there is 

no quadrupole-field gradient component in the isosteric heat 

of CO2 sorbed on NaY then it is possible to obtain a lower limit 

for this component in the isosteric heat of CO2  sorbed in NaX. 

An upper limit of the polarization energy was obtained from 

the calculations by Barrer and Gibbons (1963) for NH3  sorbed 

on NaX. The approximate components of the isosteric heat are 

shown in column 4, table 39; the data in columns 2 and 3 were 

obtained from Barrer and Bratt (1959) and are included for 

comparison. 

Component Energy Terms for Ar N2  and 

CO2 in NaX (K.Cal./mole)  

Table 39 

Energy 

Sorbates and range of de# 

Ar(0.44a0.3) N2 (0<:.(44 0.5) CO2  (0<The"<0.5) 

	

7- 	+ 0-  

	

d 	r 2:5 4(173°K) 7.8 

7; small small 1.6 	(44 = 0) 

rQ 
0 

2.5 (8 = 

small 

(e = 0.5) 

0) 3.2 	(4?) = 

0.5 (e = 

0) 

0.5) 

small small small 

The isosteric heat of sorption of CO2  on NaY is virtually 

constant at 7.8 K.Cal./mole; it is assumed in table 39 that 

this value is an upper limit of Td + 1. for CO2 sorption in 

NaX. 
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This assumption would seem to be justified since NaX and NaY 

have the same framework structure and only differ in their 

cation densities (see 1.2.2). 

Barrer and Gibbons, ( in preparation ) have calculated 

the components of the isosteric heat of sorption of CO2  an 

NaX; they obtained a value of 4K.Cal./mole for the quadrupole 

contribution and this is in very good agreement with the value 

in table 39. 	It is seen therefore that the isosteric heat 

data for CO2 sorption on NaX, which is energetically 

heterogeneous, can be explained by using the heat data for CO
2 

sorption on the partially decationized form NaY, which is 

energetically homogeneous. 

If it is assumed that the difference between the 

isosteric heats of CO2 adsorbed on NaX and NaY is due only to 

quadrupole-field gradient interaction, then it is possible to 

calculate an approximate value of the component of the fi.s,ld 

gradient along the axis of a CO2  molecule sorbed in NaX. 

Using equation (2) we obtain:- 

-0)F4- 
u q

st 
- 7800 = 4 	 t (12) 

where J = 4.185 x 107  ergs. and No is tvogadro's number. 

If qst  is in cals./mole and Qs in e.s.u. then 
bF  t is obtained 

from equation (12) in e.s.u./cm
2  . 	The field g;inient for 

CO
2 sorption on NaX calculated using equation (12) is plotted 

against the number of CO2  molecules adsorbed per unit cell, in 

figure 73(a). (see also next section). 	It would be expected 

that at low coverages CO2  molecules would be adsorbed on the 

walls of the sorptive cavity in NaX where the field gradient 

is apt to be large; then as the intracrystalline volume is 

gradually filled the CO2 molecules would be adsorbed away from 
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the walls on less energetically sorbing sites where the 

field gradient would be small. 	This behaviour would seem 

to be reflected in figure 73(a). 

6.1.2. 	Energetic Heterogeneity of CO2  Sorption in  

Clinoptilolite-type Crystals  

It was seen,  in section (4.1.2) that treatment of 

clinoptilolite with 0.25, 0.5 and 1N HC1 resulted in partial 

hydrolysis of A1-0-Si bonds; complete hydrolysis was effected 

by 2N HC1. 	It was also seen that there was an increase in 

CO2 sorptive capacity when the zeolite was decationized. 

Since a hydronium ion is at least as large as a Na+  ion it 

would seem that the hydronium ion loses a water molecule on 

outgassing. 	This is supported by the fact that there was 

very little further increase in sorptive capacity towards CO2  

when clinoptilolite was treated with 0.5, 1 and 2N acid. 

(see 4.2.2). 	Outgassing at 360°C should not remove 

significant amounts of hydroxyl water e.g. kao/lin does not 

lose hydroxyl water below ry  500oC. 	Therefore the process 

of outgassing can be represented by:- 

(H3e)x  L1.si4.65011.3_4(1_.)(01)40...xd 

(114-)x 5 11 3-4(1-x)(°11)4(1-x) 

3600C  

16 hrs. 

(13) 

(see table 7(a) section 4.1.2) 

The protons are probably recessed into the oxygen atoms and 

have little influence on CO2 sorption. 	It is seen from (13) 

that the outgassed decationized forms possess the same number 

of framework oxygen atoms as natural clinoptilolite. 
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CO2 sorption on 2N clinoptilolite, which is completely 

decationized was energetically homogeneous and it would seem 

likely that there is little, if any, quadr- Tole contribution 

to cst. 	If it is assumed that the dispersion and -  
polarization energy due to the cations is small, then the 

field gradient quadrupole component, 0
Q' 

of the isosteric 

heats of sorption of CO2  on the clinoptilolite-type crystals 

may be obtained, by subtracting the isosteric heat of CO
2 

sorbed on the 2N sample. 	The assumption that the polarization 

and dispersion energy due to the cations is small would seem 

reasonable for the decationized forms, in which the protons 

are recessed; for the natural mineral however, this assumption 

probably incurs a small error in itog. 	The values ofk at 

= 0, are shown in table 40. 

Table 40 

Clinoptilolite 
sample 

7&K.Cal./mole 

Original 6.3 

0.25N 5.0 

0,5N 4.o 

1N 0.7 

It would seem therefore that, as in the case of CO
2 
sorptica 

on NaX, the energetic heterogeneity of sorption on the 

clinoptilolite-type cr-stals is due to interaction of the 

quadrupole moment of the CO2  molecule with varying electric 

field gradients in the crystal. 

Field gradients calculated in the same manner as in 

the precious section are shown in figure (72). 	If the 

equilibrium diameter of the CO2  molecule is taken as 307R 



222. 

(table 36), then the field gradient at the distance riv l'rCO 

from a Na4- 
ion is 3.56 x 1013 e.s.u/cm2. 	It is seen by 	2 

comparison with figures 72 and 73(a) that the Nal-  ions in 

clinoptilolite and NaX are relatively well shielded. 

6.2. 	Isosteric Heats of Sorption of CO2  in 

Ca-Chabazite and Erionite  

The isosteric heat curve obtained in this work 

for CO2 adsorbed on Ca-chabazite (see fig. 31(a)) is very 

similar in shape to that obtained by Kington and Macleod (1959) 

for CO2 sorbed on natural chabazite; the heats obtained in 

this work however, are generally about 1 K.Cal./mole larger 

than those obtained by the above workers. 	The sample used 

by Kington and Macleod was outgassed at 300°C while that used 

in this work was outgassed at 360°C. There is an 

appreciable difference in the saturation capacities of the 

for CO2 sorbed on Ca-chabazite at 30°C is 

gramme while Vsat. for CO2  sorption at 

chabazite was 95 cm3 s t . .p. per gramme 

(Macleod 1958). 

The isosteric heat curves of CO2 adsorbed on 

erionite and Ca-chabazite have maxima at high sorbate 

concentrations. 	It is seen from figures 30(a) and 30(b) 

that the maxima occur when on average 2 CO2  molecules are 

adsorbed per cavity. 	It would seem therefore that the 

maxima are due to molecule-molecule interaction of the sorbate. 

The mutual interaction of a pair of axially symmetrical 

non-dipolar sorbate molecules will be assumed to be given by 

a potential of the type described by Pople (1954): 

= kg V.̀)-) 	56Q9,  
\ 12 (

ro 
)61 

= 06-12 + °Qg 

two samples; Vsat. 

130 cm3 s.t.p. per 

0oC on the natural 

(14)  

(15)  
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where 06-12  is the Lennard-Jones potential and OQQ  is the 

quadrupole-quadrupole interaction energy. In order to obtain 

the maximum and minimum values of ?!) it will be sufficient, as 

was seen in section (2.3.3) to consider the four basic 

orientations (1), (2), (3) and (4) in figure (11). 	The 
potential energy of the two 

can be written as follows:- 

Qs  
;76  01 + 3/2  

Q
2 

2 

+ 9/16 :5- 

2 

• 3/16 Q5 -= 
r 

3  

104 

02 	
- 3/4 

= 6-12 

= p6-12 

=
6-12 

6-12 

molecules in these orientations 

(16)  

(17)  

(18)  

(19)  

, 2 03 , 	and 04 were calculated using the values 

= 402.7 cals./mole, and ro  = 4.07' (McCormack and Schneider, 

1951) and are plotted against r in fig.(74). The results are 

summarized in table 41. 

Table 41 

Dispersion 
energy 

(Calsimole) 

Dispersion energy + OQQ (Cals./mole) 

Orientations in fig.(11) 

(1) (2) (3) (4) 

-403 

req = 4.6R 

0 

req . 5.5R 

-700 	. 

req = 4.5R 

-200 

req = 4.75R 

-290 

r
eq 

= 4.65R 
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The maximum in the heat curve for CO2 
sorption on erionite is 

500-600 cals./aole and 450 oals./mole for sorption on 

Ca-chahazite. 	By comparison with table 41, it is seen that 

the most likely orientations are (2), (3) and (4) (fig.11). 
Since the maxima in the heat curges are relatively large it 

would seem that the number of orientations of type (1) i.e. 

end on, would be in the minority. Kington and Macleod (1959) 

concluded that in CO2 
sorbed in natural chabazite, at least 

some of the molecules orientate in a T- formation i.e. 

orientation (2) in table 41. 	This would also seem to be the 

case for CO2 
adsorbed in Ca-chabazite and erionite and would 

explain the height of...the maxima in the isosteric heat curves. 

6.3. 	Comparison of Some Isosteric Heats of Sorption 

It was seen in section (4.2.1) that at low 

coverages the isosteric heats of CO2  sorption on the A and Y 

zeolites were larger for the Ca
2+ than the Na+ forms. Some 

energies of interaction of a CO2 
molecule with isolated Na

+ 

and Ca2+ ions at contact (rion  + rCO2 
) were calculated using 

the data in tables 37 and 42. The equilibrium diameter of 
the CO2 molecule was 

taken as 3.708 (table 36).  

Table 42 

Ion Radius (a) 

Polarizability Diamagnetic 
(cm3) x 1024 susceptibility 

(c.g.$) units x 1030  

Na
+  

Ca2+ 

0.98 

1.40 
0.99 

o.18 

1.65 
0.47 

6.95 

20.92 

22.1 
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The dispersion constant was calculated using the Kirkwood- 

Muller relationship (see 2.3.4). 	The calculated energies 

are shown in table 43 below. 

Table 43 

Ion 

(K.Cals./mole) 

Dispersion 
+ repulsion Polarization 

Ion- 
Quadrupole 

Na+  

Ca2+ 

0.33 

1.79 

7.65 

33.26 

6.21 

12.31 

It is seen from table 43 that unshielded Ca2+  ions will 

interact with a CO2 molecule to a much greater extent than 

will an unshielded Na+  ion. 	It would seem therefore that 

the large initial energetic heterogeneity of CO2  sorbed in 

CaY and CaA is due mainly to polarization and ion-quadrupole 

interactions of the CO
2 molecules with exposed Ca

2+ 
 ions. 

The extrapolayed heats at high coverages of CO2  

sorbed on NaY, H-Zeolon, and the clinoptilolite-type crystals 

are shown in table 44. 

Table 44 
* extrapolated values 

Sorbent 
Cations/cm3  

x 10-21 
Oxygen *a.t .ls -ANTI(K.Cal/Mole 

/cm3  x 10-22 

2.53 7.5 
5.4o 8.0* 

3.91 8.2* 
3.91 8.2* 
3.91 8.2* 
3.91 8.2* 
3.91 8.2 

NaY 

H-Zeolon 

Clinoptilolite 
0.25N " ) 
0.5N 	" 	) 

2N 

3.7 
recessed 
protons 

2.9 

recessed 
protons 
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It is interesting to note that the isosteric heats of CO2  

sorption on 2N clinoptilolite and NaY are very similar, even 

at low coverages. 	The isosteric heats at 4 = 0.4, (300C), 

for CO2 sorbed on H-Zeolon, NaY and 2N clinoptilolite are 

plotted as functions of framework oxygen density in fig.73(b); 

from the result obtained it would seem that there is some 

relationship between framework oxygen density and the isosteric 

heat of sorption of CO2  on decationized zeolites. 

It was seen in section (4.2.1) that even though 

H-Zeolon is a decationized zeolite it still behaves as an 

energetically heterogeneous sorbent to CO2  sorption. 	Barrer 

and Peterson (1964) found that Ar sorption on H-Zeolon was 

energetically heterogeneous; this would seem to indicate that 

the energetic heterogeneity of CO2  sorption is due not to 

field gradient-quadrupole interactions, but to dispersion 

energy-heterogeneity. 	There are two different kinds of 

sorptive cavities in Zeolon (see 1.2.7) and it would seem 

that the major portion of the energetic heterogeneity of CO2  

sorption arises from the interaction of a CO2  molecule with 

different numbers of framework oxygens in the two kinds of 

cavities. 

In summary then, in this chapter it has been seen 

that position-dependent electric field gradients in the 

intercrystalline voids of a zeolite have a marked effect on 

the isosteric heat of CO2 sorption. It is sometimes possible 

to reduce or even eliminate the fi-eld gradients by 

decationization; this may produce a sorbent which is 

energetically homogeneous to sorption of quadrupolar 

but this is not necessarily the case. 	If the decationized 

zeolite behaves as an energetically homogeneous sorbent to 

quadrupolar molecules then the isosteric heat data for the 

heterogeneous forms may be explained by comparison with the 

decationized form. 
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Chapter 7  

THE THERMODYNAMIC PROPERTIES 

OF SOME SORBENTS 

7.1. 	Change in Chemical Potential of the Sorbent 

on Sorption 

In section (5.3.) the change in chemical potential 

(-/V2) of some sorbents on sorption of carbon dioxide was 

compared with -/Sf2  predicted by statistical models. 	In 

this section changes in chemical potential of some sorbents 

are compared with each other. 

Typical plots of -42  obtained by the methods 

described in section (5.3) are shown in figures (75), (76) 

and (78c). 	Figure (77) is a comparative plot of -Ap2  

against G for CO2 sorbed in Na-Zeolon, erionite, NaX, NaY 

and CaA. 	It is seen that changes in the chemical potential 

of the sorbent are small in the range of G studied and are 

less than 600 cals./Avogadro number of structure units, 

(see 5.3.). When water is sorbed by faujasite -02  can be 

r.)5K.Cal. or more (Barrer and Bratt 1959). 

7.2. 	Entropy and Enthalpy Changes in the Sorbent  

The partial molar entropy of the sorbent may be 

obtained from the relationship:- 

b (-412)  = L2
2 /DT 	x  

(see 2.1.5) 
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If _6112  at constant amount adsorbed is plotted against T, 
then the slope is AS2. 	Plots of -Ay2  against T for 

CO2 sorbed in NaY and CaA are shown in figures 78(a) and 

78(b) and it is seen that the slopes are small. 	The 

determination of the entropy of the sorbent by this method 

is inaccurate but it can be seen from figures 78(a) and 78(b) 

that AE2 increases with the extent of CO2 sorption. 

The change of partial molar heat content of the 

sorbent with the addition of CO2 
may be obtained from the 

following relationship:- 

   

b(6,12/T) 

T 
—ISH2 = 

x T2 
(see 2,1.5) 

   

If it is assumed that LH2 is independent of temperature then 

by integration one gets:- 

= ITI12 t0(1/T) 	x  

against amount adsorbed, in cm3  ‘ / s.t.p.)/gm. in fig. 79(a) 

and against 0 in fig. 79(b). 	It is seen that in the range 

of coverage studied QH2  is less than 1 K.Cal. and is opposite 

in sign to the change in enthalpy of the sorbate. 

In summary in this chapter it has been seen that 

,6y2, AS2  and /SH2  for some of the CO2-zeolite systems 

studied were negligibly small at low coverages but increased 

rather rapidly with increasing amount adsorbed. Similar 

behaviour was observed by Barrer and Bratt (1959) for sorption 

cb(Ap2/T) 

Therefore A-172  can be obtained from the slope of plots of 

A112/T against 1/T at constant amount adsorbed. AH2  for 

CO2 sorbed on CaA, NaY,.erionite and Na-Zeolon is plotted 
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of water and ammonia in faujasite and by Barrer and Reucroft 

(1960) for sorption of fluorocarbons in faujasite. 
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Chapter 8 

SUMMARY OF RESULTS 

AND DISCUSSION 

Isotherms have been measured for CO2 
sorption on 

natural and synthetic zeolites, acid treated forms of the 

natural mineral clinoptilolite and on steam activated 

cellulose carbons. 	The isotherms for the zeolites were 

obtained between 30 and 190°C and their saturation capacities 

were measured experimentally either at -84 or -89°C. 
Although the phillipsite/CO2  system reached equilibrium 

quickly at 30°C and higher temperatures, equilibration was 

very slow at temperatures below ca. -10°C. All isotherms 

were completely reversible and reproducible andihence were 

used for the evaluation of the thermodynamic properties 

associated with the sorption process. 	The shape of the 

isotherms was dependent to a large extent on the cation 

density of the sorbent; the affinity of clinoptilolite for 

CO2 
was greatly reduced by decationization and the isotherms 

for CO2 
sorption on NaX and Na-Zeolon were more rectangular 

in shape than the corresponding isotherms for sorption on 

NaY and H-Zeolon. 

Except for a slight initial energetic heterogeneity, 

CO2 
sorption on NaY, erionite, 2N clinoptilolite and the 

cellulose carbons was energetically homogeneous. All the 

other systems studied were energetically heterogeneous. 

There was a maximum in the heat curves for Ca-chabazite and 

erionite and this was attributed to molecule-molecule 

interaction of the sorbate. 	The energetic heterogeneity 

of sorption at low coverages on the A and Y zeolites was much 
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greater for the Ca2+ forms than the Na+ forms; this is 

thought to be due mainly to the larger electrostatic fields 

and field gradients associated with the Ca2+  ions. 	The 

energetic heterogeneity of sorption at low coverages on NaX 

and the acid treated forms of clinoptilolite was attributed 

to the interaction of the quadrupole moment of the CO2  

molecule with position-dependent electrostatic field gradients 

in the crystals. 	The isosteric heats of sorption on the 

zeolites were generally much larger than the heats for the 

cellulose carbons. 

The energetic heterogeneity of CO2  sorption in 

clinoptilolite was reduced on decationization; the completely 

decationized form 2H clinoptilolite was energetically 

homogeneous. CO2 sorption on Na- and H-Zeolon was 

energetically heterogeneous; the isosteric heats of sorption 

on the H+ zeolite were considerably less than those for the 

Na+ form and the energetic heterogeneity of the H-Zeolon/CO2  

system was attributed to dispersion energy-heterogeneity. 

Integral heats were obtained from the isosteric 

heats and were found to be considerably larger than the 

latent heat of evaporation of liquid CO2; this was especially 

the case for sorption in the zeolites and was attributed to 

the nature of the environment of sorbed CO2 molecules in 

the intracrystalline channels and cavities. 

Differential and integral entropies of sorbed CO2  

were obtained at various temperatures in the experimental 

range. 	The integral entropies of sorption at 30°C were 

compared with S
L 
and it was found that all the integral 

entropies, except those for sorption at low coverages on the 

cellulose carbons and 1N clinoptilolite, were less than. SL. 
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The temperature invariance of the half standard integral 

and differential entropies of a fixed amount adsorbed were 

demonstrated and was used for extrapolation and interpolation 

of entropies of the sorbate. 

An attempt was made to interpret the isotherm 

data in terms of limiting isotherm models. 	It was found 

that for considerable ranges of 9 values, sometimes as large 

as 0.2 4. GZ-0.8, CO2  sorption on NaY, erionite and the 
cellulose carbons could be interpreted in terms of a localized 

model with soft vibrations parallel to the surface of the 

adsorbent, 	Of the more energetically heterogeneous systems, 

only the NaX/CO2  system gave any agreement with the isotherm 

equations of ideal models. 	Osmotic pressures were calculated 

and empirical isotherm equations were obtained. Tests of 

isotherm models were derived from the osmotic equation of 

state and these tests, when applied to the experimental 

data, supported the conclusion that CO2  sorption on NaY and 

erionite was localized. 	Sorption of CO2  on the cellulose 

carbons obeyed Polanyits potential theory and interpolation 

of isotherms was possible. 

The free energy and enthalpy changes of some 

sorbents on sorption of CO2  were obtained. . In all cases 

these changes were small and the enthalpy changes of the 

sorbents were opposite in sign to those of the sorbate. 
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APPENDIX 

ISOTHERM DATA 

p = cmL Hg 

Vs = Volume of CO2 adsorbed in cm. s.t.p. 
per gramme of outgassed sorbent. 

Order of Sorbents  

1. NaX 

2. Phillipsite 

3. Clinoptilolite 

4. Na-Zeolon 

5. 11,Zeolon 

6. Ca-ohabazite 

7. Erionite 

8. NaY 

9. CaY 

10. CaA 

11. NaA 

12. Carbon (71.1%) 

13. Carbon (58.9%) 

14. 0.25N Clinoptilolite 

15. 0.5N Clinoptilolite 

16. 1N Clinoptilolite 

17. 2N Clinoptilolite 

244. 
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1. 

P 

0.639 0.639 

NaX/C0
2 

P 

0.742 

70°C 

V 
-s 

17.645 

100°C 

P 

0.850 

Vs  
-s 

8.589 

30°C 

V 

48.001 

0.753 50,203 1,025 22.989 1.484 12.604 

0.857 52,801 1.376 26.488 1.852 14.422 

1.016 55.748 2.502 37.141 3.327 23.092 

1.562 63.614 2.751 39.001 3.914 25.005 

2.063 68.549 5.294 51.502 4.946 28.290 

3.423 79.342 7.132 56.611 5.320 29.913 

4.546 85.357 8.913 61.290 8.395 36.951 

6.548 94.767 15.070 72.700 9.550 39.670 

8.619 102.394 18.514 78.098 12.804 45.097 

11.482 108.937 29.541 87.552 17.625 50.410 

12.735 111.010 43.393 96.951 28.274 60.891 

20.315 120.057 57.001 104.201 41.994 70.041 

25.225 125.133 37.410 93.201 44.849 72.754 
38.506 132.129 48.980 100.003 53.930 76.848 

50.982 137.109 23.991 82.991 35.551 66.744 

41.690 134.001 10.467 63,995 22.299 54.019 

31.761 129.026 12.590 68.801 11.342 43.690 

16.980 116.502 4.735 48.272 6.886 32.761 

7.508 97.484 2.027 34.765 4.429 26.703 

5.722 90.989 1.751 31.182 2.106 15.701 

3.811 81.728 0.820 20.191 0.694 6.943 
2.717 76.120 0.601 15.998 0.301 3.446 

1.265 59.246 0.305 9.420 0.099 1.197 

0.593 45.953 0.199 6,670 

0.522 44.198 0.099 3.630 
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1. 

P 

NaX/00
2 

P 

160°0 

V 
-s 

-89°C 

VS 
 

130°C 

V -.3 

0.253 2.612 1.657 2.283 4.774 199.789 
0.441 3.051 2.778 3.401 12.956 204.197 

3.918 11.891 4.364. 5.189 19.043 206.118 

4.724 13.636 6.120 6.963 25.908 207.682 

5.4-65 15.566 17.785 16.569 30.601 210.002 

6.322 17.225 23.123 20.197 22.501 207.020 

7.218 18.322 29.801 23.939 8.988 202.099 

9.410 22.023 38.206 28.245 

16.486 31.801 46.445 31.429 

21.455 35.432 57.536 35.287 

26.791 40.300 40.679 29.047 

40.102 48.361 26.472 22.162 

53.153 53.856 20.61,1, 18.921 

42.752 49.456 15.787 15.561 

35.831 45.237 12.973 13.652 

28.305 40.986 11.802 11.951 

22.433 36.727 9.603 10.213 

17.315 32.290 8.020 8.920 

14.010 28.199 6.625 7.665 

11.601 25.001 

8.602 20.701 

	

10.014 	23.241  

	

6.433 	17.442 

	

2.483 	9.201 

	

1.141 	5.376 
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2. 	Phillipsitp/002  

6o°0 
P _ 

0.035 

V 
-s 

3.897 

P 

0.177 

90°C 

Vs  
-s 

2.358 

30°C 

P 	V 

0.038 0.038 	8.586 

0.042 10.116 0.119 7.273 0.189 2.680 
0.114 16.154 0.135 7.394 0.679 7.080 
0.134 19.111 0.282 12.281 0.731 8.589 
0.308 24.405 0.368 12.375 0.765 9.263 

0.520 26.412 0.534 13.576 1.789 13.877 
1.265 30.936 0.630 16.616 2.235 15.509 

L660 39.933 1.205 21.726 2.568 16.535 
6.168 39.001 1.693 23.635 3.797 19.084 

10.062 40.602 3.063 27.523 5./08 21.555 
14.093 41.962 4.350 29.490 7.019 22.876 
24.201 43.854 5.628 31.037 10.107 25.553 

32.572 45.036 7.889 33.030 13.034 27.070 

43.423 46.139 10.395 34.066 30.802 32.331 
50.177 46.857 16.839 36.525 41.435 33.985 
40.921 46.059 20.448 37.414 55.726 36.070 
30.791 44.918 35.260 39.574 60.135 36.471 
23.173 43.818 47.717 40.945 49.222 35.441 
17.378 42.139 63.698 42.279 37.144 33.665 
9.298 40.445 55.017 41.781 21.121 30.435 
8.042 39369 44.452 40.669 

4.109 36.753 25.630 38.483 

4.054 37.685 19.153 36.931 
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2. 	Phillipsitq/CO2  

155°C 

V -0 

190°C 

P 	V s 

120°C 

P 	V P s 
0.320 1..865 5.04.0 0.561 

0.738 3.421 8.053 
5.536
7 

0.133

163 1.152 
1.233 4..884. 11.559 9.463 5.060 2.225 
2.4.68 8.055 18.732 12.583 38.177 9.196 
4..272 11.233 24.851 4.372 58.159 114416 
11.171 17.501 32.311 16.591 43.837 9.559 
19.860 21.594 42.591 18.4.29 24..631 6.485 
30.201 24.607 51.4.90 20.007 17.650 5.069 

34..510 25.486 39.911 18.213 11.4.35 3.493 

39.811 26.575 14.942 11.296 32.250 7.74.0 
46.771 27.676 4.128 5.019 48.250 9.998 

571542 29.116 2.101 2.502 52.331 10.551 
4.2.4.61 26.883 0.098 0.651 

36.143 25.64.3 

IMO ON 1111• 	 =Wow* IWO •••• 
	 ••••=•••••• 



249. 

3. 	Clinoptilaitq/CO2  

60°C 

V 
-e 

90°C 

P V 
-e 

30°C 

P 	V P -s 
0.012 9.238 0.036 3.587 0.068 2.975 
0.019 10.967 0.057 6.938 0.086 3.104 

0.070 16.267 0.123 10.786 0.342 9.559 
0.173 19.990 0.185 10.992 0.376 10.259 

0.449 26.837 0.273 14.978 0.942 15.163 

0.884. 29.422 0.280 15.549 1.296 16.899 

2.473 33.636 0.836 21.650 2.205 19.712 

4.321 36.027 1.002 23.275 3.067 21.468 

4.897 36.611 2.120 26.025 3.913 22.817 

6.617 37.991 3.402 28.566 7.800 26.764 

11.044 40,357 5.167 30,526 10.134 28.118 

16.415 42.825 7.338 32.128 13.022 29.436 

25.167 4.5.281 10.285 33.702 20.210 31.662 

33.907 46.883 13.269 34.860 30.514 33.507 

44.889 48.819 20.983 36.828 41.607 35.111 

55.590 50.256 33.646 39.238 55.672 36.701 

44.750 48.629 45.780 40.871 59.978 37.309 
49.278 49.099 61.281 42,651 46.543 36.016 

39.863 48.071 51.290 41.764 35.051 34.467 
30.279 46.524 40.874 40.580 26.479 32.973 
23.003 44.822 30.836 39.193 19.645 31.385 

17.164 43.375 23.718 37.838 5.910 2.042 

8.336 39.596 17.567 36.480 

5.850 37.740 25.264. 37.532 

33.357 39.095 



250. 

3. Clinoptilolit9/C0
2 

1200C 

P 	
Vs s 

1550C 

P 	V -s 

190°C 

P 	V s 

0.094 2.264 8.781 13.092 1.908 2.359 

0.4.16 5.397 11.436 34.823 6.658 5.972 

1.327 9.978 18.652 18.259 15.482 9.809 

3.053 14.971 22.606 19.155 27.102 12.985 

5.956 18.251 33.510 21.819 44.115 16.398 

9.733 21.258 44.416 23.572 55.436 18.059 

16.407 24.312 58.876 25.559 44.518 16.632 

25.946 27.043 46.392 24.082 36.012 15.160 

36.142 28.886 16.242 17.325 32.040 34.370 

48.822 30.819 4.234 9.806 21.540 11.830 

61.024 32.131 0.077 0.635 10.370 7.791 

49.702 31.041 1.501 5.210 3.905 4.166 

39.847 29.841 0.899 3.502 

17.067 25.105 

0110.1.0bM 

-84°c -84°0 

P V 
-e P V 

-s 

0.757 66.579 13.116 76.619 

1.225 67.750 42.354 82.631 

5.394 72.438 48.405 93.589 

8.799 74.482 31.713 81.885 

21.611 79.450 



251. 

4. 

P 

Na-ZeoloA/CO2  

P 
30°C 

V -s 

6o°c 
V 
-s 

90
o
G 

V 

0.139 7.737 0.083 25.518 15.590 53.137 
0.70 17.951 0.606 41.261 26.102 56.76o 
2.389 27.271 3.737 53.077 41.316 60.080 
5.358 34.179 5.289 55.209 54.267 61,239 
7.501 37.124. 6.820 57.208 31.246 57.011 
3.642 30.709 13.670 61.756 23.362 55.026 
1.177 17.982 17.972 63.553 12.329 51.999 
3.075 30.629 36.043 68.249 4.290 42.963 
3.642 30.709 22.984 65.182 5.012 44.998 
5.873 34.871 49.669 70.394 3.999 39.989 
16.138 43.511 0.736 69.14.1 2.797 38.388 
27.038 47.807 28.180 66.601 0.429 24.759 
42.477 51.441 9.151 60.002 

51.875 52.966 2.502 50.10 

43.255 51.504 1.585 4.7.250 
32.987 49.235 

25.700 47.311 

19.260 44.968 

.11 



252. 

4. 	Na-Zeolon/CO2  

150°C 
V 
-s 

190°c 
V -s 

120C 

-s 

0.091 2.258 3.160 10.001 1.704 2.371 

0.279 4.646 6.020 14.201 3.520 4.105 

0.659 8.216 8.950 17.501 8.104 7.631 
1.865 14.729 19.065 24.696 15.023 11.4.34• 
1.255 12.102 33.064 29.708 30.910 17.113 

3.542 19.755 57.959 35.826 41.682 20.437 
6.874 25.543 44.134 32.911 55.133 23.286 

11.992 30.673 27.977 28.494 35.191 18.670 

9.167 28.001 15.402 22.729 24.364 15.379 
55.069 44.456 12.036 20.289 23.262 14.903 

24.125 36.971 7.460 16.158 18.377 12.892 

41.635 41.899 4.215 11.747 6.113 6.410 

32.155 39•-567 2.029 7.533 
18.301 34.601 1.179 5.080 

0.716 4.207 

0.449 2.656 

0.291 1.830 

••• 

-89°C 	 -89°c 

V 
-s 

V 
-e 

2.829 91.732 33.262 104.721 

12.298 95.873 15.734 96.967 

21.114 97.953 9.203 94.613 

28.605 98.449 6.314 93.513 



253. 

5. 	H-Zeo1orl/CO2  

P 

60°0 

Ys 
P 

30°C 

Ys 

90°C 

P 	V -s 

1.849 2.818 2.717 7.406 0.504 6.412 

4.355 4.481 9.001 12.989 1.934 11.921 

7.524 6.121 12.430 15.479 2.512 13.601 

12.744 8.356 20.760 19.824 6.128 20.305 

1.503 2.502 17.992 18.478 9.271 23.927 

9.938 6.981 22.374 20.927 12.665 27.127 

17.274 9.807 50.372 29.814 18.404 31.299 

27.396 13.002 39.160 26.815 24.352 34.650 

31.081 13.922 24.167 21.987 49.112 43.605 

42.782 16.992 11.834 15.381 31.043 37.776 

55.919 19.506 6.802 11.648 49.745 43.752 

42.877 16.998 1.315 4.964 24.603 34.953 

26.350 13.061 42.001 41.997 

14.801 9.421 

1.181 2.002 

1.001 1.781 

0.698 1.291 

P 

150°C0 

V 
-s 

P 

°c 

V 
-s 

-89°C 

P 	V 
-.5 

2.460 1.001 2.528 25.354 0.201 64.044 

4.030 1.501 7.342 36.731 2.783 97.039 

8.198 2.501 12.683 43.248 9.296 104.966 

12.229 3.201 17.032 46.782 24.113 111.153 

16.306 3.617 22.379 50.295 16.601 108.999 

21.215 4.227 44.067 58.930 32.615 113.463 

40.330 6.845 53.503 61.207 9.201 94.800 

54.791 7.516 35.756 56.185 

28.934 4.699 33.447 55.327 

6.001 2.031 27.901 52.998 

5.012 32.501 



2$4. 

6. Ca-Chabazite/CO2  

190°C 	160°C 	130°C 

P 	V 	P 	V 	P 	V --s 	-s 
	...s 

0.279 10.381 1.447 27.340 1.282 35.610 

0.296 10.881 1.819 28.710 0.598 30.002 

1.023 20.050 2.134 29.630 1.763 37.731 

1.324 21.811 2.606 30.531 4.224 45.279 
3.322 27.840 3.606 32.541 5.033 46.971 

4.038 29.111 4.563 34.100 5.889 48.437 
5.6go 31.180 9.887 41.691 6.778 49.909 
6.358 31.890 12.657 44.045 7.435 51.124 

17.211 38.221 15.624 46.688 16.551 60.822 
22.891 41.181 19.577 48.746 21.788 63.689 

29.498 43.691 22.967 50.274. 27.030 67.530 

39.172 46.220 29.716 54.678 40.753 73.513 

46.914 48.592 39.456 58.551 48.119 75.383 

54.002 49.997 58.011 63.012 27.233 67.586 

_38.929 45.271 51.582 61.921 21.577 64.474 

33.373 44.550 38.111 58.134 16.601 61.249 

24.852 41.902 24.986 52.915 13.721 58.669 

19.232 39.851 15.028 47.226 10.177 55.040 

13.972 36.102 13.801 46.412 6.850 50.329 

7.939 33.001 5.882 37.701 3.846 45.546 
6.466 32.101 0.402 22.121 3.035 43.272 

2.567 25.498 



255 

6. 	Ca-Chabazite/CO2  

P 
30°C 

V P 
70°C 

V -s 

100°C 

P 	 V 
-s 

0.451 39.784 0.441 77.589 0.750 57.278 

0.501 40.621 0.543 78.76o 1.397 64.482 

0.881 45.324 0.773 84..752 1.868 68.172 

1.021 46.277 1.160 89.262 3.055 76.001 

1.088 4.6.873 1.856 95.913 6.275 84.689 

2.013 53.718 2.457 99.024 8.708 89.4.30 

2.492 55.698 3.501 104.805 24..160 102.4.30 

5.262 64..318 5.009 107.298 32.025 106.139 

10.576 72.56o 8.817 112.130 4.0.962 109.843 

16.101 78.527 13.318 114..201 52.264 112.4.90 

19.911 81.336 23.196 117.793 14.500 97.4.01 

26.327 85.721 37.910 120.845 9.141 91.672 

35.164 89.525 55.020 123.021 2.701 73.140 

45.297 93.24.1 30.625 119.761 2.217 69.654 

59.996 97.567 17.777 115.978 0.888 59.261 

43.029 92.001 10.047 112.999 1.085 61.599 

36.154 89.510 6.148 109.158 

28.311 85.341 4..153 105.602 

22.552 83.692 2.928 100.805 

12.890 76.364 2.211 97.84.7 

6.468 66.778 1.339 92.357 

5.935 61.04.0 0.923 86.806 

2.803 57.113 0.611 81.465 

0.4.73 78.76o 



256. 

7. 	Erionite/CO2  

90°0 
P 	V 

-.s P 

120°C 

V 
-.s 

60°0 

P 	V --s 

0.512 11.021 0.250 1.473 0.200 0.574 

0.933 16.773 0.1449 2.107 0.304. 0.840 

1.660 22.206 0.604 3.786 0,871 2.258 

2.871 29.867 1.064 6.464 3.025 6.593 

4.365 35.765 3.421 15.640 4.237 8.701 

6.166 41.308 5.164 20.446 7.817 13.499 

10.840 49.716 12.838 32.227 11.746 17.706 

19.501 57.523 18.780 37.558 16.239 21.238 

25.120 60.639 21.238 39.425 23.258 24.994 
32.210 63.441 37.054 47.432 30.351 28.711 

42.171 66.299 47.496 50.659 38.866 32.092 

59.616 69.081 63.284 54.486 50.462 36.036  

35.481 64.511 49.428 51.495 56.148 37.279 

27.041 61.713 41.555 +9.131 46.258 34.407 

21.731 58.906 32.325 45.647 35.942 30.648 

16.981 56.605 25.686 41.552 28.387 27.132 

13.181 52.338 15.610 35.357 12.910 18.801 

9.817 48.154 7.889 25.917 9.870 15.578 

6.918 43.079 10.336 29.232 5.305 10.297 

4.435 18.532 3.673 7.679 

2.101 10.959 1.)43 2.635 

1.177 7.001 0.618 1.845 

0.901 5.388 

0.552 3.712 

0.283 1.715 

WO ow. am ••• 



257. 

7. 	Erionite/CO2  

30°c 
P 	V -s P 

45°C 

V 
-s 

15000 

P 	V 

0.1)4 0.119 0.153 13.134 2.520 39.902 

3.078 3.149 1.061 37.823 4.868 46.866 

8.4.50 7.558 1.209 39.643 7.704 56.283 

11.968 9.845 4.801 60.565 11.290 60.863 

21.473 14.984 7.575 65.504 22.540 67.968 

28.596 18.089 14.369 71.781 39.253 72.757 

36.663 21.293 18.954 73.824 63.963 77.086 

47.845 24.749 24.037 75.823 51.975 75.710 

57.173 26.616 31.398 77.917 30.228 70.583 

46.443 24.250 37.709 79.457 15.480 64.234 

38.961 21.964 56.038 82.486 3.84.6 46.866 

17.970 13.142 4.5.001 80.511 

5.346 5.198 34.609 78.607 

1.053 1.079 26.774 76.307 

10.502 69.002 

1.999 4.6.023 

P 

••••••=.1. 	 ••• Ow Am ••• 

-89°C 

V 
-s 

5.240 106. 
5.240 106.667 

13.193 109.782 

23.161 111.989 

29.992 121.4.27 

29.745 114.049 

16.968 111.067 

0.261 98.605 

=NI OM Ida Om 



258. 

8. 	NaX/C0
2 

VV 

90°C 

-s 
120°C 

-s 
60°c 

-s 
1.098 4.391 0.467 0.892 0.201 0.138 
1.701 6.453 0.721 1.214 0.402 0.392 
2.536 9.253 0.955 1.541 0.869 0.849 
3.503 11.718 2.869 4.982 1.450 1,267 
4.149 13.767 4.385 7.056 1.790 1.483 
6.627 19.514 6.127 8.891 2.348 1.745 
9.338 25.456 9.101 12.048 5.456 3.554 

11.703 30.378 15.481 18.208 9.262 6.037 
23.2),), 4.6.721 18.753 22.163 14.062 8.801 
29.813 54.626 22.858 25.517 19.408 11.725 
36.485 60.916 27.196 28.929 26.241 15.469 
43.931 67.867 34.874 34.715 38.002 22.711 

52.805 74.308 46.071 43.348 42.175 24.271 
47.133 70.776 58.884 50.521 51.568 29.661 
32.998 58.159 50.696 47.552 55.991 32.998 
27.044 51.587 41.727 40.061 46.850 27.002 
18.001 40.003 33.567 34.929 36.921 21.448 
6.868 19.733 20.066 22.908 33.916 19.330 

2.010 7.491 16.796 20.002 23.521 14.211 
1.502 5.811 11.843 14.855 7.825 4.915 

0.903 3.661 0.852 1.354 4.310 2.995 
0.803 3.303 0.653 1.162 3.002 2.225 

0.702 2.941 0.313 0.651 

0.603 2.563 0.105 0.248 

0.501 2.176 

0.398 1.768 

0.297 1.347 

0.098 0.448 

••••••••• 



8. 	Ng/00
2 

30°C 

P -s
s 	 - 

0°C 150°C 

P 	-S  

0.184 0.119 1.379 13.319 1.628 47.699 

1.042 0.457 3.229 25.714 1.851 51.204 

6.369 2.810 7.054 45.024 4.786 85.024 

10.196 4.382 8.919 52.858 7.703 103.53 

22.008 8.300 10.492 58.191 12.849 116.93 

30.352 11.967 18.278 78.338 27.410 14.8.72 

39.280 15.843 22.530 86.130 61.001 153.09 

49.948 20.689 26.958 92.928 36.492 144.21 

45.201 18.502 31.597 99.133 20.702 130.98 

34.998 14..003 36.447 104.484 

25.902 10.004 45.029 111.516 

15.120 6.618 55.431 118.764. 

3.564 1.774 52.201 115.911 

0.579 0.229 35.543 104.554 

15.003 71.311 

4.315 32.222 

2.101 19.920 

P 

1.0 	••• 

45 °C 

V 
-s 

P 

-89°C 

V -s 

4.015 21.827 0.042 153.919 

7.374 33.980 1.747 199.050 

16.789 55.871 2.751 202.004 

34.505 79.316 12.105 211.150 

41.825 84.697 21.666 214./04 

55.328 93.887 27.289 217.331 

41.671 85.912 29.014. 224.318 

25.544 68.194 1.130 195.845 

18.250 212.310 

259. 



260, 

9. 	CaX/C0
2 

60°C 

V -S  

150°C 

V 
-s 

90°C 

-s 

0.701 7.934 1.086 15.056 0.402 3.015 

5.619 34.610 6.307 22.835 2.958 7.236 

7.852 16.646 11.065 26.944 3.728 8.125 

19.479 22.949 27.510 36.369 9.788 10.319 

29.741 26.605 36.098 40.470 17.116 12.525 

34.101 28.032 57.002 49.350 38.096 17.459 

44-288 31.693 46.754 44.779 68.211 21.548 

53.380 34.186 22.927 33.961 50.899 19.145 

38.806 30.552 19.468 32.120 28.276 15.442 

24.1301 25.002 12.405 27.331 27.204 14.973 

45.713 31.782 0.875 4.371 

29.574 26.604. 

19.168 22.870 

14.899 20.963 -- 
33.786 28.418 

25.284 25.538 

11.422 18.952 

3.613 12.395 
30°C 

P 

0.563 

1.371 

66.457 

17.019 

35.914 

47.413 

63.414. 

26.890 

11.026 

0.346 

•••• •••• 

120°C 

V 
s 

6.886 

8.777 

13.047 

17.056 

21.587 

24.243 

27.329 

19.0h 

0.663 

1.129 

5.826 

8.187 

16.997 

52.313 

35.818 

28.506 

10.174 

2.169 

62.031  

22.268 14.709 
44.869 26.906 

V -s 
17.993 

20.264 

31.260 

36.052 

4 	2 6.47 

87  50.9 

6 6 7.91 

71.818 

56.709 

38.994 

24.121 

-89°C 

29:53: 	1280142:83 5095 

22.778 

V 
-s 

209.986 

207.411 

211.913 

14.994 

5.699 



2 1. 

10. CaA/CO2  

90°C 	60°C 	30°C 

Vs 	P 	V 	Vs  
s 

0.531 

	

0.531 12.487 	3.290 46.101 	0.982 47.445 

	

2.952 24.695 	5.517 55.843 	4.834 78.527 

	

6.871 35.986 	8.037 63.674 9.633 90.817 

	

9.130 40.915 	13.758 74.915 16.641 99.135 

	

12.378 45.837 	17.503 80.140 	21.094 102.499 

	

17.706 53.285 	43.587 98.010 	33.493 108.431 

	

27.925 63.773 	55.868 101.931 	48.310 112.789 

	

35.524 69.711 	26.858 89.112 	58.001 134.852 

	

55.785 80.403 	10.104 67.974 	39.995 110.447 

	

44.329 74.764 	0.906 28.081 	26.463 105.504 

	

33.370 68.006 	 6.027 82.907 

	

24.333 61.143 	 3.188 70.526 

	

23.282 59.359 	 1.937 61.019 

16.233 52.452 

25.103 60.793 

18.760 54..717 

7.383 37.001 

4.006 27.204 

1.288 16.410 

••••••••• 

120°C 	120°C 

V 	P 	V 
-s 	-s 

	

3.835 20.371 	27.575 42.487 

10.219 29.405 44.407 52.189 

	

17.191 36.045 	1.850 15.946 

	

33.559 	46.908 	0.125 	8.708 

	

39.248 	50.197 	0.660 	11.889 

	

56.601 	57.388 



262. 

10. 	CaA(G02 

P 

190°C 
V -s 

-89°C 

V 

150°C 

P 	V -s 

0.300 7.633 3.478 7.034 1.496 145.914 

1.148 9.709 7.664 9.970 10.054 160.191 

9.069 18.988 12.447 12.441 23.921 166.934 

14.228 22.909 26.568 17.859 27.301 167.400 

20.326 26.432 32.017 19.417 15.624 164.487 

28.550 30.607 57.523 25.253 6.330 155.430 

48.187 37.922 44.007 22.385 

62.734 41.211 20.621 16.028 

37.886 33.797 16.465 13.831 

2.853 12.403 0.310 4.356 

0.572 8.349 
0.14.7 7.015 

ONO lm•••• 	 .11,  MOW& 	 ••••••1•111 



263. 

11. 	NaA/CO2  

160°C 

Vs 

130°C 

V 
-s 

190°C 

P 	
-s 

2.713 5.060 3.727 8.648 0.475 4.360 

4.591 5.751 6.027 10.532 0.506 4.681 

6.861 7.502 7.466 11.631 4.508 12.277 

13.109 11.141 8.589 12.496 5.482 14.190 

17.565 12.821 16.813 18.526 6.409 15.816 

22.944 14.871 21.736 21.274 7.592 17.299 

29.969 17.291 27.903 24.524 8.447 18.747 

36.053 18.731 35.936 28.228 20.253 31.392 

44.002 21.989 43.818 30.594 26.496 35.256 

49.994 24.402 54.996 35.876 34.066 38.963 

54.007 22.010 37.818 29.967 50.893 47.980 

32.066 17.001 31.858 27.277 38.605 41.002 

20.380 12.520 14.870 15.889 29.195 36.112 

15.630 10.830 12.577 14.283 25.096 34.252 

11.695 9.240 6.038 9.436 20.161 30.608 

5.454 7.432 1.352 5.553 12.777 23.027 

3.560 6.280 0.463 4.145 7.740 16.693 

2.083 5.003 2.856 9.830 

0.640 3.892 1.236 7.008 

0.592 5.635 

11.101 22.998 

1_.098 24.996 

57.151 50.001 

44.569 44.989 

••••••••••• 	 _ - 



264. 

11. 	a&!CO2  

P 
30°C 

V s  

70°C 

P 	V 

100°C 

P 	 V -s 
0.293 6.780 0.422 39.036 0.850 	22.734 
0.419 7.287 0.585 41.873 1.692 	28.644 

1.876 14.339 0.726 46.024 2.079 	31.001 

2.595 17.74.1 0.968 50.795 6.605 	48.394 
3.198 21.091 1.704 57.304 8.456 	53.042 

4.292 24.090 2.239 60.523 13.199 	59.800 
5.156 26.333 3.508 65.098 26.670 	69.996 

8.596 34.048 5.167 69.104 35.919 	74.401 

11.832 39.423 9.371 75.601 53.701 	80.001 

17.246 45.731 14.119 80,401 46.811 	77.821 
28.294 53.855 23.837 86.501 20.715 	66.301 

43.267 60.615 38.002 92.504 14.599 	59.997 

52.125 63.509 45.640 94.820 4.874 	44.041 

34.360 57.191 61.779 99.001 2.682 	34.952 

26.014 52.022 30.711 89.989 2.385 	33.097 

43.320 60.469 18.395 83.502 0.712 	20.624 

22.251 49.301 10.774 76.648 

13.281 41.033 6.402 70.789 

10.115 36.784 4.160 66.958 -89°C 
4.765 25.363 2.684 62.391 P 	vv 

3.871 23.391 2.034 59.287 2.513 	145.148 
2.237 16.592 1.201 53.704 

5.277 	348.755 
•••••••••• 0.862 48.232 

3.424 	146.299 
0.666 43.625 

13.129 	152.097 
0.527 40.542 

17.507 	153.535 
53.989 97.219 

30.678 	155.965 

23.014 	154.936 

••• ••••• 



265. 

12. 	Carbon (71.03)/CO2  

P 

0°c 

V -s P 

-20°C 

V 
-s 

30°C 

P 	V 
-s 

1.96o 3.509 8.480 26.864 2.324 19.851 

2.86o 4.915 4.107 16.097 3.184 23.978 

3.678 6.178 2.226 10.253 8.651 45.602 

7.226 10.556 1.311 6.783 13.651 59.208 

11.188 14.761 0.239 1.391 21.686 77.614 

15.469 18.944 6.769 22.491 31.503 93.392 

23.974 25.969 11.572 32.358 40.869 106.856 

31.498 31.187 18.740 44.131 52.173 120.214 

39.578 36.377 28.040 56.351 26.374 86.361 

48.993 41.702 37.760 66.992 46.501 113.601 

43.342 38.814 58.748 85.319 36.299 100.597 

35.197 33.702 46.890 75.272 20.887 75.477 

19.202 22.1 ),), 27.155 55.149 15.851 64.701 

1.404 2.682 53.091 80.602 6.311 37.101 

0.591 1.143 31.621 60.601 4.467 29.699 

12.286 18.822 22.909 49.799 

19.489 22.405 16.199 40.197 

56.997 45.500 

26.611 28.003 

21.382 24.011 

8.910 12.701 

13.179 16.920 

IM,M• ONO 



12. 	Carbon (71.3%1/CO2  

-89°C 

V 

-40°C 

P 	VS 

2.810 43.139 0.818 135.621 

8.196 77.584 2.609 200,010 

11.388 91.856 8.442 248.054 

22.413 126.922 13.542 261.038 

31.048 14.5.301 20.929 267.529 

39.629 158.989 27.584 271.937 

47.642 169.859 20.057 267.551 

36.320 154..824 9.758 256.128 

25.551 134.981 4.202 224.103 

15.100 107.090 1.501 176.004. 

53.997 176.297 2.098 193.997 

44.671 166.301 

18.199 115.601 

6.312 67.102 

4.121 52.600 

2.636 39.997 

1.701 29.998 

••••11.1M. 	 _ _ - 
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13. Carbon (58.00)/002  

30°C 
	

0°C 
	 -20°C 

V S 	P V 
-s 

P 	 V 
-s 

3.186 4.659 6.666 20.643 2.959 20.682 

4.805 6.671 3.010 11.917 4.174 26.043 

6.409 8.792 1.716 6.869 8.311 41.840 

10.693 15.165 0.959 4.051 13.053 55.713 

16.840 18.768 0.280 0.816 25.284 84.109 

23.654 24.529 7.386 21.737 36.691 102.862 

30.595 29.691 12.900 32.549 47.493 118.930 

39.995 35.933 18.948 42.395 54.602 127.980 

50.623 42.162 28.167 55.101 42.648 112.857 

43.563 37.961 37.452 66.085 30.802 94.274 

26.526 37.961 40.343 68.659 

26.526 26.888 59.460 84.101 

6.508 9.204 48.010 76.385 

3.924 6.121 26.652 53.040 

2.457 3.890 

1.579 3.032 

0.859 1.145 -89°C 

3.076 

7.702 

10.575 

19.379 

25.645 

30.979 

51.601 

45.224 

35.629 

25.925 

15.050 

--- 

-40°C 

-s 

42.449 

73.319 

87.651 

122.736 

141.224 

154.342 

192.001.  

182.572 

165.4.03 

14.3.168 
105.501 

P  

0.902 

2.867 

8.431 

11.043 

22.817 

29.158 

19.053 

10.068 

4.897 

V 
-s 

143.508 

224.212 

291.699 

307.628 

327.549 

333.375 

325.782 

306.378 

260.099 

111=1...• 



268. 

14. 	0.25N Clinoptilolite/CO2  

60°c 
V 
-s 

90°0 

P 	V 
-s 

30°C 

P 	V 	P 

0.931 26.832 0.879 17.128 0.54-3 10.356 

4.038 35.814 1.640 20.019 1.602 14.436 

8.627 40.319 6.777 29.871 9.269 24.10 

14-.754 43.611 17.036 36.196 15.779 27.878 

23.817 46,565 26.455 39.575 25.297 31.082 

28.433 47.756 49.249 43.678 53.720 36.481 

53.063 51.780 60.001 44.802 4.0.001 34.741 

39.550 49.871 52.802 44.003 29.089 32.081 

44.802 50.799 41.199 42.501 20.402 29.975 

34.199 4.81950 36.816 41.752 33.999 33.020 

2.025 30.870 14.129 34.997 3.090 16.997 

3.981 35.001 11.120 33.339 3.973 18.897 

0.794 15.997 2.876 24.237 2.041 15.001 

0.631 15.297 1.147 6.996 

P 

•••••••en• 

120°C 

V -s P 

155°0 

V 
-s P 

0.010 

-84°C 

V 

0.400 6.006 0.438 4.249 4.362 85.966 

0.990 8.061 2.401 6.001 9.895 90.725 

1.486 9.753 1.599 5.751 21.221 96.556 

4.225 12.619 4.101 9.025 28.884 99.397 

7.355 15.393 6.550 10.751 37.829 101.653 

11.966 18.096 8.901 11.871 48.404 105.466 

11.002 17.4.61 12.749 13.142 42.801 103.101 

8.499 15.087 11.101 12.741 

5.999 14..250 2.788 7.909 

3.102 11.8)1 0 3.303 8.231 

0.580 6.751 1.201 5.001 

1.801 10.003 2.397 6.998 

9.121 16.992 

6.381 14.998 



269. 

15. 	0.5N Clinoytilolite/CO2  

60°c 
V -s F 

90°C 
Vs  

30oc 

P 	V -s 

0.745 15.689 1.232 11.002 0.423 4.819 
7.255 28.588 2.510 14..780 0.721 5.8814. 

16.123 34.439 7.602 21.260 1.482 7.684 

26.285 38.164 12.136 24.081 4.245 11.292 

59.997 4.5.616 17.680 26.701 9.237 15.007 

45.670 43.034 26.654 29.502 15.261 18.035 

34.949 40.592 35.490 31.620 23.025 20.436 

11.381 31.722 61.548 35.731 50.883 25.853 

2.536 22.374 46.426 33.610 38.56o 23.842 

4.010 24.510 54.401 34.741 28.977 21.931 

20.802 36.511 40.791 32.751 40.420 24.002 

39.984 41.721 25.103 21.110 

33.201 40.001 11.966 16.641 

3.802 10.052 

P 

120°C 
Vs 

 155°C 

- Is  

111••••••••1 

-814.oc 

V 

0.800 3.801 0.713 2.130 2.103 79.660 

1.531 5.001 4.075 4.195 8.277 90.849 

2.311 5.978 5.902 5.007 18.562 97.173 

3.402 7.007 8.697 5.836 23.556 99.455 

4.797 7.993 11.892 6.991 30.354 101.551 

8.691 9.992 17.190 8.137 39.106 103.851 

12.245 11.454 7.203 5.503 46.742 105.702 

6.806 9.143 3.696 3.995 

3.072 6.637 

0.987 6.677 

0.415 2.933 



270. 

16. 	IN clinoptilaitp/c02  

VS  P 

90°C 

Is 

30°C 	 60°c 

P 	 V 
-s 

0.605 7.126 3.208 8.555 0.250 2.123 

2.618 13.002 1.301 5.750 1.262 3.729 

7.676 19.161 0.657 4.250 9.604 8.802 

11.748 22.365 9.017 13.501 16.065 11.202 

16.645 25.148 24.691 16.502 24.964 13.559 

29.386 30.299 21.887 19.050 37.904 15.988 

66.037 38.891 26.085 20.401 48.410 17.810 

50.718 35.928 34.825 22.480 50.003 18.039 

38.979 36.079 45.581 24.750 34.671 15.001 

24.001 28.431 50.001 25.702 24.097 12.986 

56.399 37.002 40.199 23.740 13.338 9.993 

60.401 37.70o 4.614 6.289 

2.338 12.998 2.816 4.987 

3.309 14.996 0.509 2.656 

1.265 10.010 

/mom. ••• 11••••••••• 

-84°C 
P V 

-s 

1.245 71.427 

5.032 85.096 

9.506 89.943 

19.004 95.983 

25.077 97.903 

32.003 100.214 

40.940 102.636 



271. 

17. 2N Clinoptilolite/CO2  

30°C 	60°0 	90°C 

P 	V 	P 	V 	P 	V 
--s 	--s 	8 

0.858 4.742 4.499 5.660 0.274 0.707 

2.858 8.862 1.505 2.917 3.893 2.787 

7.313 13.840 0.656 1.691 8.785 4.581 

11.091 16.791 3.927 5.184 13.199 5.929 

29.064 19.339 8.312 8.086 33.543 10.051 

49.499 30.713 16.823 11.821 25.84)1 8.721 

64.454 33.665 28.440 15.488 44.145 11.833 

60.402 33.003 36.851 17.565 52.401 13.003 

38.631 27.948 43.953 19.053 48.402 12.501 

23.602 23.004 56.001 21.702 36.199 10.052 

18.619 20.995 50.050 20.051 28.410 9.121 

15.304 19.339 40.797 18.496 18.979 7.330 

8.709 14.996 21.976 13.501 6.225 3.780 

11.760 17.010 17.380 12.002 0.913 1.201 

5.687 11.994 26.609 14.995 

44.602 29.473 53.211 21.006 

21.020 22.210 33.725 16.991 
elleMIW• 

-84°c 

V 

2.432 77.430 

7.331 88.4.28 

14.576 94.244 

22.155 97.549 

29.033 99.646 

37.055 102.351 

44.001 104.950 

•••••••• 
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