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ABSTRACT  

The sorption of the gases, hydrogen chloride and ammonia, 

and their mixture resulting from the dissociation of vapourized 

ammonium chloride, at temperatures between 200-350°C, has been studied 

in molecular sieve zeolites such as B-Zeolon, NaY and KL. 

The sorption of hydrogen chloride in an ion-exchanged 

zeolite is accompanied by an exchange reaction of part of its cations 

by protons while the chloride salt of the cation is formed. Depending 

upon the silica content of the zeolite, this can cause decomposition 

of its crystal structure. The salt produced from the exchange reaction 

can either remain molecularly dispersed in the crystal cavities or 

migrate outside the crystals. In hydrogen zeolites a reaction of 

hydrogen chloride with the aluminium of the zeolitic framework takes 

place. Due to these reactions, the sorption isotherms of hydrogen 

chloride were irreversible. 

Reversible isotherms of ammonia were obtained in most 

zeolites. The affinity of hydrogen zeolites for ammonia was higher 

than that of ion-exchanged zeolites because of the formation of the 

ammonium-zeolite. 

The sorption of the mixture is governed by the recombination 

reaction of ammonia and hydrogen chloride to form ammonium chloride 

and the sorption of the pure gases. If one of the gases is sorbed 

more strongly than the other, a disproportionation arises in the gas 

and sorbed phases, which decreases with increasing pressure. In an 

ion-exchanged zeolite an exchange reaction of its cations by ammonium 

ions also takes place. All the isotherms showed strong interaction 

between ammonia and. hydrogen chloride. The partial isotherms of 

ammonia and hydrogen chloride were calculated from the isotherms of 

the mixture in most cases. The sorption from the mixture was several 
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times higher than from the pure gases. In view of these findings, 

a mechanism was suggested for the Clark-Steiger preparation of 

ammonium zeolites. 
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1. INTRODUCTION 

1.1 General Introduction 

When a gas or a vapour is allowed to come to equilibrium 

with a solid surface the concentration of the gas molecules is 

greater in the immediate vicinity of the surface than in the gas 

phase. This is due to unbalanced forces to which the atoms at the 

surface of the solid are subject and it is called adsorption. It 

is also possible that a bulk penetration of the gas into the structure 

of the solid may take place; this is governed by a process of 

diffusion and is called absorption. In cases where both the above 

processes take place simultaneously the term sorption is applied. 

The perous solids present a large surface area on which a 

considerable amount of gas may be sorbed. In porous crystals the 

host lattices are often quite rigid and the pores have diameters of 

molecular dimensions. They therefore introduce a selectivity factor 

in the sorption of gases by acting towards mixtures of appropriate 

molecules as perfect molecular sieves(1). When gases or vapours 

are sorbed by porous crystals, they may be regarded as included in 

them. The term "inclusion complex" or "sorption complex" is applied 

to the sorbate-sorbent system. 

Many natural and synthetic zeolites act as molecular sieves 

and form sorption complexes with gases and vapours. Their structure 

and sorption properties have recently been extensively studied in 

these laboratories and elsewhere. The present research extends 

this study to the sorption studies of condensable vapours like 

ammonium chloride. Ammonium chloride in the vapour phase has been 

used for the exchange of sodium ions by ammonium ions in zeolites. 

This method was originated by Clark and Steiger
(2)

. The exact 

mechanism of this exchange is nwt known. The ammonium forms of the 

zeolites are used as intermediates for the preparation of "decationatedP 
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or "decationized" zeolites. Decationated zeolites have received great 

attention lately because of their catalytic activities for certain 

acid catalyzed reactions(5,22).  The study of the system ammonium 

chloride-zeolite gives useful information regarding the mechanism of 

Clark-Steiger reaction and adds to the understanding of the mechanism 

of decationation and the properties of decationated zeolites. 

Another interesting point in the study of the system ammonium 

chloride-zeolite arises from the dissociation of ammonium chloride in 

vapour phase into ammonia and hydrogen chloride. Ammonium chloride 

then, in the vapour phase, behaves as the equimolar mixture of ammonia 

and hydrogen chloride. Therefore, a complete study of the system 

necessitates the study of the systems hydrogen chloride-zeolite and 

ammonia-zeolite. 

Several silicates, covering a wide Si02:A1203  range (2-12.8) 

were used in the study of the system hydrogen chloride-zeolite. Useful 

information about the stability of zeolites to hydrogen chloride and 

its sorption were obtained. The sorption of ammonia on different 

zeolites gave useful information about the nature of the surface cf 

the sorbents. The results of both systems were used as a guide to 

choose the proper zeolites for the system ammonium Chloride-zeolite. 

For the study of this system,hydrogen zeolites and ion-exchanged 

zeolites were employed. In a hydrogen zeolite, besides physical 

sorption, a reaction of ammonia with the zeolite to form the ammonium 

form of the zeolite is possible and in an ion-exchanged form an 

exchange of sodium ions by ammonium ions may take place. The ammonium 

forms of the zeolites, in which only sorption of ammonium. chloride 

can take place, cannot be used because they are not stable at 350°C - 

the temperature at which the zeolites were outgassed. 

From the study of the above or analogous systems, interesting 

information and conclusions can be obtained regarding the nature and 



12 

properties of salt-zeolite sorption complexes and the sorption of gas 

mixtures in which the components exhibit strong interaction, as 

ammonia and hydrogen chloride may be expected to do in the present 

case. 

1.2 The structure and properties of the sorbents 

Chemical composition and crystal structure(4,5) 

All the sorbents used in this research are aluminosilicate 

minerals and belong to the classes of zeolites, feldspars and feld-

spathoids. A number of synthetic zeolites without natural counter-

parts were also used. 

All zeolites have readily exchangeable cations and intra-

orystalline water which can be removed by heat and evacuation. They 

may be given the empirical oxide formula: 

(1411
114)0.A1203.nS102.mH20 

The values of n and m vary. III and Mi  are respectively di- and mono-

valent cations, namely Ca,Sr,Ba,Na,K. The ratio 0AII  Xb0:A1203  is,  

usually unity. The structures are based on (A1,Si)04 tetrahedra 

linked to each of four other tetrahedra by sharing four apical oxygen 
atoms. The (A1,Si)04  tetrahedra form a three dimensional framework 

which carries a negative charge equal to the number of aluminium atoms 

in it. This negative charge is balanced by the positive charge of 

the cations which, together with the water molecules, are present in 

the interstices of the framework. According to an empirical rule by 

W. Lftenstein(6) A104  can be joined to SiO4  tetrahedra only and 
never to another A104. This rules out the possibility of n being 

less than 2 in the oxide formula. In special circumstances discrete 

NaA.102  molecules can be trapped in some of the interstices of the 

framework and may cause apparent anomalies of the composition(7)  . 

However, these molecules are not part of the framework. 



In synthetic zeolites, the cations m and M/  may, in 

addition to those already referred to, bet 

Rb , Cs} and NE4  

or simple orgnnic ions such as 

(CH3)Nilt (011s)2NHI (0113)3Ne and (0113)4e . 

Replacement of AlIII by GEFI 
and  SiIV by  GeIV in the ionic frame- 

work is also possible. In addition, H30+  can replace Na+ by ion - 

exchange. 

In order to illustrate the relation between chemical 

comlosition and crystal structure, a structural formula of the form 

OA-  1140x/n  L(A102)x(Si02)y • 2 1  mH 0 j  

is used where xty,m and n are integers. This applies to one unit 

cell of the zeolite structure, the part in brackets representing the 

framework composition. 

Zeolites are included in the framework silicates together 

with feldspars and feldspathoids. They differ from the feldspars 

and feldspathoids because their sponge-like frameworks have large 

cavities which are interconnected in one, two or three dimensions 

by apertures or "windows", which permit passage of small molecules 

from one cavity to another. They are, in general, more open than 

the feldspars and feldspathoids,being therefore the most important 

members of the family. Because of their greater openness they may 

exhibit to a greater extent the properties of ion-exchange and 

adsorption. Depending on the way of linking of (Al,Si)04  tetrahedra, 

the zeolites are classified as follows: 

(a) Fibrous zeolites: Including natrolite, erionite and 

thomsonite. The linkages of tetrahedra are more 

numerous in (me crystallographic direction than in 

the plane at right angles to it and the minerals have 

fibrous morphology and cleavage. 
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(b) Lamellar zeolites: Including heulandite and stilbite. 

They are characterized by cleavage in plates and their 

structure linkages are more numerous in one plane than 

the direction at right angles to it. 

(0) Three-dimensional zeolites: Including philipsite mordenite, 

chabazite and faujasite. Their framework structures are 

of similar strength in every direction. The zeolites 

belonging to class (c) are often characterized by greater 

thermal stability. 

A more recent attempt to classify the zeolites, based upon their 

framework structures, has been reported by Meier(8)  . 

In the present work, Chabazite and the synthetic zeolites 

Zeolon, Linde A, X, Y, L were used from class (c). From class (b) 

clinoptilolite was used. 

The feldspars have compact structures in which the cations 

are in relatively small cavities and are completely surrounded by 

oxygens of the framework. The cations and the framework are strongly 

inter-dependent so that the cations cannot move easily unless frame-

work bonds are broken(9) and replacement of Na or K by Ca necessarily 

involves a change in the Al:Si ratio. The simplest way of picturing 

their framework is to regard it as consisting of chains of tetrahedra 

parallel to the a-axis (100) cross-linked to adjacent parallel chains 

by shared oxygen atoms either on twofold axis or on reflection 

planes(9). The chains are formed by the superposition of rings of 

four tetrahedra which share some of their vertices and form four-

membered rings; the remaining vertices which project to right and 

left are available for cross-linking between the chains. The distinc-

tion between orthoclase and plagioclase groups arises from the way in 

which this non-rigid framework is held extended by the large cations 

K+ a B 	or allowed to collapse around the small cations Nat, Cam. 
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The feldspathoids have more open structures than the feld-

spars and the cations occupy their interconnected cavities. They may 

have, together with water, inorganic salts or hydroxides -which can 

sometimes be extracted. 

In the present work the synthetic felspathoids, basic 

cancrinite and sodalite and a mixture of feldspars containing 17% 

albite and 82% orthoclase were used. 

The structure of mordenite  

Na-Zeolon is a synthetic form of the natural zeolite 

mordenite. It contains only sodium ions in contrast to the natural 

mineral which contains sodium, potassium and calcium ions. 

The crystal structure of the sodium form of the natural 

mordenite has been determined by Meier(10) 
 . The sample he obtained 

after ion-exchange to the sodium form had a unit cell composition: 

NaeAl88140096.24120 . 

The aluminosilicate framework consists of characteristic chains in 

which 5-membered rings of tetrahedra prevail. Each (11.1,Si)04  

tetrahedron is part of one or more 5-membered rings in the framework 

and the number of 4-, 5-, 6- and 8-membered loops of tetrahedra per 
unit cell are 4, 48, 16 and 16 respectively. It has been shown that 

the most stable loops in silicates are of 5 and 6 tetrahedra(1l) • 
The prevailing number of 5-membered loops in the mordenite structure 

and its high silica content account for its extraordinary stability. 

The mordenite structure contains wide non-intersecting 

Channels, circumscribed by rings of 12 oxygen atoms of the alumino-

silicate framework, running parallel to the axis (001) with free 

diameter of 6.6 	(By "free" diameter we mean not occupied even by 

the peripheries of the framework oxygen atoms.) They open in the 

(010) direction into smaller side channels circumscribed by 8-membered 
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Fig. 1. The main channels in mordenite 

Fig. 2. The small channels in mordenite 



0 
rings having a minimum free diameter of 3.9 A and leading towards 
the next main channel. However, halfway to the next main channel 

each side channel branches through two distorted 8-membered rings 
0 

of 2.8 A minimum free diameter into Lwo similar side channels 

opening into the next main one. A. sodium ion rests at the centre 

of each distorted 8-membered ring. These isolate the main channels 

from one another and leave each main channel lined with rows of 

side pockets. The main channels are shown in fig. 1 and the small 

ones in fig. 2. The positions of the sodium ions in the centre of 

the distorted 8-membered rings account for only half of the eight in 

the unit cell. Meier suggests that the remaining four occupy randomly 

some of the 8- and 12-fold positions available. The structure of 

hydrogen Zeolon is the same as that of Na-Zeolon. Na-Zeolon and 

H-Zeolon used in the present work gave identical X-ray diffraction 

patterns. The samples of Na-Zeolon and H-Zeolon used in this work 

were found by chemical analysis(12)  to have the following composition: 

Na-Zeolon : 0.9Na20. A1203. 9.5S102. 6.2H20 

H-Zeolon : 0.085Na20. 0.91120. A1203. 11.4Si02. 6.43140 . 

The structure of sodalite  

Various zeolites such as Linde A, X and Y and the felds-

pathoid basic sodalite can be conveniently represented in terms of 

secondary building units of polyhedra, appropriately linked and stacked. 

For the above mentioned structures one such building unit is the 

truncated octahedron (cubo-octahedron) shown in fig. 4(a). The 

structure of sodalite can be visualized() by stacking the cubo-

octahedra in 8-fold co-ordination so that a given central cubo-

octahedron shares one of its 8-membered ring faces with one each of 

eight other cubo-octahedra (fig. 3). The cavities have an internal 

free diameter of 
__6
6.6  I and are interconnected with 6-membered rings 

of aperture ca. 	The sample of basic sodalite used had the 



following composition: 

6 [NaA]SiO4) 1•6Na011. 408H20 • 
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Fig. 3. Model structure of sodalite 

The structure of Linde A (3) 

NaA or Linde Sieve A is a synthetic zeolite without natural 
counterpart. Break et a1(13) gave its composition as 

Na20.A1205.2Si02.na20 

although the composition can vary slightly and their actual analysis 

figure for the Si02:A1203  was 1.92. Barrer and Meier(7)  found for 
their sample 1.87 and showed that the excess aluminium in their sample 
was included in the framework as NaA102• 
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In the structure of NaA the cubo-octahedra are linked in a 
cubic array by joining them with cubes on the square faces(13). This 
produces a central truncated oubo-octahedron with an internal cavity 
of 11 .Z in diameter (fig. 4(b)). Each central cavity (termed of-cage) 
is entered through six circular apertures formed by a nearly regular 

0 
ring of eight atoms with a free diameter of 4.2 A. The cavities are 
thus arranged. in a continuous three-dimensional pattern forming a 
system of channels with a maximum diameter of 11 2. and a minimum of 
4 . 2 A. The truncated octahedra themselves enclose a second. set of 
smaller cavities ( -cages or sodril  ite cages). k third. type of 
cavity is the cube formed by joining the square faces of cubo-
octahedra of practically no free volume. In each unit cell of 
zeolite A there axe 12 monovalent cations. Eight of these lie in. 
the centre of the 6 -me rah e re d. rings in the hexagonal faces (referred. 
to as type I) and. four occupy vositions adjacent to the 8-membered 
rings (referred to as type 	 5)• 

The structure of Linde X and. Y 

NaX and NaY or Linde X and. Y are synthetic zeolites; their 
natural counterpart is the zeolite faujasite. The difference in 
chemical composition between X and. Y is that Y is richer in silica. 

The aluminosilicate framework in faujasite, X and Y consists 
of a tetrahedral arrangement of the truncated octahedra, i.e. the 
octahedra are joined. at four of the eight octahedral faces by hexagonal 
prisms. The large cavities in this structure have an elliptical shape 
and. a free diameter of 13 L They are entered by apertures of 
distorted., chair-shaped, 12-membered. rings which have a free diameter 
of 8.0 	A second. type of cavity is the sodalite cage (as in Molecular 
Sieve A) and. a third, the hexagonal prisms formed from twelve (A1,Si)04  
octahedra. A model of the structure of X and Y is shown in fig. 5(a). 



(a) 
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(a) 

 

(b) 	• 

Fig. 4. (a) Truncated octahedron (cubo-octahedron). 
(b) Framework structure of Linde A. 

Fig. 5. (a) Framework structure of faujasite. 
(b) Cavity of chabazite. 

N.B. The diagrams are drawn under different scales 
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The cations in zeolites X and Y occupy three types of 

positions(5). These are: 

type I, in the centre of the hexagonal prisms (16 sites 

per unit cell); 

type II, on the 6-membered rings, the unjoined hexagonal 

faces (32 sites per unit cell); 

type III, on the walls of the channels (48 sites per unit cell). 

Type I and II sites are fully occupied in X and Y. In type III sites 

there are 38 and 8 cations in X and Y respectively. This non-

occupancy of type III sites in Y is the major difference between X 

and Y. The positions of cations is not necessarily the same in 

hydrated and dehydrated zeolites. 

NaX and NaY are synthesized from sodium hydroxide, silica 

and alumina in aqueous solutions. It is possible in the final product 

to have a deficiency of sodium ions and this is balanced by hydronium 

ions. Evidence for the existence of H30+  in the hydrated form of 

NaX was obtained by the occurrence of certain bands in the IR 

spectrum(14). 

The sample of zeolite X used had a Si02:Al2O3  ratio of 2.65. 

The composition of zeolite Y used was found by chemical analysis to 

be: 

nNa20 . Al . 4. 78SiOz. 8.77E120 
with 0.9(n <1. 

Thd structure of chabazite 

In the natural zeolite chabazite one may recognize sheets 

containing hexagonal prism units in which two 6-membered rings are 

united by shared apical oxygen atoms to give the prisms(15). The 

layer sequence is 123123... The cavities so formed are elongated 
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and have free dimensions of 6.6 A and 11 R. These cavities are shown 
in fig. 5(b). The sample of chabazite used was exchanged to the 

sodium form and had the following composition: 

0.96Na20. 0.03001, A1203. 5•0a02. 6.25H20 

The structure of clinoptilolite 

Clinoptilolite is a silica-rich zeolite related to heulan-

dite(16917). Its structure has not yet been completely defined but 

it is believed to be like the structure of heulandite. According to 

Merkle and Slaughter(18) heulandite is monoclinic. Its crystal struc-

ture is characterized by large intersecting channels composed of 12-, 

10- and 8-membered rings open across the mirrors and tied together by 

layers of 6-, 5- and 4-membered ring groups located at heights of 
about and 4  along b. The be crystallographic plane is composed of 

8-membered rings held together by 4- and 6-membered ring groups. The 
ab crystallographic plane is composed of a combination of 8- and 12-

membered rings held by a complex arrangement of 6-, 5- and 4-membered 
groups. The channels formed by the 8- and 12-mmibered rings are 

shown in fig. 6 and those by the 8-membered rings perpendicular to 
be plane in fig. 7. 

The sample of clinoptilolite used was exchanged to the 

sodium form and had the following composition: 

0.91Na20. A1203. 9.3Si02. tH20 

The structure of Molecular Sieve L 

Molecular Sieve L is a synthetic zeolite without natural 

counterpart(19). Its structure was resolved by Barrer and Villiger(20) 

The zeolite was found to be hexagonal with unit cell dimensions 
0 

a . 18.40 A 
0 

c . 7.52 A 

The building units of the aluminosilicate framework are the 11-hedral 



Fig. 6. The 8- and 12-membered channels in heulandite. 

Fig. 7. The 8-membered channels in heulandite 
(perpendicular to be plane) 
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cages found in cancrinite(21) erionite and offretite(23). These 

cages are linked through their 6-membered rings, forming hexagonal 

prisms with the planes of the 6-membered rings normal to the c axis. 

The columns thereby formed are joined by single oxygen bridges which 

are part of the planar 12-membered rings that circumscribe the main 

channels running parallel to the a axis (fig. 8). The channels are 

made by the stacking of sections which are joined top and bottom to 

one another by shared 12-membered ring windows having minimum and 
0 

maximum free diameters of 7.1 and 7.8 A. The main channels are 

connected with each other by a less important two-dimensional 

channel system along the al and a2  axes as well as the enclosed 

mirror plane. The openings are formed by a non-planar 8-membered 

ring with a limiting aperture dimension of 1.5 

Fig. 8. The main channels in Linde L 
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Cations are present in at least four different sites 

denoted A, B, C and D. Site A is located in the middle of the 

hexagonal prism. Site B, in the centre of the cancrinite cavity, 

is fully occupied by K. Site C is located midway between the 

centres of the two adjacent cancrinite cavities and has a fractional 

occupancy of 0.9. Site D is the only cation position found in the 

main channel. The main channels in zeolite L are shown in section 

in fig. 8. 

The sample of zeolite L used in the present work was found 

by chemical analysis to have the following composition: 

0.94K20. 0.06Na20. A1203. 6.01Si02. 4.94° . 

Ion-exchanged and decationated zeolites  

The scrptive and sieve properties of zeolites can be 

modified in different ways. Two of them, relevant to the present 

work, are ion-exchange and decationation. 

A review on crystalline ion-exchangers including zeolites 

is given by Barrer(24). Two different methods for exchange of the 

cations of a zeolite by ammonium ions which have previously been 

employed were used in the present work: 

(a) by equilibration of the zeolite with a concentrated 

solution of ammonium chloride several times, at tempera-

tures between 250C and 100°C; and 

(b) via the vapour phase, by heating the outgassed zeolite 

and ammonium chloride in a sealed glass tube. 

The decationated zeolites have aroused special interest 

since their catalytic properties were reported(22). Decationation 

of a zeolite consists of exchanging part or all its cations with 
ammonium ions and removal of -no ammonia. The methods referred to 
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previously can be used for preparation of the ammonium form. 

Ammonia can be removed by: 

(a) heating the zeolite; 

(b) heating the zeolite under vacuum; or 

(c) heating the zeolite in a stream of oxygen(25)  

In (a) and (b) temperatures between 300°C and 600°C are used. In 

(0) 300-350°C will usually suffice. Hall(26) in a review paper on 
decationated zeolites concluded that the decationation process is 

made up in two steps: 

(a) the decationation step, in which one proton is left in 

the zeolite as an acidic hydroxyl group, for each 

ammonium ion which is decomposed; 

(b) the dehydroxylation step in which water is formed. 

These steps can be followed by IR spectroscopy(27) Step (a) in 

the case of Y seems to be completed at around 300°C. At higher 

temperatures step (b) takes place. The following chemical equations(26)  

can describe steps (a) and (b). 

2 

NH4 
0 	0 
\ - V N 
Al 

or. 	\ 	/ 
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_ 
0 	OH 
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z • 	/ 	N. 
0 	0 	0 
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0 

0 

/ 

'••• 
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/ 
0 

/ 

0 

0 
N 
Al 

0 	0 

0 	0 
\ / 

Si 

0/ \0 

OH 

+ 

Si/  
0/  

0 
\ 
Al 

0 	0 

0 

0 

0 

(a) 

0 + 
Si 

0 

(b) 

0 

H2O + 

Step (a) is reversible (28)  which proves that the hydroxyl acts as a 
Br4nsted acid to a base like ammonia. Step (b) is not reversible. 
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Another method for the creation of decationated sites in zeolites 

was described by Yates(29). This consists of reduction of Cd cations 

by hydrogen. Cd° moves out of the crystal, and hydrogen forms of 

zeolites are formed. In the place of Cd any other reducible cation 

can be used. 

1.3 	The properties of the sorb ates  

The study of sorption of ammonium chloride on zeolites is 

particularly important because of the Clark-Steiger reaction and 

because of the dissociation of ammonium chloride in the vapour phase 

into ammonia and hydrogen chloride. Hydrogen chloride is an interes-

ting sorbate because of its reaction with silicates which is one of 

the main factors determining the nature of the system ammonium 

chloride-meolite (Ch.11  Pt:II)". Ammonia and hydrogen chloride are 
0 

both dipole molecules. Their average molecular radii are117,A and 

2.1 Arespectively. Therefore they can easily be sorbed by the 

zeolites used. Ammonium chloride is dimorphous and crystallizes in 

the cubic system. There is an upper transition point at 184.5°C 

below which the structure is that of Cs01 (8:1) body-centred lattice 

while above this temperature it is that of the NaC1 (6:1) face-

centred lattice. The unit cell contains one molecule of ammonium 

chloride and has an edge length of 3.866 I. Around each nitrogen 

atom the four hydrogen atoms are arranged tetrahedrally and the 

eight equidistant chlorine ions at the corners of a cube. The 

dissociation of ammonium chloride has been the study-subject of 

many investigators. The whole matter has been clarified by the 

work of Rodebush and. Michalek(3o) who showed that when ammonium 

chloride is intensively dried it evaporates very slowly. The methods 

of Dumas and V. Meyer employed by previous werkers(31,32) for vapour 

density measurements cannot therefore be used for ammonium chloride. 

The method they employed was based on the use of a microbalance to 
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measure the buoyancy effect of the vapour on thin-walled tubes. 

The complete dissooiation has also been confirmed by other methods(33) 

The rates of evaporation and condensation of ammonium chloride have 

been studied by Spingler(34). The vapour pressures of ammonium 

chloride at different temperatures(3o) are plotted in fig. 9. 
General information regarding the properties of the sorbates 

can be found in Mellor(35)  or Landolt-B63;nstein(36). Reference will 

be made to the sources from which values for some of their properties 

were taken when discussing the experimental results. 

1.4 Literature survey on sorption of ammonia, hydrogen 

chloride and ammonium chloride on zeolites  

Ammonia has been studied widely as a sorbate on different 

sorbents. It has not been used very much for sorption studies on 

zeolites. Barrer and co-workers have studied briefly the sorption 

of ammonia on chabazite and analcite(37) and on NaX. Barrer and 

Gibbons(38) have studied the sorption of ammonia on nine ion-

exchanged forms of synthetic faujasite. Their study covered a wide 

range of temperatures. Prom the isotherms they obtained, the 

differential heats of sorption were calculated and plotted against 

amount sorbed. Their initial values were influenced by the type of 

cation, this influence being approximately proportional to the 

polarizing power of the cation. Kiselev et al(39) used inter alia 

IR techniques to study the sorption of NB3  and ND3  on NaX. IR 

techniques have also been used by other investigators(26,40) to 

study the sorption of ammonia on decationated forms of the synthetic 

zeolites X and Y. 

Ammonia is a weak base. As such it has been used as a sorbate 

for the study of the surface acidity of certain adsorbents(41/42)  

Pohl and Rebentish(43)  developed a dynsnic method for measurement 

of the surface acidity. By this method the Br,nsted and Lewis acid 
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sites cannot be differentiated.. Stone and Whalley(42) measured. the 
heat of chemisorption of ammonia on various preparations of alumina 
and. on the synthetic zeolite X. They did not find strong acid. sites 
in CaX or NaX comparable to those on silica-alumina or pure alumina. 
Benson et al(44) measured. sorption isotherms of arnonia on a 
decationated Y zeolite over a considerable range of temperatures 
(25-350°C) and. for the pressure range between 10-6 and 100 Torr. 
From these isotherms they calculated isosteric heats and. differential 
entropies at different uptakes. The initial heat of sorption was as 
high as 40 kcal/mole. A comparison of the isosteric heats of ammonia 
on decationated Y was made with the isosteric heats of ammonia on 
silica-alumina gel. They concluded that in the zeolite surface there 
were more acidic sites than on the gel surface. 

Very little has been done on the sorption of hydrogen 
chloride on zeolites. Reyerson and. Bemmels(45)  studied the sorption 
of hydrogen chloride on silica gel. They obtained. reversible and. 
reproducible isotherms. 

Solutions of hydrochloric acid. react with zeolites(46). 
Barrer and White(47) first reported. ion-exchange reactions with dry 
hydrogen chloride gas in basic noseans, sorinlites and cancrinites. 
They also reported. partial decomposition of the silicate after heating 
it at 25000 and they suggested. a possible reaction to explain it. 
Barrer and Brook(48) in their sorption and reactivity studies of 
different alkyl halides in chabazite have found that occluded. 
fluoromethanes (CH115  and. CC1PRH) underwent dehydrofluorination and. 
produced. a breakdown of the chabazite. Weak acids like HtS do not 
seem to affect zeolites. Bering et al(49)  studied. the adsorption 
of 1I2S and. C3He mixtures on NaX. No reaction between I-12S and. zeolite 
was observed.. 
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The decationated zeolites have been studied to some extent since 

their catalytic properties were reported. Most of the work relevant 

to the present research concerns the mechanism of decationation and 

the nature of the surface of the decationated zeolites. Experimental 

techniques used in those studies comprise mainly IR spectroscopy 
(28,50,51) and ammonia, adsorption(44' 28).  Also NMR, ESR and elec- 

trical conductivity measurements were used(22 '52) • 

"Ammonium chloride" vapour has not previously been used 

as a sorbate. Barrer(53) studied the ion-exchange properties of 

analcite, mordenite and chabazite by using different ion-exchange 

methods including that of Clark and Steiger. 

The results of previous investigators, wherever relevant 

to the present research, will be referred to and compared to ours 

in the Discussion. 
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2. THEORETICAL  

Summary of symbols  

The following symbols and thermodynamic functions are 

used in this thesis: 

	

P 	. pressure 

temperature °K 

	

V 	= volume 

	

S 	= entropy 

	

G 	= free energy 

. chemical potential 

energy 

• chemical potential of the pure sorbent 

• a partial molar derivative with respect to n 

	

X 	= integral quantity per mole 

	

X 	= integral quantity in a standard state 

• number of moles 

"1" denotes..sorbate, "A" sorbent and "g" gas 

	

r 	n9  
nA 

	

R 	= ideal gas constant 

	

k 	. Boltzmann constant 

	

H 	enthalpy 
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2.1 The adsorption isotherm 

Adsorption processes may be classified as physical or 

chemical, depending on the nature of the forces involved. Physical 

adsorption - also referred to as van der Waals adsorption - is 

caused by molecular interaction forces. In chemical adsorption or 

chemisorption a transfer of electrons between the sorbent and the 

sorbed molecule or atom occurs. 

The amount of a gas adsorbed on a solid depends on the 

equilibrium pressure p, the temperature T, and also the nature of 

the gas and that of the solid. For a given solid at constant tempera-

ture: 

= f(P)T,gas,solid 	(1) 

If the gas is below its critical temperature i.e. if it is a 

vapour, the alternative form 

x = f(P/130)T9gas,solid 
	 (2) 

is used where pc)  is the saturation vapour pressure of the adsorbate. 

Equations (1) and (2) are expressions of the adsorption isotherm. 

The majority of isotherms resulting from physical adsorption 

so far recorded in the literature belong to one of the five types 

of BET classification(54). These types are shown in fig. 10. 

Besides the five classical types,there are borderline cases which 

are difficult to assign to one type. There is also a considerable 

number of isotherms which do not follow the classification at all 

as, for example,"stepped" isotherms(55). One common characteristic 

of most isotherms is their linearity with pressure at very low 

pressures. This part of the isotherm is often referred to as 

Henry's law region, because of its similarity to the solubility of 

a gas in a liquid. Isotherms rectangular at low pressures indicate 
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strong sorbate-sorbent interaction. Isotherms belonging to types III 

and V are indicative of strong sorbate-sorbate interaction in non-

porous and porous sorbents respectively. 

In the present work isotherms belonging to types I, IV and 

V were obtained. 

Since the isotherms are comparisons of Gibb's free energy, 

they can be used for calculation of the thermodynamic properties of 

the sorbed phase and the sorbent as described in the following section. 

2.2 Thermodynamics of adsorption 

The present understanding of the thermodynamics of physical 

adsorption systems is largely due to the work of Hill(56-58) and 

Everett(59). Reviews of the recent developments of the subject have 

been given by Hill(60) and Everett(61). Thermodynamics may be applied 

to adsorption data using two different methods of approach. 

(i) Solution thermodynamics. The adsorbent-adsorbate system 

is considered as a two-component system in equilibrium with the 

unadsorbed gas. This method of approach leads to partial molar 

thermodynamic quantities. 

(ii) Adsorption thermodynamics. The adsorbed gas is considered 

as a single component system in equilibrium with the unadsorbed gas. 

This approach leads to molar thermodynamic quantities and involves 

the evaluation of an independent variable characteristic of the 
0 sorbent, the spreading pressure (56)  

As some of the experimental results of this work were 

analyzed by the methods of solution thermodynamics (Ch. 3, Pt. II), 

a short outline of the approach will be given here. Using(6o)  the 

standard methods of solution thermodynamics we can write: 



dE = TdS - PdV + Fidni + 

dG = -SdT + VdP + padni + AA A 

where P is the hydrostatic pressure exerted by a hypothetical inert 

gas plus the sorbate gas pressure. Since 

112. = 111(T,P9r) 

+ (-1-) dr kn) iT,rdP 	br—TyP 

Also 

"811 
and (ut)

TI
r  ZT Ppr 

Substitution of these quantities in equation (5) yields: 

'6)3.1  
)T  dr VidP + 

For the gas we have the wall-}mown expression: 

diag  ZedT + 5gdp 

At equilibrium between gus and the condensed. phase 

= 
Tg 

so that 

+ 7ildP 	( 1)T9P  dr= 	af 	dP r  

Under ordinary conditions P=p and we have for constant r- 

36 

(3)  

(4)  

(5)  

(6)  

(7)  

(8)  
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(9) 

Using the usual approximations of a perfect gas and Vg 	we 

obtain: 
,..# 	_ 	ip., 	- 
S 	- S 	II g  - E[1 g i • = 	. qst  ----- 

RT 	RT2 	RT2  

Hg  H1  = 	qst is the isosteric heat of sorption. 

Isosteric heat of sorption 

The Clausius-Clapeyron equation (10) maybe used in the 

following two ways to calculate isosteric heats from the experimental 

isotherm data. 

(±) Plots of log p vs amount sorbed can be drawn for a number 
of isotherms. From these plots, log 236  corresponding to 

P2 
temperatures T1  and T2 for a given amount sorbed can be 

obtained. Isosteric heat is then calculated from the 
integrated farm of equation (10). 

T T 
cist 2.303R 1  log ="-' 	1.'4' 2

2, 	
VJ. 

In order to obtain reliable results, as many pairs of 

isotherms as possible must be used for evaluation of '1st' 
since qst  can be temperature dependent. 

(ii) Equation (10) can be written in the form: 

0a) 
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In this case, a plot of log p vs 1/T is necessary for 

every uptake for evaluation of qst. The slope of this 

plot (if it is a straight line) or the tangent (if it 

is a curve) is equal to: 

'1st  
2.3038 

Entropy of adsorption 

From equation (10) we obtain the entropy of sorption 

- 	&if 11S S
g 	T 

The molar entropy of the gas Sg at pressure p referred to the 

standard entropy Sig at a standard pressure p°  is given by 

Sg S
g 
 = S

g 
 + RIn 

From equations (11) and (12) we obtain 

SI  = Sig, + Rnl P0  ÷ 6111-  

The standard pressure for a gas is usually taken to be 1 atm. If a 

correction for non-ideality of the gas is applied, a term ap is 

subtracted from the above expression for 71, where approximately 

27RT3  
a . 

	

	° and Pc and Tc are respectively the critical pressure and 
32Poe 

temperature of the gas. No correction was necessary for the values 

of entropies calculated in this work. 

(U) 

(12)  

(13)  



Hnl f' standard entropy of sorption  

From equation (13) we obtain: 

	

- - p 	 g 

	

13- 	T 

This entropy, referred to a standsTd state of the gaseous sorbate, 

was found by- Barrer and Sutherland(62) to be independent of tempera-

ture. On differentiating equation (14) with respect to T and if Aril  

is independent of temperature we obtain: 

  

S8' 
T T x 

The temperature invariance of .d51, also described as the half  

standard entropy of sorption,can be used for extrapolation purposes. 

Integral thermodynamic quantities 

Integral or molar thermodynamic quantities X can be obtained 

by graphical integration of the corresponding differential quantities 

X vs amount adsorbed. Thus for the integral heat of sorption we have: 

-o 

The other integral quantities can be obtained in a similar way. 

Thermodynamic properties of the sorbent(63) 

If we consider ni moles of sorbate and nA  moles of sorbent 

as a solution at constant temperature T, the Gibbs-Duhem relationship 

gives 

nidpi f nAd FZA  = Vdp 	(15) 

39 
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If N1  and NA  are the mole fractions of sorbate and sorbent respec-

tively and Vx  the volume of the mixed mole, 

n 	nA , NA  - 	V, . 
nitnA 	ni+ri

A , 
V 

nvionA 

On substituting these quantities in equation (15) we obtain: 

Nidpi (1-N1)dpA  = Vxdp 

and on rearrangement 

Vx  dp N d,FA  1-N1 1-N1 

At equilibrium 

d 	g, 

and by assuming ideality 

d p g  = RTdlnp 

If we substitute in equation (17) and integrate, assuming that there 
is no expansion of the zeolite lattice on sorption, we obtain: 

(16)  

(17)  

A RA  V 	MRT f x 
- NA = g

0  
(18) 

where x = amount sorbed in gig of outgassed sorbent 

m = molecular weight of sorbate 

VM  = molecular volume of a lattice-forming unit of 

molecular weight M. 

The first term of equation (18) is normally negligible; the second 

term is evaluated graphically from isotherm data (from a plot of —  vs p). 
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From the Gibbs-Helmholtz relationship we have 

and 

(PA -  110A)  = 
a T (7A.  -71,0) = - &NA (19) 

//A 
x 	aiA-11oA)  

From equations (19) and (2C) the entropy and enthalpy changes of the 
sorbent on sorption can be found. 

2.3 Physical models of the sorbed phase 

Numerous attempts have been made to fit mathematical 

expreasions to experimentally determined isotherms. The earliest 

equations were entirely empirical. Later theories based upon physical 

pictures of sorption have been more successful. Everett(59,61) has 

shown that the fact that a particular physical theory of adsorption 

leads to an adsorption isotherm which is observed experimentally is 

no evidence for the correctness of the model, A complete theory 

must not only yield the'correct form for the free energy (i.e. repro-

duce the isotherm) of the system, but must also account for the 

entropy and the energy of the adsorbed phase. 

The experimental determination of the thermodynamic 

properties of the sorbent-sorbate system followed by attempts to 

interpret these properties in terms of limiting isotherm models has 

recently been the aim of several investigations (e.g. 6465 101 66) • 
Some of the isotherm models will be described shortly in this section. 

Localized sorption without interaction (Langmuirls isotherm)  

In an ideal localized model of intracrystalline sorption, 

the molecules are assumed to be sorbed on a three-dimensional array 

as. 
631A 
T2  (2o) 
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of energetically homogeneous sites with no interactions between 

neighbouring molecules. The equation describing localized sorption 

without interaction was originally derived by Langmuir
(67) 

who was 

the first to develop a kinetic approach to sorption using models of 

sorption and desorption processes. The model he introduced was 

limited to an ideal localized monolayer9  i.e. a single _Layer of non-

interaoting molecules on fixed sites of equal energy. In the original 

kinetic derivation the adsorbed layer is regarded as in dynamic 

equilibrium with the gas phase. If A is the fraction of sites occupied 

at an equilibrium pressure p9  the equilibrium constant K, is given by: 

K 	 p(1-9)  
The same relation has also been derived by thermodynamic oonsiderA-

tions(68) and is independent of the kinetic mechanism originally 

assumed by Langmuir. Young and Crowell(69) review the analogues of 

Langmuir' s equation. 

Localized sorption with interaction 

The model is that of the ideal localized monolayer with the 

further assumption that each molecule interacts with its nearest 

neighbouring molecules. The effect of interactions between nearest 

neighbouring molecules in a localized system has been considered by 

numerous workers. The equation obtained by Lacher(7o) has the form: 

z 
f 	-9)  1 K 	 

p (1-9) L p +1-20 

where z is the number of the nearest neighbours of any site and 	is 

given by 

= [1-49(1-9) [1-exp(-2wizkT)] J 2  
2w/z is the interaction energy between two adjacent molecules and it 

is negative for attractive interactions. 
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Mobile sorption, sorbate obeys Volmer equation of state  

Volmer(71) regarded the sorbed film as two-dimensional gas 

in which he introduced a finite "co-area" (analogous to the volume 

correction in the three-dimensional van der Wasis equation) for each 

molecule. However, he neglected the possibility of mutual interaction 

between sorbed molecules. The equation that can be derived(59'72)  

from Volmer's equation of state has the form: 

p = Kexp 
1-A 

Mobile sorption, sorbate obeys van der Weals equation of state  

Hill(72) assumed that the adsorbed film obeys a two-

dimensional van der Wnsis equation of state, i.e. the adsorbed mole-

cules have a finite "co-area" and exhibit mutual interactions. The 

isotherm equation he derived from this equation of state was 

A p =K1 	
exp (1_44 -048) 

where cpc is a constant depending upon the temperature and the constants 

of the three-dimensional van der Waals equation (see p. 139). 

2.4 General isotherm equations 

Van't Hoff isotherm 

The Vantt Hoff isotherm is given by: 

- RT1n a  (—s) + RT1n --- 
as 
a 

g eq. 
(21) 

where "a" denotes activity, "s" denotes the sorbed phase, "g" the 

gaseous phase and "eq" the equilibrium condition. as  and ag  are 

arbitrary activities; 6G is the free energy for isothermal and 

reversible transfer of a mole of gas from an infinite amount of gas 
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of activity ag  to an infinite amount of sorbent in which the activity 

of the sorbate is as. 

If the sorbate is in its standard state in the gas phase 

and in the sorbent, then ag=1 and as= 1. Therefore 

DG= 6C-0  .-,_ 
a 

-RT1n(-E.) 	-RT1nK 
S  eq 

(22) 

It follows that 

( Go) 

7b T 	= 

and that 

6eGo 	(23) So 	RlnK + RT 	_ 
T 

6Go) 6110 
T \ T 	= 

The equilibrium constant is given by 

K =  
ageq 

and for the gas phase ag=ap9  so that the gaseous standard state is 

one where p =1 (where p is measured in atms). In the sorbed phase 

as = csu El 
	 (26) 

where cs  denotes concentration and ()' s  the activity coefficient. In 

the standard state es 	= 1 = as. cs  can be expressed as the number 

of moles of sorbate per 1 litre of sorbent-sorbate mixture. 

Osmotic pressure and empirical isotherm equations  

If the sorbent-sorbate system is regarded as a solution 

(solution thermodynamics) the change in the chemical potential of the 

sorbent during sorption is given by equation (18) 

(24)  

(25)  



rP 
It 1.1A 	dp - Mm_ T

p
p ap  

j0 	 0 

Also we can write(101)  

Vdp 	p.A  
0 

where 	is the tension that would have to be applied to the sorbate - 

free crystals to reduce their chemical potential to that of the host 

crystals when sorption has taken place, or Ft is the hydrostatic 

pressure which would need to be applied to the sorbent-sorbate solution 

to raise the chemical potential of the zeolite to that of the sorbate - 

free crystals. Thus fl is the equivalent of the osmotic pressure. 

Since the first term of the right hand side of equation (27) is 

negligible (p. 40), combination of this equation with equation (28) 

yields: 

la 31A 	Thv 	RTNI  f dP 

or 

It 	a (P  x 
p ap 

RT0s mc r s  
-0 

where e  	is the density of the outgassed zeolite. 

The curves It can be represented by the equation RTcs  

YT . 1 + Alcs  + A21 + 	(31) 

45 

(27)  

(28)  

(29)  

(30)  

RTcs  

This equation can be used to derive the corresponding empirical 
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isotherm. From equations (31) and (30): 

or 

1 + Ales  + A2og • • • 
e c dp mc 
s JPo 

(32) 

cs  + Aao: + A2o2 + • • • 

0 
ca ciP  (33) 

and the isotherm equation is: 

	

p = KC:sexp (2A1cs  + 3/2 A2O: + ...) 
	

(34) 

or 

cs  
K 	exp (2Alos  + 3/2 A2c: + ...) 	(35) 

Equation (31) has been used(38,66)  to calculate the coefficients 
It Al, 	Expressions for the osmotic ratio 	can be obtained RTcs  

from different isotherm models. The values obtained from these 

expressions can be compared with the experimental ones and the osmotic 

ratio can be used as a test for isotherm models. 

From equations (25), (26) and (35) it follows that 

	

Xs  = exp (2Alcs  + 3/2 Ae4 + ...) 	(36) 

cs 
and for small enough c 	vs 	s 	1 9  K = p and is the Henry's law 

constant. The state of unit activity, as, is one where 

as = cs s = cs exp (ales  + 3/2 A2cg + ...) t. 1 
	

(37) 

and cannot be determined from equation (37) without knowing Al, A2, •••-• 

which in turn require the isotherm to be known outside the Henry's 
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laxiregion (inwhich,
71

.1). According to this treatment, the ATOB  

standard state will vary from one sorbate to another, while for a 

given sorbate it will also vary with the temperature. In this scale 

of activities, just as in ordinary solutions, 6s  --40-1 as es  becomes 

small, and in this range cs  = as. In Part II the above argument will 

be used to evaluate the coefficients Al, Ae, ... and calculate the 

thermodynamic properties of the sorbed phase in the standard state. 

Activity coefficients will be calculated from the experimental results 

and compared with those calculated from different isotherm models 

(ch. 3). The argument will also be extended for sorption from a 

mixture of two gases and the coefficients A11 and A22 of the pure 

components and the cross-coefficient Al2 will be evaluated (ch. 4). 

2.5 Physical adsorption forces 

Since physical adsorption results from interatomic or 

intermolecular interaction, the forces which contribute to the inter-

action of physically adsorbed molecules are the same as those involved 

in any other interatomic or intermolecular interaction phenomenon. 

The most frequently encountered physical interaction forces are: 

(i) Dispersion forces. 

(ii) Close-range repulsion forces. 

(iii) Polarization forces. 

(iv) Field-dipole interaction. 

(v) Fieldr.quadrupole interaction. 

The forces that contribute most in the interaction of sorbed ammonia 

or hydrogen chloride with the zeolite are (i), (ii), (iii) and (iv). 

Dispersion foroes arise from the rapidly fluctuating electron 

density in one atom, which induces a corresponding electrical moment 

in a near neighbour and so leads to attraction between the atoms. The 

potential energy ED  of two isolated atoms separated by a distance r is 



48  

given by 

ED = - 
where C is a constant and the negative sign shows attraction. 

When the electron clouds of two atoms overlap sufficiently, 

repulsion forces arise. The interaction due to repulsion forces can 

be described empirically by an equation of the form 

ER = Br-m  

where B is a constant and 9 < m <14. The value 12 for m is the 

most commonly used. Two important properties of dispersion and 

repulsion forces are that they are nearly additive and temperature 

independent. 

Polarization forces arise when the sorbent is heteropolar 

(e.g. composed of positive and negative ions) so that there are local 

electrostatic fields F which polarize the sorbate of polarizability oaf.. 

The energy of interaction then is: 

Ep 	1  DI F2  

The local field F also interacts with molecules possessing permanent 

dipole monents. The energy of interaction for a point dipole of 

dipole moment yi having its axis oriented at an angle 0 to the local 

field direction is: 

EF  = - Ft cos Q  

The local field F of a heteropolar or ionic surface will normally have 

an associated field grarlient F which can interact powerfully with 

molecules possessing permanent quadrupole moments, e.g. CO2. Dipole-

quadrupole and quadrupole-quadrupole, although usually small, may also 

contribute a little to the bond energy. 
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Among the above-mentioned forces of physical interaction, • 

dispersion and repulsion are found universally although their magni-

tudes may vary according to the local environment in the sorbent. 

The contribution of the other forces to the physical adsorption energy 

can vary depending upon the nature of the sorbent and sorbate. Barrer 

and co-workers(65'36'73) have calculated the energy of inclusion of 

certain gases in synthetic zeolites by summing the theoretical energy 

contributions due to the different interactions of the sorbed molecules 

with the atoms of the lattice. The values of the inclusion energies 

thus obtained were in fair agreement with the experimental values. 
The role of the different physical interactions in respect to the 

specificity in physical sorption has been discussed by Barrer(74)• 

2.6 Sorption hysteresis  

The phenomenon of hysteresis in sorption is not rare. In 

many cases isotherms have been recorded. possessing hysteresis loops, 

the lower branch of which represents measurements obtained by progres-

sive addition of sorbate to the system and the upper branch by progres-
sive removal. 

Most of the theories of sorption hysteresis, especially in 

macroporous sorbents(75) are based on or related to capillary condensa-

tion. These theories in connection with the surface area and porosity 

of the sorbents have recently been reviewed by Gregg and Sing(76)  

Since the zeolites are microporous sorbents, these theories cannot 

be considered in sorption in zeolites. 

Barrer(77)  proposed that hysteresis phenomena may be attribu-

ted to the need to nucleate a second phase of host crystal and guest 

molecules on or in a parent phase. When a germ-nucleus of the new 

phase forms on or in a matrix of the parent phase, then two additional 

positive free energy terms are involved associated with surface free 
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energy and with strain. The nucleus will not grow until the sorbate 

pressure is in excess of the pressure at the point of the true thermo-

dynamic equilibrium. By similar considerations, the reversal to the 

original phase on desorption is delayed beyond the thermodynamic 

equilibrium point and so hysteresis results. 

A more general theory attempting to correlate the behaviour 
of all systems exhibiting hysteresis was proposed by Everett and 

lhitton(78). Hysteresis is attributed to a large number of independent 

domains each able to exist in at least two physical states. The expan-

sion of the independent-domain theory together with theories on 
3 

hysterlis has recently been given by,Everett(79) in a review of the 

subject. 
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3. EXPERIMENTAL 

3.1 Introduction 

The study of sorption equilibria involving ammonia or 

hydrogen. Chloride at temperatures between 200°C and 350°C does not 

present significant practical problems and a conventional gravimetric 

sorption apparatus was used (sorption system 2). On the other hand, 

for the study of sorption of"ammonium chloride" 'vapour a number of 

practical problems is involved. The lower limit for isotherm 

measurement, set by the temperature at which 2.4craHg of vapour 

pressure is attainable, is 230°C. This temperature prevents the 

measurement of pressure with a simple mercury manometer and the MO 

of tap grease in the apparatus. 

These problems were overcome by Barrer and Wasilewski(80)  

who designed an all-sealed gravimetric apparatus for the study of 

adsorption of reactive, condensable vapours at temperatures up to 

35000 and in the pressure range 0.1 - 760 waflg. This apparatus 

(sorption system 1) was used with a few modifications for all ammonium 

chloride-zeolite isotherms. 

At these high temperatures it is very difficult to maintain 

uniform temperature throughout a considerable volume. As no fluid 

stable for long periods at 350°C, and therefore suitable for a 

constant temperature bath, was available, electrically heated tubular 

furnaces were used. The errors arising from temperature gradients in 

the furnaces were eliminated as much as possible by calibrating all 

the measuring devices, i.e. silica springs and spiral gauges, under 

conditions as similar as possible to those used during isotherm 

measurements. The furnaces were of large heat capacity to assist 

thermal stability. In sorption system 1 at least 12 hours were 

required to re-establish thermal equilibrium after a considerable 

change in settings. 
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Silicone oil baths for temperatures up to 220°C were used 

wherever possible (e.g. in hydrogen chloride-silicate stability 

experiments). 

Chemical analysis, thermogravimetric analysis and X-ray 

photography were used to obtain information concerning structural 

changes in the samples after sorption or ion-exchange experiments. 

After the run was completed,the samples were usually washed with 

distilled water and the testsfor chlorides and aluminium were carried 

out on the filtrate. X-ray photographs were taken of starting 

materials at various stages during the experiments and, finally, 

after a series of experiments had been completed. Moreover, the 

amount of decomposition of crystalline zeolites in certain cases was 

estimated by using the powder method, 

3.2 The sorbents 

Two forms of silicates were used: 

Na and K+ exchanged forms. 

Decation.ated zoolites. 

All samples were washed with distilled water before they 

were used. Prolonged washing was avoided to minimize hydrolysis of 

the zeolite. Before samples were analyzed they were equilibrated 

with water vapour in a dessicator containing saturated aqueous 

ammonium chloride for at least a week. 

The synthetic Molecular Sieves A, X, L and Y were supplied 

by Linde Air Products Ltd., as fine powders. A, X and Y were supplied 

and used in their Na form. L was supplied in its mixed K+ and. Na 
form. It was exchanged to the K+ form by shaking it with a saturated 

solution of potassium chloride at room temperature for 12 hours. This 

treatment was repeated; the zeolite was filtered and washed free from 

chlorides. By this treatment a zeolite was obtained which contained 

98% of its total cation capacity as K. 
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The synthetic zeolite mordenite was obtained from Norton Co. 

The Na form of ferrierite was prepared by exchangingSr++  

with Nat by treating the Sr form with a 20% solution of sodium chloride 

at 50°C for 4 hours, four times. The Sr form was synthesized and 
supplied by Dr J.A. Lee. 

Na-clinoptilolite was kindly supplied by Dr B. Coughlan of 

these laboratories. 

A mixture of feldspars containing 17% albite and 82% 
orthoclase was used, supplied by Dr D.E.W. Vaughan. 

Na forms of basic synthetic sodalite and cancrinite were 

synthesized in these laboratories and were supplied by Mr J. Cole. 

Na-chabazite was supplied by Dr J.A. Davies. 

Hydrogen Zeolon - the hydrogen form of synthetic mordenite 

was obtained from Norton Co. and it was used as supplied after washing 

with distilled water. Analysis showed that it contained Na to the 

extent of leo of its total cation capacity. 

Attempts were made to prepare stable hydrogen forms of the 

synthetic zeolites Y and L. Details of the methods used are given 

in Chapter 2 of Part II, where the experimental results are discussed. 

The ammonium forms of the zeolites referred to are not 

stable at temperatures 30000 or 550°C. Some experiments carried 

out during the course of this research confirmed previous findings 

concerning their stability. 

3.3 The sorbates  

Anhydrous ammonia was supplied by I.C.I. in a 100 c.ft. 

cylinder. The ammonia cylinder was connected to the purification 

system by means of a polythene tube. The ends of the polythene tube 

were sealed to the cylinder and the apparatus with Araldite. The 
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main impurity of ammonia being water, the purification system 

consisted of two drying tubes containing ignited Ca0 and NaOH pellets 

respectively. A manometer attached between the cylinder and the 

drying tubes allowed the pressure of ammonia to be measured. 

The storage system consisted of two cold traps and a 

buffer volume of 5 litres and was connected to the sorption system 

and the high vacuum line. The purification and storage system of 

ammonia is shown in fig.it. 

The apparatus was first outgassed as much as the polythene 

tube allowed, and ammonia was admitted slowly, its pressure being 

controlled by the mercury manometer. Then it was passed through the 

drying tubes D1  and D2 and frozen into the trap T1  which was cooled 

with liquid nitrogen. It was further purified by three bulb to bulb 

distillations, the middle fractions being always kept. 

Anhydrous hydrogen chloride was prepared by adding concen-

trated sulphuric acid to concentrated hydrochloric acid in an apparatus 

similar to the anhydrous hydrogen chloride generator described by 

Taniguchi and Janz
(el)

. This apparatus with the storage system is 

shown in fig.l2 and consists of a dropping funnel, a reaction tube, 

a sulphuric acid trap and three drying tubes. 

The required amount of concentrated hydrochloric acid was 

charged through the side arm A into the reaction tube E. Sulphuric 
acid was added by means of the dropping funnel B, its rate being 

controlled by a stopcock. The lower part of the dropper was a 

capillary so that small amounts of sulphuric acid came into contact 
with hydrochloric acid and hazard was avoided. The rate of hydrogen 

chloride production was indicated by the bubbler C containing concen-

trated sulphuric acid which serves for the preliminary drying of 

hydrogen chloride. The three drying tubes were filled with anhydrous 

phosphorus pentoxide, glass beads and glass wool. The first quantity 
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of hydrogen chloride produced was pumped off in order to remove air 

from the apparatus. The next quantity was frozen in one of the traps 

T and further purified by three bulb to bulb distillations, the middle 

fractions being always kept. The spent reaction mixture could easily 

be siphoned from the reaction tube through outlet E by applying gentle 

suction. In order to be sure that no traces of water were present 

dilring the experiments, ammonia (or HCl) was introduced into the 

system by evaporation from the liquified gas. 

Ammonium chloride, AnalaR, was supplied by Hopkins and 

Williams Ltd. and was used without any further purification. It was 

dried in the sorbate reservoir (see fig.13) under high vacuum at 90°C 

for ca 48 hours. 

3.4 Sorption system 1  

The sorption system 1 is shown in figs. 13 and 14. It 

consisted of a wholly enclosed glass balance case (fig.113 ) containing 

a silica spring balance, a spiral gauge and a thermocouple. The 

system was surrounded by three electric furnaces. 

A hook sealed into the top of the balance case supported 

the silica spring. On the lower end of the spring a pyrex bucket 

weighinboa0.2 g was suspended. The sorbent was put in the bucket. 
A long hollow finger running along the balance case allowed the 

thermocouple to be moved. 

Below the bucket containing'the sorbent, a pyrex spiral 

gauge was sealed so that the inside of the spiral had direct contact 

with the vapour in the balance case. The outside surface of the 

spiral was in contact with nitrogen gas. The pressure of the nitrogen 

could be regulated by means of a reduction valve and was measured 

by a U-shaped mercury manometer from outside the system through a 

connecting tube. A mirror attached to the end of the spiral gauge 
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_ FiR. 14  
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reflected a beam of light on to a scale and allowed any movement of 

the spring to be recorded. The reflection of another mirror fixed 

permanently on the balance case near that attached to the gauge was 

used as a reference point. Small pressure differences across the 

spiral applied for a short time (e.g. when the sorbate pressure is 

being changed) had no effect on the spiral gauge. But big differences 

applied for a long time caused deformation which was slow to recover. 

To avoid any deformation and so drifts of the zero pressure indication, 

the pressure on both sides of the spiral was kept as similar as 

possible. When the sample was outgassed, care was taken that both 

sides of the spiral were evacuated. 

The sorbate was outgassed in a special reservoir under 

high vacuum. The reservoir was sealed to the bottom of the balance 

case. Sorbate vapour could be allowed to the balance case by breaking 

a break seal with a magnetic hammer. 

The temperature was measured by means of a chromel-alumel 

thermocouple always placed opposite the bucket. This was found to 

record temperature more reliably than a platinum resistance thermo-

meter several inches long(84  

The balance case was connected to the vacuum line through 

a side arm. A constriction made near the balance case helped to 

seal off the side arm and isolate the balance case when the sample 

was outgassed completely. When the run was finished, the system 

could be opened by breaking a small side arm attached to the sorbate 

reservoir. This small side arm was covered with a rubber tube closed 

by a screw clip and then broken. Air could be let into the system 

slowly. 

Heat was supplied by three furnaces, the main furnace, the 

small furnace and the junction furnace. The main furnace heated the 

upper part of the balance case containing the sorbent. The small 
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furnace heated the sorbate reservoir. The temperature of the sorbate 

reservoir determined the vapour pressure of the sorbate. The tempera-

ture of the furnace necessary for a certain sorbate pressure was 

adjusted from the vapour pressure vs temperature curve of the sorbate. 

Both the main and small furnaces were mounted on vertical 

steel rails. This preserved their alignment and allowed them to move 

easily to and from the balance case as required. Five quartz windows 

fitted on the main furnace allowed measurements of the spring length 

and observations of the mirror attached to the spiral gauge. 

The junction furnace consisted of two semicircular segments 

fitting round the junction of the tubular furnaces. The tubes 

connecting the balance case to the vacuum system passed through a 

hole formed by slots cut in the main and small furnace and the two 

parts of the junction furnace. 

Two insulated heating windings were in each of the tubular 

furnaces. Most of the heat was supplied by the outer winding while 

the inner one - the resistance of which was higher - allowed the 

sensitive control of heat input. The two parts of the junction 

furnace had only a single winding. Power was supplied to the furnace 

system via a constant voltage regulator and 2 kW variacs. The main 

windings (outer) were supplied directly by the variacs. The auxiliary 

(inner) windings were fed via an electronic controller. In each 

tubular furnace there was a platinum resistance thermometer used as 

a temperature controlling device. The controlling circuit was a 

Wheatstone bridge one arm of which was the platinum resistance thermo-

meter. The other three arms were the compensating leads of the 

thermometer, a fixed resistance and a decade box. The out-of-balance 

current from the bridge was amplified in the controller and used to 

operate a switch. The switch closed or opened when the resistance 

of the Pt resistance thermometer was lower or higher than the resis-

tance of the decade box, respectively. When the switch was open 



62.  

current flowed through aresistance connected across the switch to 

the auxiliary winding and the power input was low. When the switch 

was closed, current flowed directly and the input was high. In this 

way the furnace temperature could be kept constant at a level deter-

mined by the resistance of the decade box. The settings of the 

decade boxes resistances necessary to maintain a certain temperature 
were determined by trial during a run. 

The balance case was supported by a stainless steel tube 

mounted on a cast iron base. This tube was concentric with the 

furnaces and slots cut at appropriate positions allowed access to 

the balance case for observations and adjustments. The space between 

the balance case and the furnaces was filled with asbestos wool. 

Care was taken to avoid obscuring the windows. The same amount of 

asbestos wool was used in every run as it was found to be important 

for the temperature gra-Cents in the furnace system. 

3.5 Sorption system 2 

The sorption system 2, which was simpler than the sorption 

system 1, is shown in fig. 15. It consisted of a glass balance case 

surrounded by an electric furnace and connected to a U-shaped mercury 

manometer, the gas storage reservoir, and a thermocouple. 

A glass hook sealed into, the top of the balance case 

supported the silica spring, at the lower end of which there was a 

pyrex bucket weighing ca 0.2 g and containing the sorbent. A glass 

hollow finger along the balance case allowed the thermocouple to be 

moved. 

One and of the mercury manometer was connected to the high 

vacuum line and the other to the balance case and the gas reservoir. 

The sorbate pressure was measured as the difference in the height of 

mercury in the two limbs of the manometer. The two ends of the spring 

and the level of the mercury in the manometer were read by a catheto-

meter. 
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The heat was supplied by a round electric furnace of total 

resistance 80 Ohms at room temperature. It was made from a pyrex 

cylinder 5.8 cm in internal diameter and 70 cm long. The cylinder 

was covered with two layers of asbestos paper 0.1 cm thick and 

nichrome resistance wire of specific resistance 5.3 Ohms/m was wound 
on it, each coil being about 0.8 cm apart. It was then covered with 

eight layers of asbestos paper. Four windows cut on the asbestos 

paper allowed the two ends of the spring to be read. Power was 

supplied by a constant voltage regulator via a 2 kW variac which 

was manually controlled. The power input required for every tempera-

ture was found from the "furnace calibration" curve, i.e. temperature 

vs voltage. The furnace was constructed in such a way that maximum 

temperature (i.e. 350°C) was attained with maximum voltage (i.e. 

260 volts) in order to minimize the effect of small voltage changes 

on the furnace temperature. Provided that the room temperature was 

constant, the furnace temperature could be held constant to 0.5-1.0°C 

depending on the temperature. The temperature was measured by means 

of a calibrated thermocouple. 

3.6 Apparatus for hydrogen chloride-silicate stability experiments  

The apparatus used for the study of the stability of 

silicates when exposed to anhydrous hydrogen chloride is shown in 

fig. 116. The zeolite was put in a small pyrex bulb. Five bulbs 

were sealed to a U-shaped pyrex tube closed at one end and connected 

to the vacuum line and EIC1 reservoir, through a mercury manometer, 

from the other. The samples were outgassed at 350°C under high 

vacuum for 30 hours. Hydrogen chloride was admitted, its pressure 

being measured by means of the mercury manometer, and left for 18 

hours. The samples were outgassed at the experimental temperature 

for 24 hours. For temperatures up to 22000 a silicone oil bath was 

used. This was made from two pyrex beakers, the inner having a 

volume of 1 litre and the outer of 2 litres. The 1 litre beaker 
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was covered with two layers of asbestos paper and resistance wire 

(24 Ohms/y) was wound round it. It was covered with asbestos paper 

again and put in the 2 litre beaker. Power was supplied from a 

constant voltage regulator through a variac. The temperature was 

controlled by means of a bimetallic spiral connected to a Sunvic 

relay and a 15 W lamp used as indicator and heater. For temperatures 

up to 150oC mercury thermometers accurate to 0.1o0 were used. for 

temperature measurement; for higher temperatures chromel-alumel 

thermocouples were used. For temperatures higher than 220°C a small 

round electric furnace was used. This was fed through a variac and 

was manually controlled. _Lquartz bulb was used for the experiments 

carried out at temperatures above 350°C. 

3.7 The Vacuum System 

The vacuum system is shown diagrammatically in fig. 17. 

Low vacuum was achieved by means of a rotary oil pump (R). The 

mercury diffusion pump (D) was used to produce high vacuum of about 

10-6  mmHg. The oil trap (T) prevented oil from entering the diffusion 

pump in the event of power failure. The diffusion pump could be run 

for long periods without the backing of the oil pump because of the 

buffer volume (V), so pressure measuring devices could be operated 

without disturbing high vacuum. Condensable vapours were condensed 

in the cold trap (C). This trap also prevented mercury vapour from 

the diffusion pump from entering the system. A McLeod gauge (G) was 

used for low pressure measurements. The pressure of pure dry nitrogen 

gas supplied from the storage bulb was measured by means of the 

manometer (M). The two flexible glass spirals (F) connected the 

nitrogen line and the pumping system to the sorption system 1. These 

flexible connections allowed movement of the balance case due to 

expansion of its steel supporting tube when the furnace temperature 

was raised. 
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Sorption system 2 was placed at (2) and connected to the 

high vacuum line through trap (L). 

Apiezon grease N was used in the vacuum system and the 

rest of the apparatus. Silicone grease was used only where hydrogen 

ohioride was used as it was found to attack Apiezon grease. 

3.8 Calibration of the measuring devices 

Thermocouples 

All thermocouples used were chromel-alumel thermocouples. 

They were used for temperature measurements between 150-550°C and 
in a few cases at 800°C. They were calibrated for the temperature 

range 0o-450oC at fixed points(83) i.e. ice point, sulphur point 

and steam point; naphthalene point was also measured. 

For ice point, the thermocouple was immersed in ice -

prepared from distilled water - in a double walled glass tube which 

was also immersed in ordinary ice water in a Dewar vessel ca 50 cm 

long(84) 

For the steam, naphthalene and sulphur points, an apparatus 

consisting of two concentric pyrex tubes was used(85). The thermo-

couple, in a pyrex protection tube, was placed in the inner tube 

which was open at the lower end and did not extend down the entire 

length of the outer tube. The material was put in the outer tube 

and heated with a Bunsen burner. The outer tube was also surrounded 

with a resistance wire, the voltage of which was adjusted so that 

the vapour of the material condensed just below a side arm near the 

outer tube. The atmospheric pressure at the moment of the measure-

ment was measured by means of a barometer which was in the same 

building and a correction to the boiling point of the material was 

applied(86) 
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A correction chart was drawn, i.e. (.,EMF vs EMFm  where 

6EMP.EMF  -EMFm'  • EMFth = theoretical EMF; EMFm = measured EMP. h  
After the correction was applied to the measured EMF, the temperature 

could be read from calibration tables(87). 

Silica springs  

The silica springs were annealed several times before they 

were calibrated by heating them to 350°C and cooling them to room 

temperature slowly until their extension with a weight of 0.7 g 

remained constant. They were calibrated by measuring their extension 

to known weights at four different temperatures, covering the range 

25-350°C. 

Four different ringweights, weighing approximately 0.5, 

0.6, 0.7 and 0.8 g and forming a chain were used, so that it was 

possible to reduce or increase the chain by one or more rings by 

raising or lowering a moveable platform. The temperature was always 

measured 1.5 cm below the end of the spring, corresponding to the 

centre of the sample during the sorption measurements. From the 

known weights and measured extensions the constants 1
o and s of the 

equation: 

1= 10  — s 
where 1 m. spring length and w = weight, could be calculated and 

plotted against temperature. A decrease of 10  and increase of s 

with temperature was always found. From these plots the two constants 

10  and s could be found for every temperature and by using equation (38) 

the weight could be calculated for every extension. 

In sorption system 1 the calibrations were carried out in 

a glass tube resembling the balance case except that its lemor 

part was open and there was no spiral gauge(82). In sorption system 

2 the balance case was used for the spring calibration. Appropriate 

(38) 
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"cuts" allowed the spring to be placed in the case and the platform 
to be moved easily. 

A correction called the "small furnace effect" was applied 

to the measured spring lengths in sorption system 1 when the small 

furnace was on. It was noticed that as the temperature of the small 

furnace increased,the length of the spring increased to a small 

extent. This effect was not important for high uptakes but it was 

considerable for low uptakes, e.g. in the low pressure part of the 

isotherms. 

Additional calibration of the springs used in sorption 

system 1 involved measurements of their length at three or four 

different reservoir temperatures for a certain sample temperature. 

A table was made giving the increase in spring length at different 

sample and reservoir temperatures. From this table the correction 

for the "small furnace effect" was estimated. A more accurate 

treatment consisted in using these data in Lagrange's interpolation 

formula(SS) to calculate this effect for every set of temperatures 

(sample and reservoir). The difference in the value of the correc-

tion found by this method and from the table was not considerable. 

The silica spring and thermocouples were regularly checked 

during the period of three years and when any discrepancy from the 

calibration curves was noticed they were replaced. 

Spiral gauge  

The spiral gauge had a sensitivity of 1.0 mm Hg/cm. It 
was calibrated at the start of each isotherm by recording scalp 

reanings for nifferent nitrogen pressures when the pressure inside 

the balance case was zero. The plot of the spot displacement against 

pressure was linear for pressures up to 3.0 cm Hg. The reciprocal 

of the slope was the sensitivity of the gauge. The zero pressure 

position of the spot and the sensitivity of the gauge were not 
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necessarily the same for every temperature. It should be stressed 

that any considerable pressure difference across the spiral was 

avoided and it was mainly used as a "null instrument". 

Volume of the balance case in sorption system 1  

The volume of the balance case in sorption system was 

measured with the sample temperature at 2500C and different reservoir 

temperatures by allowing a known amount of Ar (B.O.C. grade X) to 

expand to a known volume. The volumes of certain parts of the 

apparatus necessary for the calibration were measured by filling 

these parts with water and measuring the volume of water in a gradua-

ted volumetric cylinder reading to 5 ml. A graph was drawn of the 

volume against reservoir temperature. This graph was used for 

calculation of the factor F (see Chapter 4 of Part II). 

3.9 Analytical methods 

Analysis of some zeolites was carried out to establish their 

composition. Other zeolites were analyzed for ammonia, sodium and 

potassium to estimate the amount of ion-exchange. 

Standard gravimetric techniques were used for water, 

silica(89)  and alumina(9O)  analysis. 

For ammonia analysis the zeolite was digested in a platinum 

crucible with 1:9 sulphuric acid at steam bath temperature for a few 

hours. It was transferred to a distillation apparatus
(91) 

and treated 

with 3010 NaOH. The ammonia was collected in 2% solution of boric 
acid and titrated with N/20 HC1 using a mixed indicator(7). 

The amount of alkali metals in the zeolites was found by 

flame photometry. Their emission spectra were measured in a Unicam 

SP.90 atomic absorption spectrophotometer, Na at 569 mp. and K at 

767 map {92). The zeolite was first digested in 1:9 sulphuric acid and. 
0 HP and then 1:9 sulphuric acid. The remaining salts were dissolved 
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in concentrated hydrochloric acid and water and diluted to a known 

volume. A calibration of the instrument with a number (usually 

seven) of standard solutions was necessary every time it was used. 

For aluminium the qualitative alizarin S test was used. 

To a small amount of the solution a few drops of 1N NaOH solution 

were added and a drop of 0.1A alizarin solution 2N acetic acid was 
added to discharge the violet colour and one drop in excess. A 

red precipitate or colour was formed if Al was present. A blank 

test was always carried out. 

3.10 X-ray techniques  

X-ray powder photography was used to observe any structural 

changes occurring during the sorption or ion-exchange experiments 
and also, in several zeolites, for quantitative study of the amount 

of decomposition. 

The zeolite samples were mounted under Sellotape in a 

holder of a four unit Guinier camera using CuKa  radiation. For the 

quantitative measurements, quartz and 40.-11203  were used as internal 

standards (93).  Their absorbing coefficients are of the same order 

as those of zeolites and some of their strong reflection lines do 

not overlap the zeolite lines. The amount of the standard used was 

207 per weight. The treated zeolite and standard were weighed with 

an analytical balance accurate to ± 0.1 mg and mixed in an agate 

mortar. An X-ray photograph of the mixture was taken. The inten-

sities of a selected reflection of the zeolite (Iz) and a selected 

reflection of the standard (Is) were measured by means of a Joyce 

double beam microdensitometer and the ratio Zztaken. The same 
Is 

procedure was repeated for the original zeolite. The amount of 
decomposition (%) was estimated from the formula: 

100 11 
_ 	(IT/Is)0_ 
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where t and o stand for the treated and original zeolite respectively. 

Since many errors are involved in this procedure (e.g. in mixing of 

the zeolite with the standard, exposing and developing the film etc.), 

care was taken to ensure uniformity in each step. However, differences 

as high as 10% were observed in values obtained for the same sample. 

The procedure was repeated several times for each sample. The values 

of decomposition obtained are the average of at least three measure-

ments and believed to be accurate to ± 

3.11 Accuracy of the sorption measurements 

Three variables are measured in gravimetric sorption studies: 

weight, pressure and temperature. In this study the weight was 

measured by means of silica springs, the pressure with the aid of 

mercury manometers or pyrex spiral gauges and the temperature with 

thermocouples. 

The spring length was measured by a lathetometer, the scale 

of which could be read to 0.001 cm. Allowing this error for the 

height of each end of the spring, the error in its length was 

0.002 cm, which corresponds to an average weight of ± 0.05 mg. 

The spring calibration was subject to the same uncertainty. The 

glass weights and the bucket were weighed by means of an analytical 

balance accurate to ± 0.1 mg. The weight of the outgassed zeolite 

was found by measuring the extension of the spring when the outgassing 

was completed. This gave the total weight of the zeolite and the 

bucket. By subtracting the weight of the bucket, the weight of the 

outgassed zeolite was found. So the sample weight was accurate to 

± 0.14 mg, which for 0.4 g sample corresponds to ± 0.035%. The 

error was negligible for moderate or high uptakes but became signifi-

cant for low uptakes. For isotherms in which the uptakes were very 

small, the inaccuracy was high as, for example, for the isotherm of 

ammonia on XL at 280°C, the maximum uptake measured was 8 mg/g and 
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thus the error was 3.5%. The inaccuracy in weight measurements was 

also high in the low pressure part of most isotherms because the 

uptakes were low. 

In sorption system 1 another uncertainty was introduced 

by the "small furnace effect". Since this effect was measured by 

spring length changes, a further uncertainty of 0.002 cm to the 

measured extension was added. Since the uptakes of the isotherms 

taken in system 1 were moderate or high, this was significant for 

the low pressure part of the isotherms. 

No correction of the measured uptakes was necessary for 

the buoyancy effect Since it was within the limits of the experi-

mental error. 

In sorption system 2 the pressure was measured by a mercury 

manometer to t 0.002 cm with the aid of a cathetometer. In sorption 

system 1 the nitrogen pressure was also measured with a mercury 

manometer to * 0.002 an with a cathetometer. The sensitivity of 

the spiral gauge was 1.0 cm on the scale for 1.0mri.lig pressure 
change. The scale was read to t 0.05 cm which corresponds to 

± 0.05rzilig pressure. Calibration of the spiral gauge was subject 

to the same uncertainty giving a total uncertainty of ± 

A fluctuation in the sorbate pressure was introduced at its highest 

pressures because of the thermostatic system. The temperature of 

each furnace could be held constant to within 0.2°C. For low tempera-

tures this did not affect the sorbate pressure but at high tempera-

tures this influence was significant, e.g. 0.2°C change in reservoir 

temperature produced a pressure change of 0.07 crailg in 10.4cmEg of 
"ammonium chloride"" vapour 

The temperature was usually measured by thermocouples. 

The EMF was measured by means of a Cambridge portable potensiometer 

measuring to ±0.005 rikr corresponding to t 0.125°C. Since the 
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calibration of the thermocouples was subject to the sacs errors  the 

total error was ± 0.25°C. 

The measurement of sapple temperature by a thermocouple 

not placed in the sample cannot be very accurate. A. hollow finger 

along the balance case allowed the thermocouple to be placed as near 

the sample as possible. It is believed that the differences between 

the isotherm temperatures and the actual sample temperatures in both 

systems were not higher than 0.5-2.0°C. 
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1. HYDROGEN CHLORIDE-SILICATE STABILITY, SORPTION 

AND ION-EXCHANGE EXPERIMENTS  

1.1 Study of hydrogen chloride-silicate stability 

A number of silicates with different Si02:A1203  ratio, 

covering the range 2-12.8, were exposed to anhydrous hydrogen 

chloride gas at different temperatures as described on page 64. 

After treatment, the silicates were X-rayed and their X-ray photo-

graphs were compared to those of the untreated samples. The inten-

sities of the reflection lines of the X-ray powder photographs in 

some silicates were weaker than the corresponding lines of the 

photographs of the untreated samples. This was attributed mainly to 

partial decomposition of these silicates. (Some alteration of the 

intensity of the reflection lines is expected because of the 

exchange of cations due to reaction 05D, Extra reflection lines 

were also observed in some cases. These extra lines were found to 

belong to sodium chloride by comparison to an X-ray powder photo-

graph of pure sodium chloride. The results of this experiment are 

listed in Table 1 From these results a marked stability is shown 

by the silicates for which Si02:A1203) 5. On the other hand, the 

silicates for which Si02:A1203 <5 were found to be less stable. 
Since the 5i02:A1203  ratio can vary considerably in certain silicates, 

the value 5 for this ratio is only an approximate borderline between 
the stable and the unstable silicates to hydrogen chloride. By 

"unstable" and "stable" silicates we mean the silicates that sorb 

hydrogen chloride with or without decomposing. Although the silica 

content seems to be the main factor affecting the stability of 

silicates when exposed to hydrogen chloride, it is not the only 

one. Other factors should include their crystal structure and 

their thermal stability when heated in the absence of hydrogen 

chloride. The stability of silicates having the same structure 
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Table •ti 

Stability of silicates exposed to anhydrous HCl 

at different temperatures. (pam  = 22.8 cm Hg). 

Silicate Si02:A1203 Al:Si 

Temperature 

aoo°c 32.000 61000 

stable NaC1 stable NaC1 stable Nan 

Na-Ferrierite 12,8* 0.156 Yes No Yes No Yes No 

Na4lordenite 9.5 0.211 Yes Yes Yes Yes? Yes No 

Na-Clinoptilolite 9.3 0.215 Yes Yes Yes Yes Yes No 

Linde L 6.01 0.332 Yes No Yes No Yes No 

Orthoclase/Albite 6.0 0.333 Yes No Yes No Yes No 

Na-Chabazite 5.0 0.400 No Yes? 

NaY 4.76  0.418 Yes No Yes No Yes No 

NaX 2.65 0.753 No Yes 

Na-Sodalite 2.00 1.000 No Yes 

Na-Cancrinite 2.00 1.000 No Yes 

NaA 2.00 1.000 No Yes 

*This synthetio product was.,80% crystalline, and may contain 
some uncrystallized silica gel. 

column "stable" : Yes . No change in the reflection lines 
was observed. 

No . Reflection lines weaker than those 
of the original sample. 

column "NaCl" : Yes = NaC1 lines were observed. 

No 	= No NaC1 lines were observed. 

Yes? . Very weak lines were observed. 
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seems to depend mainly on their silica content. A typical example 

from Table', is NaX and NaY. These two synthetic zeolites have 

the same crystal structure and different silica contents (p.19). 

NaY, which is rich in silica, is stable but NaX, the silica cont3nt 

of which is low, is not stable, Thus, the behaviour of silicates 

when treated with anhydrous hydrogen chloride gas appears to be 

similar to their behaviour when treated with acid solutions (94,46).  

Possible reactions taking place during the sorption of 

anhydrous hydrogen chloride on zeolites include: 

(a)  An ion-exchange reaction 

This reaction oould be represented 

of the cations by protons. 

schematically: 

Et+  
0
\ 	/ 

0 \ 
	

0 	0 

Nat 
Si 	Al 	Si 
z 	/ 

0 0 0 	0 
\
O 0 	0 	0

/ 	
0 	0 

\ \ _ / \ 	/ 
Si 
/ 	\ 
0 0 

Al 	Si 	+ HC1 --..._ 
/ .., 	/ N 
0 	0 	0 	0 

t L  ly 
0 	OH 	0 	0 

+ NaCi 

\ 	/ 	/ \ / 
Si 	Al 	Si (39) 
\ 0/ 	0 	0/  \0 	0

/ \ 
0 

and (b)  A. reaction of hydrogen chloride with the aluminium atoms 

of the framework similar to that taking place in hydrogen 

zeolites (see p. S6). 

In basic sodalite and cancrinite a reaction of hydrogen chloride with 

the sodium hydroxide of the interstices can also take place(47) i.e. 

HO1 + NaOH 	NaCi + H2O 
	

(40) 

Reaction(39) occurs in all the silicates examined except orthoclase-

albite in which there is no intraorystalline penetration of hydrogen 

chloride. Evidence for this reaction was obtained by the following 



80 

observations: 

(i) Sodium chloride reflection lines were observed in some 

of the X-ray photographs. 

(ii) The isotherms of hydrogen chloride on certain stable 

zeolites (see p.88) were irreversible. A residual 

uptake was found which could not be removed by prolonged 

evacuation. The treated samples were washed with distilled 

water and filtered. The amounts of Nat and Cl-  measured 

in the filtrate were found to be in good agreement with 

the residual uptake. In the case of orthoclase-albite 

no chlorides or cations were found in the filtrate. 

Reaction (b) can be thought of as an analogous reaction to that taking 

place in zeolites when they are treated with aqueous solutions of 

acids(73). No direct evidence for this reaction was obtained in this 

series of experiments. However, when H-Zeolon and HY were treated 

with anhydrous hydrogen chloride and washed with distilled water, 

aluminium was found in the filtrate (Alizarin S test). When the same 

experiment was carried out in Na-zeolites no aluminium was found in 

the filtrate. This means that reaotion (b) either does not take place 

in ion-exchanged zeolites or it takes place to a very limited extent 

only. 

Sodium chloride refleotion lines were not observed in some 

of the X-ray photographs taken after treatment of Na-zeolites with 

HC1. Two possible reasons for this were considered: 

(a) Not enough sodium chloride was formed (i.e. less than 

the detectable amount). 

(b) The sodium chloride formed remained molecularly dispersed 

in the crystal cavities. 
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More detailed study of the decomposition showed that the 

amount of decomposition depends upon the ratio Si02:A1203. Silicates 

covering the Si0:A1203 range 2-5 were first treated with anhydrous 

hydrogen chloride, then mixed with 20f o(-A1203  as internal standard 

and. X-rayed. The amount of decomposition was calculated as described 

on p.72 . Since, by using this method, the assumption is made that 
any change in the reflection lines is due to decomposition of the 

zeolite only, an additional uncertainty is added. The results are 

plotted in fig.18. The amount of decomposition usually increased 

with increasing temperature and decreasing Si02:A1203, except for 

NaA for which the amount of decomposition was almost constant at 

ca. 70% for the temperature range 50-210°C. The increase of decompo-

sition with increase of aluminium content is believed to be due to 

the ion-exchange reaction (39) when the hydrogen form of the zeolite 

is formed. A dehydration reaction may then take place which possibly 

involves formation of — Si-O-Si-- bonds and is accompanied by partial 

collapse of the structure. Increase of temperature facilitates this 

dehydration although the decomposition of NaA seems to be independent 

of temperature. No satisfactory explanation was found for this 

exceptional behaviour. 

From the graphs of fig.18 it can be seen that other factors 

influence the stability of silicates besides their Si02:A1203  ratio. 

For example, NaA, Na-cancrinite and Na-sodalite have the same 

Si02:A1203  ratio but their decomposition curves are different. In 

fig.-19 the amount of decomposition of the silicates at 209°C is 

plotted against their Al:Si ratio. (The ratio Al:Si is more convenient 

for a plot of this form than the Si02:A1203). A hypothetical curve 

is drawn to show the effect of silica content upon their stability. 

Since other factors besides the Al:Si ratio affect the stability, 

the shape of this curve will change with the particular silicates 

examined. The curve does, however, show qualitatively the dependence 

of the stability of some porous silicates on their Al:Si ratio. 
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The results of Table 1 and the diagram fig.19 set a limit 

on the number of zeolites that can be used in the study of the system 

ammonium chloride-zeolite. Only zeolites for which Si02:4203> 5 can 
be used because these zeolites can sorb hydrogen chloride withcut 

decomposing. 

1.2 Hydrogen chloride - zeolite sorption and ion-exchange experiments  

Sorption isotherms of hydrogen chloride were measured on the 

following zeolitess Na-clinoptilolite, Na-Zeolon, H-Zeolon, HY, NaY 

and KL. The isotherms were taken between 20000 and 350°C and all were 

found to be irreversible. Since the behaviour cf hydrogen chloride 

sorbed on hydrogen and ion-exchanged zeolites was different, the 

experimental results obtained for these two classes of zeolites will 

be given and discussed separately. 

Hydrogen chloride - hydrogen zeolite complexes 

Two hydrogen zeolites were used, H-Zeolon and HY. TwO 

sorption isotherms of hydrogen chloride were taken inH-Zeolonat230°C and 
294°C and one in HY at 245.5°C. The sample of HY used was pi-epared 

by method 1 (p.103) and it was found to be ca 80% crystalline. 

Equilibrium in sorption and desorption was established in ca 2 hours. 

However, two to three hours was allowed between readings. The 

measured isotherms are shown in figs. 20 and 21. The irreversible 

isotherms showed a residual uptake of sorbate which could not be 

removed by evacuation at the isotherm temperature. This uptake was 

12.50 mg/g for HY at 245.5°C and 9.6 mg/g for H-Zeolon at 230°C. 
Evacuation at higher temperatures up to 350°C for prolonged periods 

resulted in a decrease of this uptake to ca 4 mg/g but it could not 
be removed completely. 

Two reactions were considered to explain the observed hysteresis. 

First, a reaction is possible between the sorbed hydrogen chloride 
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and the aluminium of the zeolitic framework according to the following 

scheme: 

     

3 HC1 + 

-Si- 
t 
0 

-Si -0 -Al HO-Si- t
0  
-Si- 

 

ii- 
HO 

1 
-Si-OH HO-Si- + AlClz  

1 
OH 

-Si- 
, 

II  

(41) 

    

 

I 

  

Further reaction of A1013  with the zeolite, similar to that proposed 

by Kerr(95)  to explain the intracrystalline rearrangement of constitu-
tive water in hydrogen zeolite Y at temperatures around 800°C, is 

possible, This reaction should involve the following steps: 

1 

0 
-Si -0 -Al HO -Si - 

f 	I 
0 

-S i 

-Si- 
0 

4 	I 	I 

-Si-0-Al-0-Si- 
1 	I 	1 

0 

Si- 

+ A1C1I + HC1 (41a) + AlC13  

I 	III 

I + AlCl 	III + AlC1++  + HC1 

I + AlC14-4. 	• • III + Al+++  + HCl 

The overall reaction could be represented by the following scheme: 

(41b)  

(41c)  

HC1 
41 	3111 + II + Al+++  (42) 
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Reaction (42) shows that in the presence of hydrogen chloride an 

intracrystalline rearrangement of aluminium takes place. According 

to this scheme, the hydrogen chloride can be removed from the zeolite 

and the original weight should be obtained. Since a residual uptake 

was found, either reactions (41a-o) did. not take place or this chain 

of reactions was interrupted at some stage before completion. 

The reactions (41awc)imply that hydrogen chloride gas may 

be used for the preparation of stabilized decationated zeolites. 

However, if such a preparation is possible and considering the 

differences in structure and reactivity between water and hydrogen 

chloride, it would be expected that the experimental conditions for 

removing framework Al with hydrogen chloride would be different to 

those for water. Evidence for reaction (41) was obtained by washing 

the zeolites, after the sorption experiments, with distilled water. 

Aluminium was found in the filtrate, but no structural change of the 

zeolites was observed by X-ray photography. 

The second reaction considered was an exchange reaction of 

the sorbed hydrogen chloride with the sodium ions of the zeolites 

(reaction(39)/).79). Chemical analysis of H-Zeolon and HY showed 

that they contained sodium ions equivalent respectively to 9% and 2% 

of their original total cation capacity. Therefore it is likely 

that an exchange reaction identical with that taking place in 

Na-zeolites occurs. These two reactions can account for the residual 

uptake. Exchange of the total residual amount of sodium corresponds 

to uptakes of 8.4 mg/g  in H-Zeolon and 3.7 mg/g in HY. Since 
aluminium and sodium were detected in the filtrate, after washing 

the zeolites with distilled water, both reactions must take place. 

However, quantitative estimation of the amount of sodium in the 

filtrate showed that the exchange reaction was of minor importance 

as compared with reaction (41). Stoicheiometric calculation based 

on the residual uptakes and the amount of sodium in the filtrate 
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showed that reaction (41) took place to a degree of 2.Q in in HY and 

2.5% in H-Zeolon. This explains why no structural change of the 

zeolite was observed since a dealumination of 2-3% (of total alumin-

ium) would not amount for any structural change in silica rich 

zeolites like Y and Zeolon. The residual uptake also suggests that 

the aluminium chloride formed because of reaction (41) is not desorbed. 

Reaction (41) with subsequent removal of the aluminium chloride 

produced should result in a decrease of the original weight. Barrer 

and Wasilewski(96)  found that aluminium chloride sorbed on certain 

zeolites could not be desorbed easily. Our attempts to remove 

aluminium chloride formed by reaction(41) by heating H-Zeolon with 

anhydrous hydrogen chloride at 700°C were not successful. No alumin-

ium chloride was collected in a trap joined to the sorption bulb and 

cooled with liquid nitrogen. 

It is then concluded that these two reactions of hydrogen 

chloride in the zeolite are responsible for the observed hysteresis 

and the residual uptake. The residual uptake shows that a considerable 

part of the sorbed hydrogen chloride has reacted with the zeolite. 

Comparison of the isotherms of hydrogen chloride in H-Zeolon 

and HY with those of ammonia in the same sorbents shows that twice 

as much ammonia is sorbed as hydrogen chloride. This special affinity 

of hydrogen zeolites for ammonia is discussed in Chapter 3 of Part II. 

Ion-exchanged zeolite - hydrogen chloride sorption complexes  

Sorption isotherms were taken of hydrogen chloride on NaY, 

XL, Na-Zeolon and Na-clinoptilolite. All isotherms were irreversible. 

A considerable residual uptake, which could not be removed by prolonged 

evacuation, was found after every run. This was due to formation of 

sodium chloride (or potassium chloride in the case of 1(1), as explained 

in Section 1 of this chapter, because of an exchange reaction of 

hydrogen chloride with the cations of the zeolite. Therefore, when 
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hydrogen chloride is sorbed on an ion-exchanged zeolite, part of it 

reacts with the zeolite (i.e. it is ohemisorbed) and the rest is 

physically adsorbed. This can be represented by the following scheme: 

xHC1(0)  + MZ 	MG.xHC1(a) .w:-.2r(N I-Y Y
L H )Z.(x-y)HC1(a)  AlC1(i90)  (43) 

where Z denotes zeolite, M monovalent cation, a adsorbed and i or o 

inside or outside the crystal respectively and yr<1. 

The salt MC1, produced because of reaction (43), can either 

remain molecularly dispersed in the crystal cavities or migrate out of 

the crystals and form, in the case of a sodium-zeolite, rock-salt. It 

is also possible that part of MC1 remains in the crystals and the rest 

migrates out of the crystals. All three possibilities are examined in 

discussing the experimental results in this section. 

If the salt MC1 is formed outside the crystals, one would 

expect that complete exchange of the cations by protons should occur. 

However, in all cases studied, the amount of exchange was much less 

than 100% (Table 2 ). Evacuation of the system should result in 

removing the hydrogen chloride which is physically sorbed, i.e. 

(Nu 
I 
 H)Z.,(x-y)Hel

(a) -Y Y 	
-(x-y)HC1 	(MH )Z 

	

evacuation 	I-Y Y 

The value of y can be obtained from the residual uptake. 

If MC1 or part of it remains in the crystal cavities an 

equilibrium should be established: 

MZ + HC1(a) F  (W,H)Z + MC1(i)  

Therefore, removal of the physically sorbed hydrogen chloride will 

shift the equilibrium to the left. Provided that all the MC1 remains 

in the crystals and the zeolite has been outgaased for sufficient time, 

the original weight of the zeolite should be obtained. In all cases 

(44)  

(45)  
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examined, the original uptake could not be obtained by evacuation at 

the experimental temperature for ca three days (fig. 22). A constant 

residual uptake was obtained after 24 hours. This can be explained 

in terms of (a) or (b) below: 

(a) Part of MC1 remains in the crystals and is completely 

removed (because of the removal of hydrogen chloride, 

reaction(45) ), by evacuation. Thus the residual uptake 

represents the amount of salt formed outside the crystals. 

(b) The salt MC1 or part of it remains in the crystals, but 

because the removal of hydrogen chloride is very slow and 

cannot be folloyed by the experimental method used (i.e. 

change in spring length, p. 62), the constant uptake 

represents the sum of MC1 formed outside the crystals - 

if any and that remaining in the crystals. Thus, it is 

not an equilibrium uptake in a thermodynamic sense. 

By increasing the temperature and outgassing the zeolite at a higher 

temperature for ca two days a further decrease of the residual uptake 

was observed and a new "constant" residual uptake was obtained. 

Therefore (b) is more likely to occur than (a). 

Assuming that 

( ) the removal of hydrogen chloride generated from reaction (45) 

is extremely slow, and. 

(ii) the amount of hydrogen chloride removed in the first 24 

hours of outgassing is approximately equal to the amount 

of physically sorbed hydrogen chloride when the zeolite is 

in equilibrium with hydrogen chloride at an initial pressure p, 

it is possible to analyze the sorption part of the isotherms and obtain 

values of y for different initial hydrogen chloride pressures. 
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The experimental method used for this analysis was the 

following. 

A certain amount of hydrogen chloride was allowed into the 

sorption balance case. After the end-point was reached, pressure and 

uptake were recorded. The points thus measured gave the values of x 

(reaction (43)) at this pressure and were used to plot the "total" 

isotherms. The system was then autgassed at the experimental tempera-

ture to "constant" weight for at least 24 hours. The irreversible 

weight increase gave y for the initial pressure of hydrogen chloride 

and will be called "exchange" uptake. The difference of the "exchange" 

uptake from the "total" gave the "reversible" uptake (which is taken 

to represent the amount of hydrogen chloride physically sorbed). The 

plots of the "exchange" and "reversible" uptakes vs the initial 

hydrogen chloride pressure gave the "exchange" and "reversible" 

isotherms. Becaucle of the assumptions made for calculation of the 

"exchange" uptake, the plots of "exchange" and "reversible" uptake vs 

pressure are not real isotherms in the sense this term has been used 

throughout this thesis (see p. 33). Although the word isotherm will 

be used in this section to describe these curves, there is no connection 

with the thermodynamic implications of the term. 

Sorption of hydrogen chloride was rapid provided small 

amounts of hydrogen chloride were aamitted to the system, especially 

at low pressures. In the case of Nay, when the first dose of hydrogen 

chloride allowed in the system was large (corresponding to a pressure 

of 26.00 mmHg), the uptake increased to a certain value in the first 

hour, and then it decreased with time as the pressure increased from 

26.00 mm Hg to 31.00 mmHg. Equilibrium was attained in five days. 

This is explained in terms of reaction (43). If a large quantity of 

hydrogen chloride is admitted to the system, since the exchange 

isotherm for NaY (fig. 31 ) is rectangular, most of the sodium cations 

are exchanged, i.e. at hydrogen chloride pressure 26.00 mmHg, 75% of 
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the attainable exchange takes place. This results in a modification 

of the internal surface of the sorbent. Since hydrogen chloride is 

a polar molecule, exchange of sodium ions by protons in the zeolite 

results in a decrease of dipole-fiellinteraction and consequently a 

decrease in sorption. If small amounts of hydrogen chloride are 

admitted to the system, the amount of exchange and therefore the 

decrease in sorption due to the decrease in dipole-field interaction 

is much less. The rate of establishment of equilibrium during the 

sorption of hydrogen chloride on NaY for an initial pressure of 

26.00 mmHg at 245.5°C is shown in fig.23. The plot of the uptake 

against the square root of time (fig. 24 ) shows that at its early 

stage the change of uptake is governed by some process of diffusion. 

In figs. 25-28 typical sets of "total", "exchange" and 

"reversible" isotherms are shown for all the systems examined. 
Inspection of these graphs shows that the zeolites studied exhibit 

different sorptive behaviour to hydrogen chloride. In Na-clinoptilolite 

and NaY most of the sorbed hydrogen chloride reacts with the zeolite. 

The amount of "exchange" uptake is at least twice higher than the 

"reversible" for the pressure range examined. On the other hand, 
the "reversible" uptakes in Na-zeolon and KL are slightly higher than 

the "exchange" uptakes. This results in a different shape of the 

"reversible" isotherm at low pressures for every system. In Na-
clinoptilolite and Na the "reversible" isotherms show a maximum at 

ca 7-9 mm Hg pressure and a minimum at ca 30 mm Hg pressure. At 
30 mm Hg pressure most of the attainable exchange has taken place. 

For higher pressures the "reversible" uptake increases with increasing 

hydrogen chloride pressure. The occurrence of this minimum in the 

"reversible" isotherms of Na-clinoptilolite and NaY can be explained 

by considering the reaction (43) that takes place during the sorption 

of hydrogen chloride. Two factors are affecting the "reversible" 

uptake: pressure of hydrogen chloride and amount of exchange. These 
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two factors have opposite effects. Increase of hydrogen chloride 

pressure results in increase of sorption. But increase of sorption 

results in increase of ion-exchange and therefore modification of 

the sorptive properties of the zeolite which, as has already been 

mentioned, results in decrease of sorption. Thus the net effect of 

the increase of hydrogen chloride pressure to the "reversible" uptake 

will be the difference of these two effects and will depend upon the 

shape of the "exchange" isotherm, which is characteristic for the 

zeolite. From fig. 28 , in which the data obtained for hydrogen 

chloride on NaY at 295.5°C have been plotted, it can be seen that the 

"exchange" isotherm is sigmoid in shape. The "reversible" isotherm 

shows a maximum at a pressure of ca 9 mm Hg and a minimum at a pressure 

of 30 mm Hg. At these pressures the amounts of exchange are 6.5% and 

75% of the attainable exchange, respectively. At a pressure of 
30 mm :Eg the amount of exchange is 11.5 times higher than that at 

9 mm Hg which is very low. Therefore the effect of this difference 

on the "reversible" isotherm is very clearly shown by a maximum and 

a minimum. In the case of Na-clinoptilolite the "exchange" isotherm 

resembles a type I isotherm (in Brunauerls classification) and is 

rectangular. The amounts of exchange at pressures of 7 mmHg and 

30 mmHg are 69% and 89% of the attainable exchange. The maximum and 

minimum in the "reversible" isotherm are not as sharp as in NaY. In 

KL and Na-Zeolon the "exchange" isotherms lie below the "reversible" 

ones, and do not show maxima and minima. The "exchange" and "total" 

isotherms obtained for the four systems at 246°C are compared in 

figs. 29 and 30. At the examined pressure range the affinity 

sequence shown by the four zeolites for the "total" and "exchange" 

sorption of hydrogen chloride is almost the same. The sequence for 

the "total" sorption is: 

Na-clinoptilolite 	Na-Zeoloni NaY KL 

and for the "exchange": 



Fig. 30  
"Total" isotherms at 245°C 

A Na-Zeolon 

V NaY 

9 Ki 

50 	100 	150 	200 

U
p
t
ak
e
  
(m
d
g
  z
e
ol
it
e
)
 

Fig. 29  
"Exchange" isotherms at 245°C 

0 
	 100 	150 	200 

	250 
Pressure (mm Hg) 

Pressure (mm 	-> 



99 

Na-clinoptilolite> Na-Zeolan > NaY > KL. 

The fact that the distribution of sodium chloride (or potassium 

chloride in the case of EL) inside and outside the crystals is not 

known adds another factor to those determining the "total" sorption, 

i.e. structure of zeolite and affinity of zeolite for the exchange 

reaction with hydrogen chloride. The affinity for the "reversible" 

sorption changes with pressure. For a pressure of 10 mm Hg it is: 

Na-Zeolon > KL > Na-clinoptilolite > 

"Exchange" isotherms for two of the four systems examined 

are shown in figs.31 & 32 . They resemble those obtained when the 

cations of a zeolite are exchanged in salt solutions(24)  . The shapes 

of these isotherms vary with the system examined. From them it can 

be seen that complete exchange does not take place which means that, 

at least under these conditions, hydrogen chloride cannot be used 

for preparation of 100 per cent decationated zeolites. The maximum 

amounts of exchange in the four zeolites examined are given in Table 2. 

Table 2  

Ion-exchange in zeolites during the sorption 

of anhydrous hydrogen chloride  
(Temperature 245°) 

Zeolite He' ( 	
fissurep cm Exchange % Exchange 

Na-clinoptilolite 19.4 H+  t by  Na 31.8 
Na-Zeolon 16.3 Na by H+  21.3 

NaY 19.7 Nelf. bs. Hi- 14.4 
KL 26.4 1< i- 	17 M4i- 14.9 
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Plots of % exchange vs "total" or "reversible" uptakes have 
different shapes for every system. The temperature coefficient in 
the curve off exchange vs "total" uptake for KL (fig. 33) over the 
temperature range 245-315°C was very small. Plots of % exchange vs 
"total" and "reversible" uptakes for the system hydrogen chloride-KL 
at three temperatures are shown in figs. 33 and 34. 
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2. ION-EXCHANGE AND DECATIONATION EXPERIMENTS 

2.1 Introduction 

In attempts to prepare stable hydrogen forms of the 

synthetic zeolites L and Y, several methods were used. The basic 

procedures and the principles upon which these methods are based 

have been given in the Introduction (p. 25 ). More details regarding 

the methods employed will be given here because they are necessary 

for the discussion of the experimental results. As the structure 

and properties of the zeolites L and Y are different, different 

methods were used for the preparation of their decationated forms 

and the experimental results will be discussed in separate paragraphs. 

Since the aim of these experiments was to prepare a stable 100% 

hydrogen zeolite and. find the exact conditions for this preparation, 

the intermediate and the final products were analysed and X-rayed. 

By "stable" we mean stable on heating to ca 400°C. 

2.2 Decationated products from NaY 

Four different methods were employed for the preparation 

of decationated Y zeolites. The details of these methods are given 

as follows. 

method 1(97). This method comprised four steps. 

(a) 10 g of NaY were treated with a 20% solution of ammonium 

sulphate for 15 minutes at 100°C with continuous stirring. The zeolite 

was filtered and treated in a similar way with a 7.5% solution of 

ammonium sulphate, filtered and. washed free from sulphates (Bel-  test). 

(b) The zeolite was heated at 560°C for 3 hours. 

(c) The zeolite was then twice treated with a 20% solution of 

ammonium sulphate for 1 hour at 100°C, filtered and waehed free from 

sulphates. 

(d) The zeolite was heated at 440°C for 24 hours. 
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Method 2. The same procedure was followed but instead of using 

solutions of ammonium sulphate, solutions of ammonium chloride to 
which some 1:1 ammonia had been added were employed. The pH of the 
solution during the exchange was 9 to avoid possible hydrolysis of 

the zeolite. 

Method 3  (via vapour phase). A quantity of ca 3 g of NaY was put 
in a glass tube and the tube was sealed to another glass tube 

containing ca 2 g of ammonium chloride. The system was outgassed 
t 300°C 

(ammonium chloride at 90°C and NaY at 350°C) sealed and heated for 
ca. 24 hours. The zeolite was washed free from chlorides and heated 

at 420°C for 20 hours. This procedure was repeated twice. 

Method 4.  NaY was treated with a 20% solution of ammonium chloride 
(containing some ammonia) at 100°C for two hours, twice. It was 

then washed free from chlorides and heated at 245°C in a stream of 
air. The treatment with ammonium chloride solution was repeated and 

the zeolite was heated at 245°C. Finally, the zeolite was exchanged 

twice more, washed and heated in a stream of oxygen at different 
temperatures. 

In Table 3 , the ammonium forms and the decationated 

products obtained from zeolite Y with their cationic compositions 
and properties are given. The amount of exchange in Table 3 (a) was 

calculated from the amount of Na20 contained in the ammonium form. 
The amount of decationation in all tables was calculated as the 

difference of the cation content (i.e. Na, K and NH4+) from the total 

cation capacity. The Si02  to A1203  ratio of the initial NaY was 

4.78. The per cent of Na20 and of NH3  were calculated for the 

dehydrated zeolite. The amount of decomposition was found by X-ray 

powder photography using o: A1203  as internal standard (see p. 72). 

The amount of decomposition calculated by this method is not very 

accurate because the alteration of the reflection lines of HY 

(compared with those of NaY) could be partly due to the exchange or 
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removal of cations. For an accurate treatment, HY 100% crystalline 

should be employed as a comparison standard (loq%). Since we did 

not have such a standard and since no particular stress was put on 

the amount of decomposition, NaY was used instead. The decationated 

products obtained by method 4 are listed in Table 4. 

From the results of Tables 3 and 4 certain conclusions 
can be drawn regarding the nature of the decationated Y zeolites. 
It was not possible to prepare a fully decationated stable Y zeolite 

or a stable decationated Y zeolite with very low sodium content. The 

maximum degree of decationation that would be obtained without any 

change of the X-ray pattern (and presumably of the structure and 

properties of the zeolite) was between 66 and 75%, corresponding 
with a Na20 content of 4.47 - 3.20. The temperature necessary for 
removal of the ammonia from the zeolite (or for the "decationation 

step") was between 300-350°C, as found by ammonia analysis. It has 

been observed that it is not possible to exchange all the cations 

of NaY by NH4 at 25°C(98). 32%Na+  remains in the structure. This is 

the reason why, after NaY was exchanged twice with NH4C1, it was 

heated to 540°C. This heating has been reported(97)to be necessary 

for the re-distribution of the residual sodium ions on the most 

energetic sites. This re-distribution could be attained by heating 

the zeolite to 250°C only as can be seen from Table 4. 

The decationated Y zeolite prepared by method 1 was used 

for sorption experiments of hydrogen chloride ammonia and ammonium 
chloride. Further decomposition of the zeolite was found after the 

sorption experiments of ammonia and ammonium chloride. This is 

discussed in the following chapter. Although the decationated 

zeolites prepared by the methods previously referred to may be good 

for catalysis experiments, they were not the most desirable sorbents 

for experiments on the sorption of ammonium chloride. 



Table 3 

(a) Ammonium zeolites prepared from NaY 

Method Treatment 
composition and stability 

% Na20 % exchange X-ray pattern 

1.  4 equil. with 
(NH4) SO4 soln. 

at 100°C. 0.26 98 similar to NaY 

2.  4 equil. with 
NH4C1 + Mt  

soln. at 10000 0.26 98 it 

/- 

3.  via vapour phase 

1st exchange 8.0 38.5 li 

2nd exchange 5.5 58.2 it 

3rd exchange 2.5 81.0 11 



Table 3 (continued) 

(b) Decationated products from NaY 

Method 
Max. temp. 
of heating 

NNY 
%Na20 % NE3 % decatio- 

nation 
X-ray pattern 

1. (b) 	540°C 

(d) 	440°C 0.26 0.0 98 *decomp. 
-\ 

2, (b) 	540°C 

(d) 	440°C 0,26 0.0 98 ti 

3. 
1st exchange 420°C 8.0 0.0 38.5 similar to NaY 

2nd exchange 430°C 5.5 0.0 58.2 il 

3rd exchange 420°C 2.5 0.0 81 *decomp. 

*decomp. = decomposition ca 20 



Table 4  

Decationated products from NaY obtained by method 4 

Treatment Heated Heating 
time(h) 

Heating 
temp.(°C) %NEI 3   % Na20 

% decat- ; 	X-ray 
ionation 1 pattern 

(1) Twice equil. 
with HII,C11-NH.3  similar 
at 1000C in air 16 245 3.5 2.5 35.84 to NaY 

(2) Product (1) 
was treated  
as in (1) in air 44 245 3.4 0.33 53.7 ti 

(3) Product (2) 
was treated in 
as in (1) dry air 18 245 3.16 0.14 58.0 n 

it 46 245 2.7 0.14 65 ii 

in oxygen 18 245 2.57 0.14 66 n 
n 16 295 1.87 0.14 75 *decomp. 
n 

under 

21 350 0.61 0.14 91 n 

low vac. 21 350 0.60 0.14 92 n 

*decomp. = decomposition ca 
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Preparation of decationated Y zeolites has been reported 
2,109).  previously(22445297 	Different investigators have used 

decationated Y zeolites with degrees of deoationation varying between 

70 and 90% and Si02  to A1203 ratio 4.5 - 6.0. The crystallinity of 
these decationated zeolites was reported to have been "highly retained!' 

after heating to 400°C. McDaniel and Maher (97)reported the prepara-

tion of an ultra-stable form of zeolite Y with very low sodium content. 

They observed a loss of crystallinity of 20% of this sample as 

compared to an unstabilized decationated sample prepared by method 1. 

They did not define the critical requirements for its formation nor 

did they account for its composition. Kerr (95)considered a reaction 

occurring in hydrogen zeolite Y between its chemical water and the 

aluminium atoms to result in increase of its thermal stability. 

It has been found(40that dehydroxylation of decationated 

Y zeolites occurs at temperatures above 450°C and results in loss of 

their stability. Some of the decationated zeolites Y obtained by 

the methods 1-4 seem to be less stable than those previously reported, 

although a close comparison is not possible since the initial samples 

of NaY used were different. However, the poor stability of these 

zeolites may be connected with the occurrence of dehydroxylation at 

temperatures lower than 450°C. This suggestion was partly confirmed 

by thermogravimetric analysis of HY prepared by method 1. A rise in 

the % weight loss vs temperature curve for HY corresponding to ca 

2.8% and starting at 450°C would be expected. The corresponding 

curve for HY (method 1) showed a rise of ca 1.5%. 

2.3 Preparation of decationated zeolites from Linde L  

Two methods were used for preparation of decationated 

zeolite L. The first involved the preparation of the ammonium form 

and the second consisted of treatment of the zeolite with dilute 

solutions of hydrochloric acid. The ammonium form of zeolite L was 
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prepared by shaking the zeolite with a 20% solution of ammonium 

chloride (containing 1:1 ammonia), at 100°C for one hour. Two such 

treatments resulted in 84% exchange of K+  and Na by ammonium ions 

as calculated from the Na and K analyses. More similar treatments 

had no effect on the amount of exchange. 

This amount of exchange implies that at least those cations 

on sites D, C and B (20)have been replaced by ammonium ions. Those 

that have not been exchanged are presumably the cations (K,Na) of 

the sites A, i.e. the cations positioned in the hexagonal prisms. 

Part of the NH41, so prepared was heated at 350GC for 24 hours and 

then shaken with NH4C1 solution twice at 100GC as previously. No 

increase of the amount of exchange was found which suggests that the 

re-distribution of cations after heating that takes place in NaY 

does not take place in L at 350°C. 

The 84% exchanged NR4L thus obtained was subsequently 

heated under different conditions in order to remove the NH3  and 

Obtain the decationated form. The exact conditions and the products 

Obtained are listed in Table 5. 	The per cent decationation was 

calculated in the sane way as in zeolite Y (see p.104). From these 

results it can be seen that the critical degree of decationation 

for astable product is between 54 and 74%. An amount of 60% 

decationation accounts numerically for the cations on sites C and D 

without ruling out the possibility of decationation of sites B 

instead of sites C. Increase of decationation results in collapse 

of the crystal structure. 

Comparison of the results obtained for Y and L zeolites 

shows that ammonia can be removed more easily from Y than from L. 

A temperature as high as 450-500PC is necessary for the decationation 

step in L compared with 300-350°C in Y. Zhdanov and Novikov(100)  

reported the preparation of ammonium and decationated forms of 

synthetic erionite, the structure of which is related to L. The 



Table 

Decationated products from Linde L  

._...- 

NH4L treatment cation composition and stability cf 
decationated product 

Heating  
temp.( C} 

Heated 
Heating 
time (h} 

../ 70 K20 % Nae0 
- 

NH3  
. 

% decat - 
ionation X-ray pattern 

350 air 24 2.55 0.11 4.34 19.0 similar to 
Linde L 

350 air 24 2.55 0.11 4.78 12.0 fl 

380 air 79 2.55 0.11 3.3 34.0 It 

35o oxygen 20 2.55 0.11 2.82 41.0 •11 

) 	395 vacuum 24 2.55 0.11 2.09 53.0 1 

450 vacuum 24 2.55 0.11 0.47 74.0 *decomp. 

450 oxygen 24 2.55 0.11 0.0 84.0 ti 

570 air 24 2.55 0.11 0.0 84.0 II 

Linde L 16.0 0.7 

NH4L 6.6 

0.05 NL 10.20 0.10 - 37 similar to 
0.1 EL 7.40 0.10 - 54 oritimal L 

*decomp. = Replacement and weakening most of the lines compared with Linde L. 
5C decomposition calculated by the internal standard method. 
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temperature necessary for complete removal of ammonia under evacua-

tion from the ammonium erionite was 500°C which can be compared with 

45000 for zeolite L. Also, heating at higher temperature is necessary 

to burn out the ammonia
25)

n L than in Y. At 350°C after prolonged 

heating in air and oxygen, only W. of the ammonium has been burnt 

out (of the 80 ammonium present) which corresponds in number to the 

ammonium ions of site D (of the main channel). A higher temperature 

(45000 is necessary to burn out the ammonium ions positioned in the 

cancrinite cages and the "midway" cavities between them. A possible 

reason could be that there is not enough room for oxygen molecules 

to enter these cages which thus screen the N5:1  ions. 

Samples of Linde L were refluxed with 0.05 N and 0.1 N 

solutions of hydrochloric acid(94)  for 3.5 hours at 100oC. After 
treatment, the zeolite was filtered and washed free from chlorides. 

Their X-ray patterns were similar to that of the initial zeolite. 

Their stability was examined by outgassing them at 350°C for 24 hours 

under high vacuum. No change was Observed in their X-ray patterns. 

During the treatment with hydrochloric acid,aluminium was removed 

from the zeolitic framework (Alizarin S test in the filtrate). The 

cationic compositions of the decationated and partly dealuminated 

samples of L (marked 0.05 NL and 0.1 NL) are given at the end of 

Table 5. 

Additional information concerning the properties of some 

of the products prepared from Linde L were obtained by thermogravi-

metric analysis. In fig. 35  the per cent weight loss vs temperature 

curves for 0.1 NL, NH L and original L are plotted. The larger 

weight loss at temperatures between 100°C and 300°C from 0.1 NL 

(curve 2) than from NE 141, or Linde L is attributed to its higher water 

content and partly to the hydroxyls of the zeolitic framework formed 

because of its partial dealumination. The second shoulder of this 

curte at 400-500°C corresponds to the loss of water from the hydroxyls 



113 

due to deoationation. This behaviour is similar to that of other 

decationated zeolites. Barrer and Peterson(73) found that the water 

loss due to the hydroxyls in H-Zeolon took place at temperatures 

belmeen 600oC and 900
oC. Zhdanav and Nivikov

(100) 
 reported that the 

water loss under evacuation in dealuminated synthetic erionite 

occurs at temperatures between 450°C and 550°C. In curve 3 the 

second rise at temperatures between 350°C and. 50000 was attributed 

mainly to the loss of aamonia due to the decomposition of amonium 

ions, and the third to the completion of the loss of ammonia and 

loss of hydroxyls. However, calculations based on the ammonia 

content showed that a considerable part of the hydroxyls must have 

been eliminated as water at lower temperatures. This is in agreement 

with the results of Table 5 and also curve 2. 
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3. AMMONIA-ZEOLITE SORPTION COMPLEXES 

3.1 Experimental isotherms 

Isotherms were obtained at intervals of 20°C or 30oC 

between 190°C and 320°C for ammonia sorbed on the synthetic zeolites 

H-Zeolon, NaY and KL; in addition, one isotherm was taken at room 

temperature (22.5°C) for ammonia sorbed on KL and another one at 

245.5°C on HY. 

Reversible and reproducible isotherms were obtained in 

all cases except for that of ammonia on HY which showed hysteresis; 

therefore, the HY NH3  data are excluded from comparison and will be 

discussed separately at the end of this chapter. 

Equilibrium in sorption and desorption was established in 

ca 30 minutes. An hour to an hour and a half was, however, allowed 

between readings. Outgassing of the samples between the runs had 

no effect on the recorded isotherms. Comparison of the X-ray powder 

photographs of H-Zeolon, NaY and KL taken before and after the 

sorption experiments also showed that no change had occurred in 

their structures. The isotherms recorded for the three systems, 

i.e. H-Zeolon, NaY and KL, are shown in fige.36, 37 and 38. All 

the isotherms Obtained belong to type I of Brunaaer's classification. 

The isotherms obtained for ammonia on H-Zeolon are the most rectan-

gular of them all and removal of the sorbed ammonia on H-Zeolon at 

very low pressures (p40.04mmHg) could only be attained by evacuation. 

These facts show that ammonia is strongly sorbed on H-Zeolon or 

possibly chemisorbed. In other words, a reaction of ammonia with 

H-Zeolon to form the ammonium form of the zeolite may take place. 

Complete conversion of H-Zeolon to NH4-Zeolon corresponds to an 

uptake of ca 38 mg/g. 
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The isotherms can be used to calculate the thermodynamic 

quantities for the sorbed phase by applying general thermodynamic 

arguments (Ch.2,_ PAM. Some of the thermodynamic quantities have 

been calculated and are discussed in the following paragraphs. An 

empirical virial equation was also used to describe the sorption 

isotherms; the activity coefficients of sorbed ammonia at different 

temperatures and uptakes were calculated and compared with their 

values calculated from different isotherm models. 

3.2 Thermodynamic properties of the sorbed phase.  

Isosteric heat of sorption 

Isosteric heats of sorption were determined from the 

experimental isotherm data for H-Zeolon, NaY and KL using the 

Clapeyron-Clausius equation in its integrated form: 

T -a, = q .-2.303R e-
T 
 "-) log 12/ 

s' 	T1-T2 	Pi 

The isosteric heat for a given amount sorbed was calculated from 

the plot of log p vs uptake from ail possible pairs of isotherms 

and the average was taken. In some cases, plots of log p vs 1/T 

were also used. There was no evidence of a temperature coefficient 

in aly unless it was in the limits of experimental error. 

Because of the low uptakes and the difficulties in keeping constant 

temperature to within reasonable accuracy (see p.75 ) the deviations 

in the values of isosteric heats were rather high for all three 

systems, ranging from 3 to 10 per cent of the mean value. 

In all systems studied,the isosteric heats decreased with 

increasing uptake because of the heterogeneity of the surface of 

the sorbents. The plots of isosteric heats against the uptake are 

shown in figs, 39-41. Since the isotherm families recorded cover 

the range of temperatures between 1900 and 320°C, the calculated 
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isosteric heats cover a short range of surface coverage. Therefore, 
the information that can be obtained from the isosterio heats should 
be considered to be qualitative rather than quantitative. The values 
of saturation capacities at these high temperatures (as calculated 
from the plot of vs p, where x is the uptake at equilibrium pressure 
p) are not accurate and A, the fraction of the total available surface 
covered., cannot be used. for plotting and. comparing the isosteric 
heats for different zeolites. This difficulty was overcome by 
expressing the uptake in mg of ammonia per cc of intracrystalline 
volume of sorbent (m); the intracrystalline volume was calculated 
from the water content of the zeolites at room temperature. The 
plots of isosteric heats against m for the three systems are shown 
in fig.42. Although these graphs do not cover a wide range of in, 
it can be said. that the isosteric heats for H-Zeolon are the highest 
and. those for la, the lowest. In fig.43 the isosteric heats of 
ammonia sorbed on a sample of ca 70io HY as obtained by Benson et al(44)  
are compared with those obtained for H-Zeolon and NaY. The sorption 
of ammonia on decationated Y zeolite was studied. by IR spectroscopy(28) 

It was found. that ammonium Y was reconstituted when ammonia was sorbed 
at temperatures 200-300°C. This fact and the similarity of the plots 
of the isosteric heats for H-Zeolon and. HY in fig. 43 support the 
suggestion that at least part of the sorbed. ammonia on H-Zeolon is 
chemisorbed. The rest is physically adsorbed on two distinct sorption 
sites(73). 

The isosteric heats for NaY-NH3  were compared with those 
for NaX -NH3  obtained. by Barrer and. Gibbons (38) . For low uptakes 
the isosteric heats on NaY were higher than on NaX; for higher 
uptakes the isosteric heats on NaY were lower than on NaX. Since the 
cation density in NaY is lower than in NaX, the isosteric heats of 
sorption of ammonia on NaY should. be  expected to be lower than on NaX 
at low uptakes. A possible explanation for this apparent discrepancy 
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is the cation deficiency in the sample of NaY used since the 

isosteric heat of ammonia on HY(44) is much larger than on NaY. 

Integral heats of sorption 

Integral heats of sorption ai can be obtained as functions 

of the amount sorbed by graphical integration according to the 

relations: 

AH1  = 
1 j:11 8Tfidn i  

j,21.1 

ni-n2 
n2 

where n denotes the number of moles sorbed. For integration of 

equation (46) extrapolation of AH1 vs coverage to zero sorption 

is necessary. Where this becomes inaccurate, equation (47) may be 

used. Equation (46) was used to calculate integral heats of 

ammonia on NaY and KL. The extrapolated values of 41H1  necessary 

for this integration were taken as 20 kcal/mole aad 16.5kca1/mole 

respectively. No attempts were made to calculate integral heats 

for ammonia sorbed on H-Zeolon since either equation (46) or (47) 

would lead to inaccurate results. The calculated values of integral 

heats of ammonia on NaY and KIJ for different uptakes (m) are given 

in table 6 . From the results of this table it can be seen that 

the values of the integral heats greatly exceed the latent heat 

of vaporisation of liquid ammonia which is 5.56 kcal/mole at 

239.7°K. This may be interpreted to mean that there are substantial 

forces in the crystal without counterpart in the liquid. 

(46)  

(47)  
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Table 6 

Integral heats of sorption of ammonia 

- AH/  (kcal/mole) 

Zeolite NaY la, 

uptake (m) 

20 16.0  

30 19.4  15.7 

40 19.2 15.4  

60 18.7 15.0 
80 18.0  14.5 
100 17.5  14.n 
120 16.8  

140 16.:8. 

Differential entropy of the sorbate and 

half standard entropy of sorption 

The differential molar entropies for ammonia adsorbed on 

the various sorbents examined were calculated from the isosteric 

heats of sorption using the equations 

.° §1  :S°  + RInip 6-11  p. 	T 

where p0  is the pressure at standard state (1 atm), p in mmHg and 

at in cal/mole. The standard entropy of gaseous ammonia (s) was 

obtained from the data of Din
(102). 

 The differential molar entropies 

for ammonia adsorbed on H-Zeolon, NaY and Kl.are shown in figs. 44, 

45 and 46 respectively. The dotted parts in the entropy curves were 

calculated from the ha3f standard differential entropies defined as 

(13) 
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c:eg g1 	 (14) 

and obtained from 

8E1 	- 	Rln Pv 	(14a) 

where po and p have the same meaning as in (13). The half standard 

entropy of sorption should be independent of temperature(62) 

This behaviour is well established by the data of table 7 . The 

differential entropy plots in figs. 44,45 and 46 show that the 
sorbents exhibit heterogeneity. The plots for KL show two maxima. 

In the H-Zeolon curves there is one well defined maximum and a 

second one is also probable. The differential entropy curves for 

NaY show a maximum and then increase with increasing uptake. 

Differential entropy should eventually decrease with increasing 

uptake. The apparent anomaly in the NaY curve is due to the small 

range of uptakes examined. A more detailed study should involve 

isotherm measurements at lower temperatures, extending the uptake 

range. 

Table I  

Half standard entropies of sorption of ammonia 

(a) 	H-Zeolon 

631 (cal deg71  mole-1) 

Temperature (°K) 473 503 523 543 573 

Uptake (mg/g) 

28 27.63 27.38 27.40 27.37 
36 26.63 26.74 26.61 26.66 

38  26.28 26.32 26.32 26.31 

40 25.50 25.53 25.46 

44 25.25 25.15 



Table 7  (continued) 

(b) 	NaY 

ANI (cal deel  mole-1) 

Temperature (°K) 494 519 545  570 594.5 

Uptake (mg/g) 
13.30 26.22 26.68 
23.27 25.52 25.38 25.48 25.54 25.43 
29.92 25.41 25.31 25.35 ,  25.38 
36:57 24.26 24.28 24.38 
39.90. 23.34 23.33 
43.22 22.41 22.44 

(c) KL 

.6,71  (cal deg-1  mole-1) 

Temperature (°K) 463 493 518 553 588 
Uptake (mg/g) 

2.0 22.65 22.52 22.54 22.58 
6.0 23.50 23.64 23.57 23.62 
7.0 23.38 23.6o 23.42 23.4o 

10.0 21.59 21.39 21.70 
12.0 20.76 20.24 20.84 
14.0 20.89 20.83 
16.0 21.48 21.34 

128 
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3.3 Selectivity and affinity 

A quantitative measure of the affinity of a sorbate for 

a certain sorbent is the decrease in chemical potential when the 

gas is transferred reversibly and isothermally from the gas phase 

at a standard pressure pc' (equal to 1 atm) into en infinite amount 
of the sorbent-sorbate mixture over which the equilibrium pressure 

is p. If we assume that the behaviour of the gas is not far from 

the ideal, this free energy change is given by: 

Ae.. RT1+ 	 (46) 

Equation (46) was used to calculate changes of free energy at 

different uptakes for the systems examined. The plots of -Alt 

vs uptake are given for three temperatures in figs. 47, 48 and 49; 
In order to make comparison possible,the change in chemical poten-

tial was plotted against the amount sorbed expressed in mg of 

ammonia per co of intracrystalline volume of sorbent (m). The 

free energy ohanges vs uptake for H-Zeolon, NaY and KL at 246°C 

are shown in fig. 50 ; the curve for H-Zeolon has been calculated 

from the isotherm taken at 250°C, but since elpLincreases with 

decreasing temperature and the curve for H-Zeolon lies well above 

the others such a comparison is permissible. The affinity for 

ammonia shown by H-Zeolon is quite outstanding. The affinity 

sequence for ammonia at 246°C iss 

H-Zeolon > NaY) XL . 

This exceptional affinity for ammonia shown by H-Zeolon is believed 

to be due to chemisorption of ammonia on H-Zeolon to form the 

ammonium form of the zeolite. 
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3.4 Empirical isotherm equations  

The results obtained for the systems NaY-NH3 and KL-NH3  

were used to evaluate the virial coefficients and calculate the 

thermodynamic properties of the sorbed phase in its standard state. 

Also, activity coefficients for the sorbed phase were evaluated. 

from the experimental data; activity coefficients calculated from 

isotherm models were compared with the former. 

Evaluation of virial coefficients  

Equation (35) can be written 

cs InK = la-- + 2/kics 	
-41A43  -L 	 

s (47) 

where cs is the uptake expressed in moles of ammonia per litre of 

dehydrated zeolite (or per litre of zeolite-sorbate mixture) and 

p the equilibrium pressure in atmospheres. From the plot of 
cs 	 cs la--- vs cs p InK can be found; it is the value of l n--- far cs=O. 

Also coefficients AI, 47 	as many as are necessary to describe 
cs  

the carve Im--- = f(es) obtained for each isotherm, can be evaluated. 

CB  
In the case of ammonia sorbed on NaY the plots of In--- 

vs% were straight lines so lnK could easily be found by extra- 

polation. Since it was difficult to obtain reliable results in the 

low pressure part of the isotherm (or the low cs  part of the curve 

ln--- = f(c
s)) the constant K and the coefficients All  A2, s i o  thus 

obtained will describe the part of the isotherm which was used to 

obtain the reliable part of the above mentioned curve. The shape of 

this curve determines the number of the coefficients needed. For the 

system Nal.-N-H3 only one coefficient was needed to describe the 

isotherms at each temperature. Thus equation (47) becomes 

es  
JnK = In--- + 2Lics 
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which is a straight line with intercept lnK and slope 2111. The 

equation which describes the isotherm of ammonia on NaY has the form 

Kexp(-2Alcs) 

cs  
The shape of the curve In--- . f(cs) changed with the 

temperature for the system KL-NH3. At 315°C it was concave to the 

es-axis; at 2800C it was a straight line and at lower temperatures 

it was convex to the cs-axis. More than one coefficient was necessary 

to describe most of the isotherms. They were found by solving systems 

of simultaneous equations. 

No attempts were made to calculate K's and A's for the 

system H-Zeolon NH3  since the isotherms were very rectangular and 

it was not possible to obtain reliable points for the curve 

PIn--- . f(c ) over a reasonable range of cs. The values of K's and 
A's obtained for the systems NaY-NH3  and KL-NH3  are listed in Table 8. 

These values were used in equation (35) to reproduce the isotherms. 

The reproducibility was very good for both systems as one can see 

from figs. 51 and 52. 

Calculation of thermodynamic properties at the  

standard state  

If in equation (25) we replace as  by csyS and a by p, 
g 

we have: 

/ CS YS 
K V-----) p eq 

Equation (48) was used to calculate 	and as  at different values 

of cs. Fromtheplotofays c
s the concentration for which a =1 

was found. This was the concentration of the sorbed phase at the 

standard state. The values of lnK for different temperatures as 
cs  

calculated from the curve 1n--- - f(cs) were used in the formulae(22) 

s 
p 

(48) 
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Table 8  

Values of constants K and coefficients A 

(a) NaY-NH3  

Terre. (°C) lnK K Al  

221 6.30 537.0 +0.445 
246 5.36 214.0 +0.400 
272 4.53 92.0 +0.383 
297 3.73 41.5 +0.350 
321.5 2.84 17.1 +0.273 

(b) NH3  

Temp.(°C) laK K Ai A2 

190 5.1 164.02 1.230 -0.308 

220 3.86 47.42 1.169 -0.382 
245 3.2 24.53 1.353 -0.638 
280 2.0 7.38 +0.75 0.0 

315 0.8 2.22 +0.23 0.05 

and (23)  for calculation of the values of 4G0, 5E.°  and AS0, i.e. the 

free energy, enthalpy and entropy of sorbed ammonia at the standard 
state. AHo was calculated from the slope of the plot lnK vs 1/T of 

figs.53 and 54. The values of these thermodynamic quantities for the 
systems NaY-N113  are given in Table 9. 
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Table 9  

Temperature 

(°C) 

Cs 	-Q Go 
(mole/1) 	k al/mole) 

-6Ho 
al hole 

-ASo 
(cal/mole ideel) 

NaT-NH3 

221 0.20 6.19 . 28.72 

246 0.30 5.53 28.70 
272 0.64 4.90 20.40 28.50 
297 0.68 4.21 28.60 

321.5 0.71 3.35 28.70 

KL-NH3  

t 
190 0.34 4.70 25.50 

220 0.40 3.78 25.80 
245 0.40 3.28 16.5 0 25.60 

280 0.49 2.19 25,90 

3.5 Activity coefficients and correspondence with isotherm models  

Equation (48) can be used for the calculation of the 

activity coefficients•Dfthe sorbed phase. Simple comparison of this 

equation with equilibrium constants as given by isotherm models (Ch.29  

Part I ) enable us to obtain expressions for the activity coeffi-

cients for every model. The expressions thus obtained and used in 

the following discussion are summarized in Table 10 
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Table 10  

Activity coefficients of the sorbed phase for different 

isotherm models  

Isotherh,7_ Equilibrium constant 	Activity coefficient 

Langmuir 

Volmer 

Van der Waals 9  

Empirical 

A csat K m p .----3.9  

9 	9 

- csat-0  
csat 	

C  K m p0.40exp(1  .4;) 

1 Q 

itir = 7-7---cexP(c 	-c)  sat 	sat 
csat = p(1-9) 	1-0 -°(g)  

K m -2-p  exp(240 + ...) 

--
) il'inw = 7-77jexP(7.77 -dk  c-  sat 	sat 	sat 

a E  m exp(2A1c + ...) 

The values of csat used were obtained from the limiting 

slope of the plot* vs p at every isotherm temperature. The value 

ofoc used in the Van der Weals isotherm model was calculated from the 

formula
(64,72) 

a 
ot=  bier 

where a and b are the three dimensional Van der Waals constants, k the 

Boltzman constant and T the absolute temperature. For the system 

KL-NH3  since the calculated value for the Van der Waals constant gave 

very small values for the activity coefficient ocwas taken equal to 1. 

Since tends to 1 as cs  tends to zero, the expression for 	obtained 

from Langmuir, Volmer and Van der Weals isotherms were multiplied by 

csat. 
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In figs. 55 &56 the values of IT calculated from the experi-

mental results and for different isotherm models are plotted at 221°C 

for NaY-NH3  and at 220°C for KL-NH3, respectively. In general, the 

values of a,  obtained from equation (48) and from the empirical 
expression were in very good agreement with each other. The values 

of 	, calculated from Volmerls isotherm, are closer to the experi-

mental ones than those calculated from Langmuirls or Van der Wails'. 

Besides ' , other thermodynamic quantities (solution thermodynami* 
can be used to test isotherm models. Figs.55 and 56 show that ai 

is very sensitive to cs  and it might prove to be a useful test for 

isotherm models. 

3.6 The sorption of ammonia on HY 

One isotherm was taken at 245.5°C of ammonia on BY. The 

sample of HY was prepared as described on p.103 and it was found by 

X-ray powder photography to be 80% crystalline (liar = 100). The 

isotherm was irreversible and complete removal of sorbed ammonia was 

attained only after evacuation at 340°C. The zeolite was X-rayed after 

the end of the experiment and further decomposition was found (ca 60% 

crystalline). 

Benson et al(44) obtained reversible isotherms of ammonia 

on a ca 70% decationated sample of zeolite 1.3 its Si00A1203  ratio 

was 4.5 and it was prepared by heating the ammonium form at 390°C. 
Cattanach et al(40) studied the thermal decomposition of NH4Y. Their 

sample contained 10% Nat (expressed as a percentage of exchangeable 

cations) and its Si02:A1203  ratio was 5.52. They found that if NH4Y 

was heated to 450°C by allowing ammonia into the system the NH4Y could 

be reconstituted. But the dehydroxylated-Y (that could be obtained 

by heating the NH4Y above 450°C) was extremely unstable. All their 

attempts to reconstitute NH4Y from the dehydroxylated form failed and 

resulted in complete loss of crystallinity. 
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The sample used in the present work was prepared by heating 

NH4Y at 44000; it contained 2g) Na' and had a 5i02:A1203 ratio of 

4.78. A 20% loss of crystallinity was observed during decationation. 
This sample appears to be more sensitive than Cattanach's (Benson's 

being excluded from comparison because of its high Na content(97),). 

Since the sample used in the present work was poorer in silica it is 

possible that this accounts for its poor stability. The Si02:A1205 

ratio of the zeolites is believed to be one of the main factors of 

the stability of the decationated zeolites. The observed hysteresis 

is believed to be connected in part with the decomposition of the 

zeolite. 

In fig. 57 the sorption isotherm of ammonia on HY is 

compared with that on NaY, Despite the difference in crystallinity 

of the samples, the sorption is higher in HY and the isotherm is 

more rectangular than in NaY. This experiment in connection with 

previous findings
(28,40) 

suggests than ammonia sorption might prove 

to be a good test of the stability of decationated zeolites. 
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4. AMMONIUM CHLORIDE - ZEOLITE SORPTION COMPLEXES  

4.1 H-Zeolon - ammonium chloride 

Experimental isotherms  

The sorption of ammonium chloride was studied in H-Zeolon 

at 230°C. Sorption and desorption were generally slow and their 

rates depended on the sorbate temperature. At sorbate temperatures 

higher than 200°C equilibrium was established in ca 10-15 hours but 

at lower temperatures in ca 40 hours. During this time pressure and 

uptake changed in the same way (i.e. both increased or decreased). 

The points measured between "equilibrium" points fit the isotherm. 

(By "equilibrium" we mean that pressure and uptake remained constant 

with time, for fixed sample and reservoir temperatures.) A residual 

uptake of 30 mg/g and a residual pressure of 6.5 mm Hg, which decreased 
extremely slowly with time, were found at the end of the desorption 

cycle. This pressure was due to condensable gases (presumably hydrogen 

chloride and ammonia) because it became negligible when the sorbate 

reservoir was put in liquid nitrogen. A decrease in uptake was also 

noticed. The residual uptake (and pressure) could be removed by 

raising the sample temperature to 350°C. An explanation for this 

uptake and pressure is given on p.161. 

The pressures (p) measured at uptakes less than the 

saturation uptake were higher than the vapour pressure of ammonium 

chloride (pc)) corresponding to the sorbate reservoir temperature. 

The ratio p/po  is plotted against reservoir temperature and measured 

pressure in figs. 58 and 59, respectively. The value of p/po  tends 

to 1 as the sorbate temperature approaches the sample temperature or 

as the pressure approaches the vapour pressure of ammonium chloride 

corresponding to the isotherm temperature (i.e. 24 mm Hg). 
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The reproducibility of the isotherm was not good. When 

the sorption and desorption cycles were repeated on the same sample 

without opening the apparatus, the isotherm was very well reproduced. 

When different samples were used, or even the same sample with the 

apparatus being opened and then sealed and the zeolite subsequently 

outgassed, the initial isotherm could not be reproduced. However, 

the measured isotherms had the same shape (signoid) and the saturation 

uptake did not show significant change. A typical sorption isotherm 

of ammonium chloride vapour on H-Zeolon at 230°0, together with the 

isotherms of pure ammonia and pure hydrogen chloride measured at the 

same temperature, is shown in fig. 60 	The isotherms for the pure 

ammonia and pure hydrogen chloride have qualitatively the form of 

Langmuiris isotherm. The isotherm contour of ammonium chloride is 

that which typifies strong interaction corresponding with the steeply 

rising part of the isotherm. The strong interaction between ammonia 

and hydrogen chloride results in an increase in the amount sorbed 

from the mixture compared with that from the pure components at the 

same temperature. 

Some theoretical considerations 

- Possible equilibria in the system ammonium chloride 

H-Zeolion include: 

1111401(s)""4...2_141  NII4C1(6 (49)  Hel(g) (g) 

xHC1(e) + yNH5(g) + HZ *--____*HZ.xH01(a).yllE13(s) (50)  
with 3r:'". X 

NH (a) 	+ HC1 ( a) 4  NH4c1( a) (51)  

NH3(a) 	+ 	HZ att 	11H4Z (52)  
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where "Z" denotes zeolite, "a" solid, He gas, and "a" adsorbed phase. 

Besides the reactions (49-52), another two, namely an ion-exchange 

reaction of the existing sodium ions in H-Zeolon (p.17) and a 
reaction of hydrogen chloride with the aluminium of the zeolite(p.86) 

will not be considered since it is believed that these reactions do 

not take place in this sorbent. Evidence for this was obtained from 
the following observations: 

(a) No aluminium or sodium was found after washing the zeolite 
with distilled water after the end of the sorption experi-

ment. 

(b) No residual uptake was found after heating the zeolite 

at 35000. 

(0) The isotherms were reversible. 

Therefore, two reactions are important during the sorption of ammonium 

chloride on H-Zeolon, reaction (51) and reaction (52) .. Reaction (51) 

represents the recombination of ammonium chloride from ammonia and 

hydrogen chloride in the zeolitic cavities, and explains the increase 

in sorption from the mixture compared with that of the pure components. 

This reaction results in removal of ammonia and hydrogen chloride from 

the vapour phase in equivalent amounts. 

Reaction (50 represents the formation of ammonium-Zeolon. 

This reaction, which explains why ammonia is sorbed more than hydrogen 

chloride on H-Zeolon, results in removal of more ammonia than hydrogen 

chloride from the gas phase. Therefore, a disproportionation arises 

in the gas phase and the pressure becomes higher than the vapour 

pressure of ammonium chloride corresponding to the reservoir temperature. 

That this disproportionation can take place in the gas phase 

can be shown theoretically. A method for analysis of these results 

can also be derived, based. upon the law of conservation of mass and 
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the equation of ideal gases. The equilibrium 

NH4c 	NH3  ( g) + 1101() 	 ( 49 ) 

lies over to the right, and the equilibrium constant, K1, is 

K1 = aNH3 ami 

aNH4C1 

where a denotes activity. The activities can be replaced by pressures 

and, since Ki is very large, PNH 01 is very small and in the presence 

of solid ammonium chloride is a constant k which rises with the 

temperature. Thus from 

K = K1k ' PNEePH01 

and also p 

p-k(T) = NH3P 	PHC1 

where p is the total pressure, we obtain 

p-k(T)K + PH01 
PH01 

p-k(T) = K + 
PNH3 Pun3 

Since hydrogen chloride is less strongly sorbed than ammonia, the 

partial pressure' of ammonia (a.,-Jmn3)  must be lower than that of hydrogen 

chloride. When equations (55) are solved, the possible roots are: 

p1 = C1 2 [ (p-k) + \f` -k) - 4K 1 
P2 = P 	= z 1(1)-k) - NH3 	

V(P".k) 2 4,1( 

(53)  

(54)  

(55)  

(56)  



with 

PH01 A 	 CR-k)  
PNEL3  
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(57) 

Thus, as p increases sufficiently PHCl  tends to 1 but for smaller 
PNH3 

values of p this ratio is greater than 1. No real roots are possible 

for equations (55) when---ILT 1. 
(33)(1)-k) 

that k is very small 	, the pressure p being approximately 

V = PNH3 PHC1 

In absence of sorbent: 

Elk z= PliePflC1 = K  

0 p pism3 

 PHCl 
 

PNH3  = P101C1 

PNH3 n V  K = Pl7C1 

(po-k) 11Ta3  = P1701 

Po " 2\r 

where 130  is the pressure of the pure ammonium chloride at the temperature 

In equation (53) it is known 

and 

also 

thus 

and 

and 

( 5 8 ) 

(59) 

(6o) 

(61)  

(62)  

(63)  

(64)  



or since k is very small 

1 1 - (po-k 
p -k 

/ Po-k
2 

•̀• p -k 

, PEcl 
pNH3  
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of the solid ammonium chloride. 	With equation 	(64) or the exact 

relation 

(Po- k)  = 2\6 (65)  

equations (56) 	and. (57) become: 

EP-k 
pso-k )2] 

[1 + 
P-k 

(66)  

(67)  

(68)  

I)NH3 = i(P'"'k) 	\11 (PCrk  
p-k 

and 

PHCi = a 110 	p2-pit 

PNE3 = [ 	2 P ' 
P VP Po 

In the absence of the zeolite and with the solid ammonium chloride 

in the reservoir at the same temperature as before, pc)  is known from 

the vapour pressure vs temperature curve. The equilibrium pressure 

p in the presence of zeolite is measured. Thus partial pressures pl 

and p2  can be found from equations (68) . One also notes from 



g  +-61 

P2 

ra  
g 	P2 n2  
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equations (66) that p must be greater than pc)  for real values of p/  

and p2. As the amount of zeolite is reduced to zero, p tends to po  

and pi = p2 = ipo. Thus, the difference between p and po  depends upon 

the amount of zeolite present and the difference in selectivity in 

sorption of ammonia and hydrogen chloride; if these were equally 

sorbed, p would always be pc, and pi = pa  = zoo whatever the amount 

of the zeolite. The presence of the zeolite results in a perturbation 

of the ammonium chloride solid-vapour system in the way indicated; the 

extent of this perturbation varies with the amount of the zeolite. 

From the experimental results it cannot be proved that this was the 

only factor affecting the reproducibility of the isotherms since, as 

has already been mentioned, the isotherm could not be reproduced using 

the same sample and weight when the system was opened and the sample 

outgassed again. 

The partial uptakes of hydrogen chloride and ammonia can 

be calculated from the total uptake in the following way. Let of and 

ng represent the numbers of moles of hydrogen chloride and ammonia in 

the gas phase. The total volume of the apparatus can be regarded as 

the sum of volumes Vi at temperatures Ti  where Ti varies with Vi. Then 
nf and n2  are given by: 

with 

(69)  

(70)  

Also evaporation of ammonium chloride yields ammonia and hydrogen 
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chloride in equal  amounts 

ng + 	n26"  + n2 	 (71) 

where n1  and n2  represent the moles of adsorbed hydrogen chloride and 
ammonia, thus 

g 	 a- ni•-nn  212- n1  = (P1 p2) 
1 

 = F (p1.-p2) (72) 

    

where FR 
	

T and can in principle be evaluated from the 

constants of the apparatus. 

Further, 

w 	17n2, + 36.45n1 	(73) 

where w is the total weight sorbed. Solving equations (72) and (73) 
for n1  and n2, (and also for wi = 17n1  and w2  = 36.45n2) one has: 

n1 	r2 - 	17 F (pi -P2) = 'HCl 53.45 53.45 
(74)  

w 	T 36.45  F 	-p2) = 53.45 	53.45 

From equations (68) we obtain: 

and so, 

p1-P2 = (75)  

- 	p2  Poni 
53.45 53.45 

112 = 

4,36.45 
n2=  53.45 53.45 

F 
(76) 
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From equations (76) and (68) the partial isotherms n1  vs pi and 

na vs pa can be found. In the steeply rising region of the isotherm 

of the mixture where ammonia and hydrogen chloride are associating 

strongly, presumably in the 1:1 proportion of ammonium chloride, na 

and na will be approaching one another and so p-po  will be becoming 

less and pl  and p2  will also be approaching to each other and 1130. 

Calculation of the partial isotherms from the isotherm of 

the mixture  

Equations (68) and (76) were used to calculate the partial 
isotherms of ammonia and hydrogen chloride from the experimental 

isotherm of the mixture. The application of the above argument to 

the experimental results involves the accurate measurement of two 

more variables, besides those already measured, namely the sum 

)7-  AV, 
	 T-L 	

T and the sorbate temperature. The sum / 	can be 
i 	

. 	 . 

measured with satisfactory accuracy (by allowing a known amount of 

argon to expand to a known volume, p. 71 ) as it is shown in Table 11. 

Table 11  

Change of factor F with reservoir temperature 

Sample Reservoir I > LVi 
Temperature Temperature Vapp. Fx10-5 

3. 	. TiT. 

(oc) (°C) (cc) (cc/deg) (mole/mm Hg) 

230 132 1196 2.426 3.890 
II 164 1199 2.410 3.865 
it 193 1203 2.404 3.856 
II 210 1206 2.412 3.868 
II 223 1207 2.402 3.852 
It 230 1209 2.396 3.843 
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The knowledge of the exact sorbate temperature determining the equi-

librium is very important since it is used to obtain po  from the 

vapour pressure-temperature curve of ammonium chlnride (fig. 9). 
This temperature could not be accurately measured under the experi-

mental conditions used. The error in its measurement was ± 1-200. 

However, for temperatures lower than 230°C, the temperature coefficient 

of the vapour pressure of ammonium chloride is not very big so that 

reasonable accuracy can be obtained. The partial isotherms of ammonia 

and hydrogen chloride as calculated from the formulae (68) and (76) 

are shown in fig. 61 together with the isotherm of the mixture. In fig% 

62 and 63they are compared with the isotherms of pure ammonia and 

pure hydrogen chloride. The effect of the presence of both gases on 

their sorption is very well shown by comparison of the partial iso-

therms with the isotherms of the pure components. 

The change of the composition of the mixture is illustrated 

in figs. 64 and 65 . In fig. 64 the ratio of partial pressures -'1.• 
P2 

is plotted against total pressure. The value of this ratio decreases 

with increasing pressure and tends to 1 as p approaches the saturation 

pressure. In fig. 65 the ratios 	and—a are plotted against the n2 	ni  
total uptake. Both ratios tend to 1 - froM values lover and grakter 

than 1, respectively - as the total uptake approaches the saturation 

uptake. 	 44a- " 
Difficulties in estimating Al  and Q2 (where Al  is thekbotal 

available surface covered by ammonia and 82  by hydrogen chloride) 
prevent us from testing isotherm models. 

Additional evidence for the disproportionation was obtained 

by another experiment, similar to the sorption experiment. The 

apparatus shown in fig. 66 was used. H-Zeolon was put in Z and 

ammonium chloride in A. Both were autgassed under high vacuum for 
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two days, the zeolite at 350°C and the ammonium chloride at 90°C. 

The reaction tube was sealed at P and the apparatus was heated by 

means of a round electric furnace at 230°C for two days. The furnace 

was then lowered so it could heat the zeolite only, and the break 

seal at B was broken with the magnetic hammer H. The pressure, which 

was measured by means of the mercury manometer M, was due to conden-

sable gases because it became negligible when the trap T was put in 

liquid nitrogen. This pressure decreased slowly with time and became 

almost zero after about a month (fig. 67 ). This was explained 

because of the disproportionation in the gas phase and the slow 

desorption of ammonia from H-Zeolon (or slow decomposition of ammonium-

Zeolon). Ammonia is desorbed very slowly from H-Zeolon and in the 

presence of hydrogen chloride (which is believed to be the main 

constituent of the gas phase) reacts with the hydrogen chloride to 

form solid ammonium chloride. This results in a decrease in pressure. 

This process is controlled by the desorption of ammonia from H-Zeolon 

(or the decomposition of ammonium-Zeolon) and should obey a first 

order reaction equation. If we call pl  the pressure at time tl  and 

p2  the pressure at time tp then the plot of 

-1022 log. pi . t2-t1  
k 	P2  

should be a straight line with intercept -Pe This plot is shown 

in fig. 68 . From this figure, the reaction constant k was found to 
- be equal to 1.94 x 10 6 sec-1. The results of this experiment are 

in agreement with the Observed residual uptake and pressure (p. 145) 
after the desorption of ammonium chloride from H-Zeolon. From the 

partial isotherms the constitution of the sorbed and gas phases was 

found at p = 6.5 mm Hg. From fig. 61 we find that the total uptake 

at p.6,5 mm Hg is 1.26 mole/is., and from fig. 65 that for 

n = 1.26 mmole/g, 	= 0.52. Therefore, n2 
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1, =0.52, 	, +n2 =1.26 

which yields 

n.2  . n__ = 0.83 mmole/g P2  • 0.2 mm Hg 

and 	= 21E01 = 0.43 mmole/g 	. 6.3 mmHg 

At this partial pressure of ammonia the desorption is very slow. 

(This is in agreement with observations on the desorption of pure 

ammonia from E-Zeolon at this pressure.) By raising the sample tempera-

ture the equilibrium position changes and ammonia is more easily 

desorbed. The uptake also decreased when the reservoir was put in 

liquid nitrogen, because hydrogen chloride froze and its partial 

pressure decreased and therefore some hydrogen chloride was desorbed. 

Description of the sorbed phase by a virial equation 

For the sorption of a mixture of two gases 1 and 2 in a 

non-swelling zeolite crystal the change of the chemical potential of 

the sorbent when ci and 02  moles of the constituents 1 and 2 per unit 

volume (litre) of the crystal have been sorbed is given by(63): 

Pl c 	c 6 	z = pz-112  = Vm  (10 1-1-p2 ) - RT 	dpi  RTI 	dp2 	(77) 
o Pi 	0 P2 

where p1  and p2  are the partial pressures corresponding to o and 02  

and. V
m the molecular volume of the lattice-forming unit (taken by 

Barrer that containing two atoms of oxygen). 

Also, if the sorbate -zeolite mixed phase is treated as a 

solution, the osmotic pressure TX. is given by (101)  

A 	= -?am 	 (78) 
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P1 
RT 	RT 

O Pi 
dp2  

o P2 
(79) 

and fl  is independent of the choice of lattice-forming unit. If IT is 

to be in atm then pi+p2 is in atm, R in cc-atm per mole per deg. In 
general, the term (p1i=p2) is negligible in comparison with the integrals 
and unless p1+p2 is very large it can be omitted: 

P1  c 	c, 
YT= RTI 	dp

1 
 + RTf 	dp

2 	
(co) 

Pi 	o Pz 

For the isotherm of the mixture the osmotic virial equation truncated 
ow eit 82 

at the same point iskhuss 

TT 

	

= (01+02) + c°  A + 02  A2 	201C2A12 "" 	(81) 
RT 1 11 2 2 

where the equation has been terminated to include only the coefficients 

A11  and A22  and the cross-coefficient A. For the isotherms of the 

pure components 

ni c +02  A + °°' 
RT 	i  

(82) 

rci = °24-02 A22+  • • RT 

A11  and 42  should be obtainable from the isotherms for the pure 

components and, hence, from the isotherm of the mixture, Al2  could 

follow. From equations (80) and (81) follows that: 

, 	r . P2 
o
12

4.02A
11 

+02A22 +20
12 

A
12 	

P1 
+... = 	dp1 + 	dp2 (83) 

0 131 	P2 

Equation (83) defines the isotherm. 
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In the present case A22  (for hydrogen chloride) could not 

be obtained because the isotherm of pure hydrogen chloride was irrever-

sible. An accurate value for Ali  (for ammonia) could. not also be 

obtained (see p.133). Therefore, three values of 01  and 02, and pi  

and p2 were used in equation (63) to obtain the coefficients Ali, 

A22  and Al2. The values of ci  and 02  were chosen in such a way that 

they covered the whole range of c's. However, different sets of c's 

gave different values for the coefficients. These values could differ 

from each other considerably but their ratio was almost constant. 

Some of the sets of values of Ass, A22  and Al2, when used to calculate 
IT  the ratio 	 , gave satifactory results. In fig.69 this 

RT(01+02) 
ratio is plotted against (01+02) from the experimental data. The 

calculated points, using the following values of the virial coefficients: 

All  . 29.46, A22  = 11.39, Al2  = -18.14, 

are in good aereement with the experimental points. 

The opposite sign of the coefficient Al2  to those of Ali  and 

A22 shows that the effect of the cross-coefficient Al2  is acting in 

the opposite way to that of Aai  and A22. These latter contribute 

curvature in the sense of a Type I isotherm in Brunauer's classification, 

whereas the cross-coefficient causes the isotherm in the middle range 

of uptake to inflect upwards, and to become of Type IV or V (fig. 60). 

4.2 HY - ammonium chloride  

The sorption of ammonium chloride in HY (prepared by method 1 

of p. 103, and ca 80$ crystalline) was studied at 246°C. Equilibrium 

in sorption was established in about 24 hours and in desorption in 

about 8 hours, but at low pressures (or low reservoir temperatures) 

desorption was very slow and when the sorbate reservoir was at room 

temperature, pressure and uptake decreased slowly for 12 days to a 

residual uptake and almost zero pressure. The pressures measured at 
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uptakes lower than the saturation uptake were again higher than the 

vapour pressure of ammonium chloride corresponding to the sorbate 

temperature. As this temperature increased, the difference between 

the measured pressure and the vapour pressure of ammonium chloride, 

corresponding to the sorbate temperature, decreased. A disproportiona-

tion, therefore, existed in the gas phase as in the system ammonium 

chloride - H-Zeolon, and can be attributed to the same reasons (see 

p.149). 

The isotherm in HY at 246°C of the dissociation products, 

NH3 HC1, from vapourised NH4C1 is recorded in fig. 70 , together 

with the sorption branches of the isotherms of pure ammonia and pure 

hydrogen chloride measured at the same temperature. The isotherm of 

the mixture is similar in shape to that of ammonium chloride in H-Zeolon. 

It was, however, irreversible and a residual uptake of 32.0 mg/g 

corresponding to a pressure of 0.14 mm Hg was found after the end of 

the desorption cycle. The zeolite was X-rayed after the end of the 

experiment and a further decomposition of about 20% was found (6c 

crystalline). Decomposition of HY was also observed when ammonia was 

sorbed (p. 140) but no change in crystallinity was found after the 

sorption of hydrogen chloride. Therefore, the decomposition of HY 

must be connected with the sorption of ammonia. 

A. reaction of hydrogen chloride with the aluminium of the 

framework is possible (p. 86  ). Aluminium was found in the filtrate 

when the ammonium chloride-treated zeolite was, washed with distilled 

water and filtered. The hysteresis is believed to be connected with 

the decomposition of the zeolite and the reaction of hydrogen chloride 

with the aluminium of the zeolitic framework. 

The residual uptake can be explained in terms of the reaction 

of hydrogen chloride with the zeolite. If a certain quantity of 

hydrogen chloride is irreversibly fixed on the zeolite, an equivalent 
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amount of ammonia must either remain in the zeolite or in the gas 

phase when the sorbate reservoir is at room temperature. This is 

because ammonia and hydrogen chloride react in the 1:1 proportion to 

form solid ammonium chloride during desorption. Since the residual 

uptake corresponds to a pressure of 0.14 mm Hg, this amount of ammonia 

must be in the zeolite. In an ammonium chloride uptake of 32.0 mg/g 

there is an ammonia uptake of 10.30 mg/g. From the isotherm of pure 

ammonia on HY (fig. 57) we find that an uptake of 10.30 mg/g corres-
ponds to a pressure of ca 0.0 mm Hg which is in good agreement with 

the observed pressure of 0.14 mm Hg. 

The slow desorption when the sorbate reservoir was at room 

temperature was attributed to the disproportionation in the gas phase 

and the slow decomposition of ammonium-Y (or the slow desorption of 

ammonia from HY). Applying the same arguments as in the case of 

H-Zeolon (p. 161), we expect the plot of Qt against log 23-1- to be a 
Pe 

straight line. This plot is shown in fig. 71. The first order 

reaction constant was calculated from the slope of the straight line 

(fig. 71 ). It was found to be 2.13 x 106 sec-1. 

In conclusion, the sorption of nammonium.dhlorid0 vapour 
in HY seems to be similar to that in H-Zeolon, controlled by the 

recombination reaction of NH3 and HC1 to form ammonium chloride in 

the zeolitic cavities, and also the stronger sorption of ammonia 

compared with that of hydrogen chloride. In the particular sample 

used in this experiment, additional reactions can take place and also 

partial decomposition of the zeolite occurred. Therefore, an accurate 

analysis of the isotherm of the mixture and calculation of the partial 

isotherms of ammonia and hydrogen chloride is not possible. 
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4.3 KG, - ammonium chloride 

The sorption of ammonium chloride in KL was studied for the 

temperature range 245-315°C. Four isotherms were measured at tempera-

tures 245°C, 262.5°C, 280°C and 315°C. All isotherms were reversible 

and reproducible. Equilibrium in sorption and desorption was established 

in about 8 hours, except for desorption at very low pressures which 

took longer but no more than two days (depending an the isotherm tempera-

ture). The measured pressures were equal to the vapour pressure of 

ammonium chloride corresponding to the sorbate reservoir temperature 

except at low pressures, where a disproportionation existed in the gas 

phase, which decreased with pressure and finally disappeared at a 

certain pressure. Since the temperature coefficient of the vapour 

pressure increases with temperature and because of the experimental 

difficulties in measuring the exact temperature of the sorbate that 

determined the equilibrium (p. 156), this pressure could not be 

accurately measured, especially at high isotherm temperatures. It 

was found to increase with isotherm temperature from ca 8.0 mm Hg 

(for 245°C) to ca 50 mm Hg (for 315°C) and approximately corresponded 

to the end of the steeply rising part of the isotherms. 

A small residual uptake was observed after desorption, which 

could be removed by raising the sample temperature to 350°C. No change 

in position or intensity of lines in the X-ray powder photograph of 

the zeolite was observed after the end of the experiment. In figs. 72 

and 73 the measured isotherms of ammonium chloride together with the 
isotherms of pure ammonia and pure hydrogen chloride are shown at 

temperatures of 245°C and 315°C, respectively. In fig. 74 the four 
isotherms of ammonium chloride in KL are shown. 

Possible equilibria in the system ammonium chloride-KJ, 

include: 

NH -C 	11H 
4
1 
(a) 	4

C 1 
(g)E—'-- 	''(g) 

+ HC1
(g) (49) 
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xHC1
( 	

+ yNli3(g)  + KL 	KL.xHC1(a).yNil3(a) 	(84) 

with x> y 

HC1(a)  + ITH3(a).kt---±' NH4C1(a) 
	

(51) 

m1101(a) + KL 41-:t (Ki _mHm)L + m1010.0) 
	

(85) 

mNH3  ( a) + 	_ra  Hm) L 	_m(NH4)m  L 	(86) 

where 0,81) m \(x and i,o denotes inside or outside the crystals. 

The unequal sorption of ammonia and hydrogen chloride at low pressures 

was attributed to the greater affinity of KL for hydrogen chloride 

than for ammonia, as can be seen from the isotherms of the pure gases. 

At high enough pressures the two gases are sorbed in the 1:1 proportion 

of ammonium chloride, and the whole process can be considered as the 

sorption of "ammonium chloride" vapour with possible exchange of some 

K4-  by NH4. Complete exchange corresponds to an uptake of 181.5 mg/g. 

As the maximum uptake was 148 mg/g,  the maximum exchange that could 
have taken place (corresponding to this uptake) was 81.5%. Since the 

ammonium chloride sorbed in KL could be completely desorbed, either 
no exchange takes place or, if it does, the potassium chloride produced 

remains in the crystals and the reactions (85) and (86) are reversible. 

Reaction. (51)explains the increase in sorption from the 

mixture as compared with the sorption of the pure components. 

The isosteric heat of sorption was calculated from the 

experimental isotherms using the Clausius - Clapeyron integrated 

relation (p. 37). The part of the isotherms where there was no 

disproportionation was used for this calculation. This heat near 

saturation, for an uptake of 130 mg/g, was equal to -22.50 kcal/mole 

(vapour). The heat of condensation of ammonium chloride is -21.07 kcal/ 

mole (vapour) (1'03) 



177 

Calculation of the partial isotherms  

For the part of the isotherms where ammonia and. hydrogen 

chloride are &Daily sorbed, the partial isotherms can be calculated 

as follows. 

Since there is no disproportionation in the gas phase, the 

partial pressures of both gases should be the same and equal to one 

half of the measured pressure. Therefore: 

=P2 =1-P 
	

(87) 

where pi and p2  are the partial pressures of ammonia and hydrogen 

chloride respectively and p is the measured pressure. Ammonia and 

hydrogen chloride are sorbed in 1:1 ratio. Therefore, if w1  and w2 

are their partial uptakes (in mg/g) and w the total uptake (in meig) 

the following relations should apply: 

W = 	-I- W2 

W2 36.45 
= _ 17 
	 (88) 

Equations (88) give wz  = w 	and w2 
3.14 
	1.46 (89)  

The relations (87) and (89) can be used to calculate the partial 

isotherms of ammonia and hydrogen chloride for the part of the isotherm 

where both gases are equally sorbed. 

For the part of the isotherm where there is disproportionation 

in the gas phase, formulae similar to those derived for the system 

ammonium chloride - 11-Zeolon (p. 154) can be obtained. Following the 

same argument and considering that hydrogen chloride is more strongly 

sorbed than ammonia, we obtain: 

pi  - 1 	oe.  I P + P
a 

P 

(90)  



and 
w,  . 17 r  w 	36.45 F  \i m2 	pg I L53 .4 5 53.45 V' 

w 	17 w2 = 36.45[ 
53.45 53.45 
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(91) 

where the symbols F, w, p and po  have the same meaning as in the 

system ammonium chloride41-Zeolon. 

In figs. 75 and 76 the partial isotherms of ammonia and 

hydrogen chloride, as calculated from the 245°C and 31500 isotherms 

of ammonium chloride on KL, are shown. For low pressures the partial 

isotherm of hydrogen chloride lies above that of ammonia but at high 

pressures the two isotherms become identical. 

4.4 NaY-ammonium chloride 

The sorption of"ammonium chloride" vapour was studied on 

NaY at 246°C. For pressures lower than 10 mm Hgoquilibrium in 

sorption was established in ca 24 hours. For higher pressures, 

sorption was rapid and it took ca 6 hours to reach equilibrium. The 
plot of uptake vs time, in sorption, for uptakes less than 250 mg/g 

showed a maximum. This maximum can be explained in terms of the 

exchange reaction (95), p. 182. The exchange of Na by NH4  results 

in a decrease in the dipole-field interaction and therefore a decrease 

in sorption. Plots of uptake vs time (in sorption) at different 

ammonium chloride pressures are shown in fig. 77.. Equilibrium in 

desorption was attained in ca 6 hours. 

The measured pressures were equal to the vapour pressure 

of ammonium chloride corresponding to the reservoir temperature, which 

means that there was no di sproportionation. Therefore, ammonia and 

hydrogen chloride are sorbed on NaY approximately in the 1:1 proportion. 
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The isotherm was, however, irreversible and a residual uptake of 

35 mdg was found at the end of the desorption cycle corresponding 

to a pressure of ca 0.0 mm Hg. The isotherm was repeated on the same 

sample. The second isotherm lay above the first and was also irre-

versible. The residual uptake after the second desorption cycle was 

39 mg/g, at a pressure of ca 0.0 mm Hg. The isotherm is shown in 

fig. 78 , together with the isotherms of pure ammonia and hydrogen 

chloride, at the same temperature. A very large increase in sorption 

of the mixture is shown compared with the sorption of the pure 

components. 

Possible equilibria in the system NaY-ammonium chloride 

include 

	

NH401(a)  i7=1? NH401(0)<=t NH3 (g) HCl  (g) 	(49) 

XH01(e) 	yNH3(g) 	NaY F NaY.101(a).yNH3(a) 	(92) 

with y 

MHC1(a) 	NAY Z-77± 	Y + tNaC1(i90) 	(93) 

mNH
3(
0
) 	

(Nal_ms  Hm) Y 	Y 	(94) 

-17.21t NH3(a) 	1 HO (a)  T 	NH4C 1(a) 	(51) 

where 1> m //:c and (i,o) denotes inside or outside the crystal. / 

Reactions (93) and (94) can be added so that their net effect can 

be represented by: 

MH01(a)+MNH3(a)-1-NaYINat_m,(NH4)mi Y-FuNaC1(i9 0) (95) 

Reactions (51) and (95) are the main reactions taking place during 
the sorption of ammonium chloride. Since in both reactions ammonia 
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and hydrogen chloride react in the 1:1 ratio, equal amounts of both 

gases are removed from the gas phase. This explains why no dispropor-

tionation was observed in the gas phase. Therefore, this case could 

be considered as sorption of "ammonium chloride" vapour with possible 

exchange of Na by NH4 and the overall process can be written as: 

nNliel(g) + NaY z""'",  pa1_m,(NH4)ml Yt(n-m)NR4C1(a) mNaC1(ito) 

where 1.>„.. m <n <1.5. 	 (96) 

Complete exchange of the sodium ions by ammonium ions corresponds to 

an uptake of 217 mg/g. As the maximum uptake was 325 mg/g, it is 

possible that all the sodium ions were replaced by ammonium ions 

daring the sorption of ammonium chloride. The observed hysteresis 

and residual uptake are attributed to the exchange reaction (95). A 

residual uptake of 35 mg/g corresponds to 16.2% exchange and 39.0 mg/g 
to 17.9%. The zeolite, after the end of the experiment, was washed 

with water and filtered. The amount of sodium estimated in the filtrate 

was in good agreement with the residual uptake. The zeolite was also 

X-rayed after the end of the experiment. No sodium chloride lines 

were Observed in the X-ray photograph. 

Using the formulae (87) and (89) as derived in Section 3 
of this chapter, the partial isotherms of ammonia and hydrogen chloride 

can be calculated from the sorption part of the isotherm of the mixture. 

These partial isotherms are compared with the isotherms of the pure 

gases in figs. 79 and 80. Inspection of the isotherms of pure ammonia 
and pure hydrogen chloride shows that at low pressures both gases are 

equally sorbed on NaY. This explains why no disproportionation was 

observed even at low pressures. 

If complete exchange of Na by NE takes place, the sodium 

chloride produced or most of it must remain in the crystal cavities. 

Two explanations can be given for the residual uptake: 
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(i) Part of the sodium chloride (corresponding to this uptake) 

migrates out of the crystals, or 

(ii) the reverse reaction (95) is very slow. 

4.5 Comparison of the sorption of ammonium chloride  

in different zeolites  

From the results obtained on the sorption of ammonium 

chloride in the different zeolites certain conclusions can be drawn. 

There is evidence that in all cases examined, a reaction 

between ammonia and hydrogen chloride took place in the zeolitic 

cavities to form ammonium chloride. The shape of the recorded 

isotherms (type IV or V in Brunauerts classification) typifies 

sorption in a finite sorption volume with strong interaction between 

the sorbed molecules. In the present case the strong interaction 

is expected between ammonia-hydrogen chloride rather than ammonia-

ammonia or hydrogen chloride-hydrogen chloride pairs. The sorption 

from the mixture was always higher than from the pure components. 

Thus the presence of both gases results in an increase in their 

sorption. In this respect, the systems examined show some similarities 

with other sorption complexes formed at high temperatures. Barrer 

and Whiteman(104) found that in the sorption of sulphur and phosphorus 

in NaX the interaction of sulphur with sulphur and of phosphorus with 

phosphorus was also sufficient to give isotherms of types IV or V 

in Brunauer's classification. 

The sorption of the pure components affects the sorption 

from the mixture to an extent depending on the nature of the zeolite 

(or the nature of the complex between ammonia or hydrogen chloride 

and the zeolite). Three different cases of sorption from the pure 

components were found: 



187 

(a) ammonia and hydrogen chloride were equally sorbed (NaY 

at lnw pressures); 

(b) ammonia is sorbed more strongly than hydrogen chloride 

(E-Zeolon, HY); 

(o) hydrogen chloride is sorbed more strongly than ammonia (KL). 

In the above oases (b) and (a) where one of the gases is sorbed more 

strongly than the other, a disproportionation can arise in the gas 

phase (and therefore in the sorbed phase). This disproportionation 

decreases with the pressure (or the sorbate temperature) and can become 

equal to zero at a certain pressure. This shows that a competition 

exists between the recombination reaction and that responsible for the 

disproportionation. As the pressure increases, the recombination 

reaction becomes the most predominant reaction. 

During the sorption of ammonium chloride in an ion-exchanged 

zeolite, an exchange reaction of the cations by ammonium ions can 

simultaneously take place. This is actually the Clark-Steiger method 

(p. 10) of preparation of ammonium zeolites. In view of the results 

of the present work and considering the decompositim of ammonium 

chloride in the gaseous phase, the reactions taking place during the 

preparation of an ammonium zeolite by the Clark-Steiger method should 

be: 

mH01(a)  + MZ 	 (Mi _m,H111) Z + raMC1(ito) 	(97) 

mig15( a) + (M1-et Em) Z 	[M1 -m,  (N114)m] Z 
	

(98) 

where niR1 Ivo denotes that the salt MC1 is formed inside or outside 

the zeolite Z and M is monovalent cation. 

Since both zeolite and ammonium chloride are heated at the same tempera-

ture, hydrogen chloride and ammonia are in excess. Therefore, according 

to the law of mass action, the equilibrium is shifted to the right and a 

high degree of exchange is obtained. 
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5. SUMMARY OF RESULTS AND CONCLUSIONS  

A comparative study has been made of the sorption of the 

gases ammonia, hydrogen chloride and "ammonium chloride" vapour in 

certain synthetic and natural zeolites at temperatures between 

200°C and 550°C. 

The stability of a number of silicates (in their Na- or 

K-form and with different silica content) when exposed to anhydrous 

hydrogen chloride at temperatures between 20°C and 600°C was found 

to be mainly dependent on their SiO0A1203  ratio. The silicates 

that have a Si02:A1203  ratio higher than 5 sorb hydrogen chloride 

without decomposing but in those for which Si02:A1203  ( 5, a 

decomposition - which usually increases with temperature - takes 

place during the sorption of hydrogen chloride. However, since in 

certain silicates the silica content can vary considerably, the 

value 5 is an approximate borderline between the silicates that 

sorb hydrogen chloride with and without decomposing. When hydrogen 

chloride is sorbed in an ion-exchanged zeolite, part of it is 

physically sorbed and the rest reacts with the zeolite. The reaction 

that takes place is an exchange reaction of the cations of the 

zeolite by protons. This reaction followed by dehydroxylation was 

considered to explain the decomposition of silica-poor zeolites. 

The sorption isotherms of hydrogen chloride in four ion-

exchanged zeolites (with SiO2:A.1?03> 5) showed a hysteresis loop 

open along the entire length of the isotherms. A considerable 

residual uptake was also observed after prolonged autgassing at 

550°C. The irreversibility and the residual uptake were due to the 

ion-exchange reaction. Under the experimental conditions used 

(temperature 240-350°C and hydrogen chloride pressure 0-25 cm Hg) 

the sorption of hydrogen chloride gas cannot be used for preparation 

of 100f decationated zeolites. The salt produced from the ion- 
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exchange reaction can either remain molecularly dispersed in the 

crystal cavities or migrate out of the crystals. The isotherms of 

hydrogen chloride in H-Zeolon and HY at temperatures around 25000 

were irreversible. The irreversibility was due to the ion-exchange 

reaction (since in both zeolites the decationation was not complete) 

and a reaction of hydrogen chloride with the aluminium of the zeolite. 

A sample of Linde L with Si02:A1203  equal to 6 was used 
for preparation of a decationated form using conventional decation-

ation techniques. Decationation to a degree higher than 54% resulted 
in partial collapse of the crystal structure. Decationated L zeolites 

were also prepared by refluxing Linde L with 0.05N and 0.111 solutions 
of hydrochloric acid. These treatments lead to decationation of 37 
and 54% and partial dealumination. The samples after being outgassed 
under high, vacuum for 24 hours at 350°C gave X-ray powder photographs 

similar to that of Linde L. 

Sorption isotherms of ammonia in NaY, KL, H-Zeolon and HY 

were measured at temperatures between 190°C and 320°C. All isotherms 

belonged to type I in Brunauer's classification and were reversible 

except that in HY. Calculation of the thermodynamic properties of 

sorption (i.e. isosteric heats and differential entropies) for NaY, 

KL and H-Zeolon showed that the internal surface of these zeolites 

was energetically heterogeneous to ammonia. The irreversible sorption 

of ammonia in HY was attributed in part to the decomposition of the 

zeolite which occurred during the sorption experiment. An interesting 

result from these experiments was the greater affinity of the hydrogen 

zeolite for ammonia compared with that of ion-exchanged zeolites. 

This was attributed to a reaction of ammonia with the hydrogen zeolites 

to form the ammonium-zeolites. Empirical isotherm equations were 

used to describe the state of the sorbed ammonia in NaY and KL and 

the thermodynamic properties of the sorbed phase were calculated at 

the standard state. The activity coefficients of the sorbed phase 

were also calculated and used as a test of isotherm models. 
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The sorption of "ammonium chloride" vapour was studied at 

temperatures between 23000 and 315°C in H-Zeolon, HY, NaY and KG. 

Since ammonium chloride is completely dissociated in the vapour 

phase, the sorption of "ammonium chloride" vapour can be better 

described as the sorption from the mixture of its dissociation 

products, i.e. ammonia and hydrogen chloride. The isotherms obtained 

for all systems typify strong sorbate-sorbate interaction in a finite 
volume. In all cases the sorption was dominated by the reaction of 

the sorbed ammonia and hydrogen chloride to form ammonium chloride 

in the zeolitic cavities. The sorption of the pure components can 

influence the sorption from the mixture. If both gases, i.e. ammonia 

and hydrogen chloride, are equally sorbed, as e.g. in NaY at low 

pressures, the sorption of the mixture can be considered as the 

sorption of "ammonium chloride" vapour. But if one of the gases is 

more strongly sorbed than the other, as e.g. in H-Zeolon and HY 

where ammonia is more strongly sorbed than hydrogen chloride, a 

disproportionation in the gas and sorbed phases arises. As the 

pressure increases, the disproportionation decreases implying that 

a competition exists between the recombination reaction of ammonia 

and hydrogen chloride to form ammonium chloride and that responsible 

for the disproportionation. In an ion-exchanged zeolite an exchange 

of the cations of the zeolite by ammonium ions can also take place. 

This can cause irreversibility of the isotherms. 

The isotherms recorded in H-Zeolon were reversible. They 

could only be reproduced under certain conditions. Sorption and 

desorption were very slow at low pressures. The slow desorption 

of ammonium chloride from H-Zeolon and HY at low pressures was due 

to the slow decomposition of ammonium-zeolite in the presence of 

hydrogen chloride governed by a first order process. The sorption 

of ammonium chloride in HY was similar to that in H-Zeolon but it 

was irreversible and a residual uptake was found after the end of 
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the experiment. The irreversibility and the residual uptake were 

due to a reaction of hydrogen chloride with the zeolite. Irreversible 

isotherms and residual uptake were also observed in NaY due to the 

ion-exchange reaction of sodium ions by ammonium ions. 

The isotherms of ammonium chloride in K1 were reversible 

and reproducible. Disproportionation was observed at low pressures. 

The isosteric heat of sorption calculated near saturation was found 

to be 22.50 kcal/mole of vapour. 

A method of analysis of the isotherms when disproportiona-

tion took place was developed and the partial isotherms of ammonia 

and hydrogen chloride were calculated. The sorption from the mixture 

was always higher than that from the pure components due to the 

recombination reaction of ammonia and hydrogen chloride to form 

ammonium chloride in the crystals. 

Considering the dissociation of anmonium chloride in the 

gas phase and the results of the present work, it appears that the 

Clark-Steiger method of exchange of the cations of a zeolite by 

ammonium ions (when the outgassed zeolite is heated with ammonium 

chloride at ca 300°C) takes place through the formation of the 

hydrogen form of the zeolite and its subsequent reaction with ammonia. 
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ISOTHERM DATA 

For all systems: 

p = Pressure in mm Hg 
x = Uptake in mg of sorbate per g of dehydrated. zeolite 

For systems 3 - 6: 

. Residual uptake after evacuation for 24-30 hours (see p.92) 

For system 13': 

t 	Sorbate reservoir temperature °C 

"Equilibrium points" see p.145 

Sorption systems referred to in Part III  

1. H-Zeolon 	HCl 9. HY 	NH3 

2. HY - HCl 10•  KZ  - NH3 
3. Na-Zeolon 	HC1 11. H-Zeolon - NELC1 

4. Na-clinoptilolite HC1 12. HY - NH4C1 

5. NaY 	HC1 13. NaY 	NH4C1 

6. XL - HCI 14. 1<L - NH4C1 

7. H-Zeolon - NH3 

8. NaY - NH3  



1. 

198 

H-Zeolon - H01 p 

150.69 

103.65 

18.76 

46.87 

0.60 

0.00 

x 

20.08 

18.44 

14.51 

16.61 

10.33 

9.60 

1 

5.12 

1.45 

2. 	HY - HC1 

10.00 

9.51 
230°C 

8.20 

10.14 

sorption 

11.42t5fC  3.95 

11.15 sorption 

15.75 11.91 5.10 10.10 
294°C 

50.02 14.28 21.10 12.00 

49.60 15.15 sorption 39.85 14.54 

80.44 16.0o 4.0 7.2o 66.99 16.48 

123.23 16.94 9.40 9.09 89.45 18.43 

161.66 18.43 21.31 10.87 117.96 19.66 

199.39 19.20 38.08 11.47 154.28 21.06 

258.23 20.20 57.81 12.71 201.07 23.39 

27.o 13.90 6.15 8.33 
desorption 

56.33 15.36 17.51 9.87 

106.83 17.10 80.88 13.00 
165.50 23.20 

 

148.40 18.10 116.30 14.25 
143.16 23.10 

 

205.0 19.40 144.40 15.08 
116.31 22.90 

 

250.0 20.04 196.10 16.0o 
86.51 21.85 

 

207.29 16.20 
62.51 21.66 

desorption 46.90 21.66 

222.21 20.13 desorption 38.01 20.91 

160.73 19.76 187.71 16.09 24.61 20.20 

133.61 19.13 155.49 15.74 15.45 19.45 

96.17 17.89 124.13 15.24 5.96 19.35 

67.10 17.30 91.01 14.97 3.72 18.37 

3.53 11.81 66.75 14.55 1.40 17.05 

27.55 15.35 48.35 13.66 0.00 12,50 

10.96 14.11 33.28 12.94 

210.38 20.16 19.21 12.24 
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3. Na-Zeolon HC1 4. Na-c1inoptilolite-HC1 

  

    

245°C 245°C 

sorption sorption 
17.60 29.40 12.10 0.08 20.33 13.00 
25.00 31.64 13.50 7.50 31.76 20.00 
42.72 33.71 12.84 10.13 32.60 21.72 
57.70 36.20 16.37 23.00 34.80 25.3? 
85.80 39.00 17.50 52.00 38.10 27.40 

127.19 40.98 18.77 80.00 40.29 28.00 
162.61 43.88 19.20 113.80 41.20 28.47 
164.89 43.48 19.50 154.00 42.36 29.00 

8.00 24.72 9.20 193.80 42.70 29.50 

desorption desorption 
149.00 43.00 172.61 42.60 
135.04 42.55 161.37 42.47 
115.36 42.3o 143.26 42.47 
86.57 40.54 122.59 42.45 
71.47 39.01 98.28 41.20 
55.37 37.64 72.59 41.10 
4/1.68 37.51 67.20 40.60 
31.60 36.21 52.46 40.40 
22.08 35.15 40.90 39.87 
12.37 33.6o 27.84 39.29 
4.88 30.64 14.49 38.63 
0.00 23.75 7.56 38.19 

101.87 41.04 1.00 34.75 



5. NaY - HC1 p 

desorption 

x 

245.5°C 

p x 5.94 22.49 

162.10 28.40 
sorption 

140.01 28.22 
1.40 10.30 1.30 124.78 27.97 

3.35 17.48 7.77 96.04 26.82 
7.00 21.10 12.81 94.58 27.00 
16.00 23.00 16.00 81.29 26.40 
31.00 24.91 19.14 62.55 26.27 
61.00 27.72 21.00 46.87 25.35 
91.00 30.65 22.00 34.66 24.63 

123.00 32.15 22.64 26.16 24.00 
160.58 33.96 23.33 15.88 23.46 
202.91 36.62 23.90 

252.90 39.02 24.36 6. KL - HC1 

295.5°C 245°C 

sorption sorption 

8.30 13.76 1.28 4.87 12.06 5.80 

12.20 15.20 5.60 11.25 14.90 7.58 

20.00 17.20 11.80 24.96 17.92 8.56 

25.85 18.11 15.00 55.21 23.78 10.25 

13.50 15.80 4.10 92.43 26.63 11.72 

26.80 17.50 15.90 136.62 29.81 12.96 

40.80 19.80 17.30 183.90 32.83 15.72 

56.61 21.30 18.67 230.26 36.49 17.44 

80.12 23.21 19.20 263.89 41.56 19.65 

107.34 24.30 19.45 desorption 

129.67 25.47 20.00 238.06 41.39 

160.82 27.01 21.00 212.23 40.32 

196.90 29.85 21.20 181.71 39.76 

200 
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P X x* 

144.99 38.69 64.14 24.56 

119.71 38.00 46.29 23.94 

120.00 37.00 29.37 23.08 

94.15 37.14 18.60 22.00 

70.59 36.49 12.66 20.87 

48.32 35.19 7.52 19.86 

31.27 34.29 3.00 19.00 

20.53 31.53 0.00 16.46 

11.16 29.73 
315°C 

4.40 28.50 

0.00 24.71 sorption 

280°C 
15.00 10.37 2.06 

24.26 11.48 3.70 
sorption 43.31 14.24 4.90 

11.08 10.83 3.78 62.50 15.91 5.54 

34.00 15.32 5.90 108.92 18.05 5.94 

37.05 15.96 6.82 153.90 21.86 8.56 

60.67 18.29 7.54 195.40 23.12 9.96 

74.63 20.31 7.41 249.08 25.11 11.70 

98.97 21.14 9.18 286.27 27.54 13.84 

151.85 23.57 10.53 desorption 
210.93 26.87 12.03 

234.31 28.93 14.00 
246.34 
238.77 

27.25 

27.18 
desorption 206.29 26.35 
206.74 28.93 152.38 26.47 

173.29 28.50 117.67 26.56 

147.95 28.34 100.35 25.95 

121.51 27.43 77.69 25.26 

192.58 26.91 66.39 24.71 

79.07 25.56 56.91 23.78 
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2 x 11 x 44. x 

41.52 23.52 77.15 25.45 6.10 19.30 

29.84 22.76 189.19 28.92 257.51 35.63 

22.16 21.52 306.34 31.72 144.43 32.29 

12.33 20.14 93.99 26.26 34.69 25.06 

6.54 19.24 43.40 23.29 17.01 22.26 

0.00 13.84 163.35 28.62 5.87 19.60 

60.95 23.85 
H-Zeolon - NH

3 250°C  

300°C 270°C 
1.34 19.73 

6.10 17.80 8.41 20.38 9.60 23.48 

8.68 19.07 23.11 23.43 31.68 27.41 

30.55 22.40 47.43 25.34 49.44 29.76 

60.95 23.04 89.62 28.50 74.93 31.28 

105.43 26.30 149.83 30.45 99.26 33.2o 

137.50 27.64 185.80 32.42 144.29 35.28 

182.49 28.85 246.20 34.52 239.40 37.95 

221.96 30.01 313.46 36.40 307.00 39.71 

284.72 30.97 356.40 37.45 356.58 41.33 

293.84 31.34 287.39 35.74 306.60 40.12 

236.55 30.17 213.95 34.04 260.46 38.91 

202.66 29.69 141.66 31.65 150.79 35.42 

154.10 28.10 104.97 30.13 104.66 33.77 

116.61 26.42 66.00 27.59 64.06 31.35 

81.36 25.73 23.63 23.80 47.34 29.25 

30.64 22.60 7.13 20.40 9.40 22.52 

56.54 24.01 41.11 25.75 181.00 36.14 

13.14 20.23 86.55 28.92 

3.03 17.00 118.98 30.83 230°C 

20.57 21.01 169.51 32.23 4.00 21.78 

342.95 32.43 
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13.13 

68.11 

29.65 

148.20 

226.35 

289.54 

253.26 

364.13 

264.13 

223.44 

184.24 

122.36 

78.59 

44.74 

17.53 

5.19 

93.23 

200°C 

x 

27:40 

34.14 

30.46 

38.64 

41.36 

43.28 

42.45 

44.22 

42.32 

41.31 

40.14 

37.82 

35.40 

32.7o 

28.21 

23.17 

36.35 

26.70 

31.92 

34.44 

31.22 

23.58 

32.56 

36.34 

38.62 

40.52 

40.96 

2 

134.93 

188.14 

242.72 

313.27 

357.08 

288.44 

224.37 

167.66 

113.95 

97.10 

66.08 

27.60 

24.88 

124.63 

64.34 

9.29 

8. NaY - NH
3 

x 

43.34 

45.33 

46.90 

47.85 

48.80 

47.82  

46.47 

44.44 

42.67 

42.04 

40.07 

34.90  

34.58 

43.61 

39.38  

29.52 

6.56 

11.71 

14.52 

16.87 

20.26 

21.72 

23.25 

25.75 

24.39 

23.42 

2 

230.82 

199.18 

156.54 

127.42 

101.90 

77.48  

55.36 

30.44 

10.63 

297°C, 

x 

22.68 

20.83 

17.93 

15.58 

13.80 

12.36 

8.41 

6.14 

2.18 

4.80 

9.2o 

13.34 

16.87 

21.79 

26.15 

29.77 

31.32 

29.60 

28.27 

26.38 

22.57 

21.10 

17.68 

15.00 

12.04 

8.74 

3.83 

9.26 

23.05 

4/1.79 

76.34 

129.14 

184.32 

258.29 

305.05 

270.44 

236.45 

195.28 

134.90 

107.55 

81.49 

52.7o 

38.70 

21.03 

7.55 

321.50c 

4.75 

14.99 

26.00 

12.53 

2.30 

18.07 

36.11 

55.79 

83.78 

86.14 

36.66 

71.05 

108.25 

148.68 

184.18 

227.59 

273.06 

317.40 

293.09 

264.7o 
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IL 

272°C 
261.72 44.47 15.00 	23.15 

316.74 46.00 268.42 	50.88 
5.91 6.18 

294.91 45.46 196.11 	47.28 
25.22 13.34 263.71 44.19 161.05 	45.27 
44.36 19.27 

225.29 41.38 127.20 	43.45 
71.31 23.52 

194.21 40.54 96.47 	40.25 
107.50 27.63 160.63 39.85 71.07 	37.37 
168.58 32.21 134.68 36.75 33.63 	29.71 
209.38 33.96 

114.47 34.81 21.11 	24.90 
263.12 36.00 89.63 33.00 9.93 	18.76 
317.00 39.00 47.93 27.00 41.71 	31.21 
282.04 37.18 34.78 22.69 80.52 	37.78 
203.05 33.84 19.10 17.63 232.32 	48.96 
159.73 30.57 9.56 12.19 
125.79 28.13 9. 1. -=.1111Eg 
85.40 24.58 

3.75 

11.07 

4.86 

14.78 245.5°C  
61.34 20.85 

47.52 26.64 
31.49 16.15 sorption  

14.19 10.69 221°C 7.57 	28.52  

246°C 
4.28 14.61 

29.03 	37.01 

33.29 29.54 
66.29 	41.83 

15.50 17.00 
63.57 36.00 

96.02 	44.03 

36.15 24.52 91.38 40.32 122.52 	45.69 

54.39 27.28 
124.20 42.88 180.40 	48.69 

74.74 30.73 178.90 46.80 229.26 	51.44  
107.44 34.33219.71 48.32 261.98 	52.98 

131.51 36.79 264.64 50.08 296.67 	54.25  
176.87 40.20 

317.80 52.56 desorption  
224.84 41.94 

256.85 	53.84 



200.36 

172.36 

122.42 

86.00 

59.05 

31.38 

11.68 

3.70 

1.24 

0.00 

0.00 

10. XL -NH3 

x 

52.40 

52.34 

51.28 

48.87 

47.14 

44.40 

40.99 

37.45 

32.88 

27.50 

15.20 

0.46 

1.09 

2.15 

3.17 

3.65 

4.36 

5.23 

4.61 

4.17 

2.58 

1.46 

0.68 

2.42 

3.55 

163.53 

252.65 

314.85 

275.00 

235.41 

190.99 

140.74 

87.68 

245°C 

x 

6.18 

7.69 

8.08 

7.12 

6.58 

6.24 

5.30 

4.59 

3.00 

5.45 

8.64 

10.27 

11.50 

13.21 

13.82 

12.70 

11.90 

10.86 

9.20 

7.37 

6.40 

5.37 

3.94 

1.62 

4.29 

6.04 

17.46 

57.49 

109.55 

201.59 

260.18 

296.85 

270.46 

237.44 

197.19 

157.52 

129.85 

100.93 

72.90 

44.44  

21.60 

6.58 

190°C 
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x 

3.58 

7.40 

10,81 

14.31 

15.89 

16.93 

15.58 

14.71 

13.51 

12.33 

11.44 

10,81 

8.58 

6.83 

4.42 

2.09 

7.87 

10.99 

13.88 

17.10 

19.60 

21.18 

21.73 

22.29 

21.98 

20.85 

19.85 

18.99 

22.73 

67.43 

131.23 

181.12 

236.50 

289.71 

330.48 

296.16 

260.00 

212.07 

156.99 

106.63 

72.88 

47.21 

26.04 

9.40 

220°C 

315°C 

17.16 

43.00 

80.76 

122.75 

165.77 

221.88 

259.72 

224.73 

193.8o 

104.18 

70.07 

280°C 

1.9.57 

50.67 

87.24 

140.30 

189.32 

229.25 

255.77 

292.49 

273.44 

247.32 

215.35 

179.16 

8.04 

33.54 

76.83 

15.82 

40.05 



21.48 
9.07 
8.37 
7.98 
7.10 
6.52 
12.70 
12.00 
10.15 

9.87 
8.76 
15.58 

101.56 

50.37 

42.73 

39.29 

36.47 

30.11 

80.68 

77.41 

62.88 
59.68 
46.15 
88.76 

206 

E 

	

148.63 	17.72 

	

118.34 	15.15 

	

98.45 	13,88 

	

81.00 	13.43 

	

63.76 	12.55 

	

44.70 	10.36 

	

31.12 	9.25 

	

20.62 	7.69 

	

10.93 	6.04 

	

4.66 	4.25 

22.5°C 

	

3.02 	36.87 

	

3.66 	37.30 

	

8.08 	43.38 

	

18.50 	49.60 

	

25.61 	51.50 

	

73.90 	61.39 

112.35, 55.35 

	

166.00 	68.92 

	

223.41 	70.17 

	

266.44 	71.26 

	

245.91 	70.86 

	

217.64 	69.93 

	

186.27 	68.38 

	

156.11 	67.45 

	

124.00 	66.36 

	

30.80 	53.87 

	

15.38 	48.66 

	

3.24 	36.41  

230°C  

sorption 

	

0.63 	11.98 

	

0.75 	12.46 

	

2.13 	13.83 

	

3.50 	20.90 

	

6.08 	30.79 

	

7.14 	36.57 

	

7.54 	41.32 

	

8.82 	57.88 

	

10.16 	62.45 

	

10.84 	69.65 

	

15.00 	85.43 

	

22.00 	103.02 

	

22.33 	102.80 

	

8.08 	38.40 

	

9.33 	47.61 

	

9.67 	51.94 

	

13.10 	82.00 

	

12.92 	78.44 

	

21.46 	101.29 

	

8.76 	46.15 

	

12.30 	73.93 

	

17.31 	90.84 

	

16.91 	93.78 

	

23.86 	103,15 

	

24.39 	109.02 

	

25.14 	114.96 

2 
	x 	x 

11. H-Zeolon  - NHS desorption 

"Equilibrium aoints" 

7.14 36.57 164 

10.14 62.45 1 93 

10.84 69.65 196 

12.96 78.44 200.5 

15.00 85.43 210 
15.58 88.76 209.5 
16.91 93.78 212 
21.47 101.30 223.  
21,46 101.29 223 
22.00  103.20 227 
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ET- mr4g  

13. 

P 

	

27.0 	186.12 

	

22.04 	178.85 

	

18.39 	168.95 

	

17.75 	166.50 

	

14.87 	145.94 

	

13.13 	130.88 

	

12.50 	115.40 

	

10.05 	93.23 

	

8.38 	77.45  

	

7.10 	67.55 

	

5.50 	62.09 

	

5.12 	61.59 

	

3.97 	56.75 

	

3.45 	53.13 

	

2.16 	43.60 

	

1.48 	39.95 

	

1.26 	38.66 

	

1.1 	37.27 

	

0.84 	36.18 

	

0.57 	35.09 

	

0.15 	33.92 

	

0.14 	32.00 

NaY-1)13
4
01 	246°C 

2 

	

3.80 	152.74 

	

5.25 	197.32 

	

6.47 	215.86 

	

7.00 	220.0 

	

7.12 	228.88 

	

9.62 	244.66 

	

9.9 	245.0 

	

13.65 	266.71 

	

14.20 	269.34 

	

17.55 	282.30 

	

18.45 	282.70 

	

20.00 	288.60 

	

21.64 	290.17 

	

22.50 	299.70 

	

31.50 	308.41 

	

40.50 	318.00 

desorption 

24600 

x 

sorption 

	

1.18 	16.90 

	

1.55 	22.85 

	

4.68 	35.95 

	

5.10 	37.69 

	

6.99 	42.50 

	

7.69 	44.76 

	

8.83 	53.95 

	

9.32 	58.59 

	

9.83 	61.50 

	

11.37 	74.10 

	

13.76 	107.35 

	

14.33 	118.42 

	

15.33 	133.78 

	

15.40 	137.00 

	

19.53 	159.53 

	

20.77 	165.75 

	

29.79 	180.22 

	

31.79 	182.92 

	

32.85 	187.00 

	

33.15 	189.60 

	

40.73 	202.72 

	

41.40 	206.70 

desorption 

	

33.5 	317.20 

	

23.95 	304.80 

	

17.32 	292.78 

	

16.68 	292.00 

	

11.23 	265.44 

	

10.11 	258.40 

	

9.70 	249.71 

	

5.26 	188.75 

	

4.00 	155.72 

	

3.45 	115.46 

	

2.22 	50.80 

	

2.10 	48,00 

	

1.65 	41.20 

1st run 

sorption 

	

0.60 	7.99  

	

1.30 	13.74  

	

2.48 	40.52 

	

3.03 	96.36 

34.88 	203.07 

32.97 	198.90 

32.17 	194.93 
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1.60 38.71 desorption 

14, 	KL.-NH 01 

245°C 
1.19 36.87 36.81 326.00 
0.79 35.46 34.51 326.79 sorption 0.40 35.40 30.57 325.77 

2nd. run 
26.48 322.40 0.50 7.47  
23.03 316.81 1.10 19.37 

2211EILES 22.0 310.35 3.19 86.10 
1.30 42.94 21.37 311.32 4.55 93.64 
1.97 92.20 20.0 308.50 5.80 100.00 

3.30 142.67 17.29 300.95 6.86 105.48 
4.12 184.22 18.98 303.46 9.73 113.70 
6.94 220.00 15.03 292.09 11.40 117.50 
7.51 225.31 12.57 281.90 13.81 125.00 
8.40 236.86 7.87 245.51 14.54 125.30 
9.38 247.53 7.44 234.90 15.92 126.72 
9.29 249.91 5.06 212.39 16:73 128.66 

10.30 210.13 2.40 134,64 21.62 133.82 
12.17 265.25 1.55 69.32 23.55 136.50 
12.94 274.44 1.06 54.40 24.41 137.62 
14.00 276.60 0.96 41.48 33.65 144.66 
20.94 296.29 0.61 39.36 1.35 32.50 
25.34 305.68 0.50 38.84 1.55 36.24 
28.45 312.78 0.20 38.91 2.51 74.32 
29.70 315.45 desorption 

31.55 315.27 27.27 140.20 
33.71 319.30 23.78 139.69 
37.88 323.66 18.60 133.52 
39.76 326.00 16.70 129.00 

13.34 122.67 
12.03 119.40 
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10.46 116.95 2.64 49.79 68.12 129.38 

8.55 108.28 2.00 24.26 62.05 127.38 

7.36 105.99 1.15 5.13 53.80 124.00 

4.39 89.22 
280

o
C 49.07 120.88 

2.20 39.86 
sorption 39.41 112.00 

1.23 21.40 32.63 107.37 
1.96 9.13 

1.17 14.70  29.84 105.40 

0.20 5.86 4.57 33.63 
25.41 101.06 

7.41  61.60 
2.90 67.04 17.76 93.30 

8.86 69.22 
262.5°C 12.37 81.17 

10.11 72.96 
10.11 73.22 

sorption 15.23 89.11 
8.05 61.28 

1.04 9.80 16.01 88.67 
4.25 23.20 

1.66 18.07 21.04 94.55 
0.30 2.67 

2.65 46.96 28.64 103.24 

3.19 53.15 34.05 108.11 315°C 

6.11 82.00 42.50 115.57 sorption 

10.01 94.20 49.35 118.88 2.24 2.54 

17.67 108.40 59.29 122.62 15.40 53.49 

27.82 121.70 69.20 127.49 9.5 26.33 

27.60 120.77 77.05 132.50 7.1 20.29 

43.59 131.50 89.80 135.20 1.19 5.13 

60.82 140.95 102.73 138.69 10.07 24.11 

desorption 113.75 144.32 13.23 33.00 

42.39 129.90 1.58 6.75 15.10 37.1Q- 

46.55 133.36 3.2 16.72 17.44 46.08 

37.00 129.22 6.36 52.78  20.00 56.69 

18.67 108.00 desorption 23.00 61.40 

10.65 98.25 92.47 138.00 32.30 73.56 

8.20 91.89 85.70 135.82 49.31 66.44 

3.7.0 65.40 72.15 131.44 73.19 95.49 



	

109.35 	105.96 

	

125.79 	110.49 

	

149.73 	115.63 

	

168.31 	118.27 

	

184.16 	121.71 

	

206.51 	126.11 

224.00 127.49 

	

257.85 	131.38 

	

272.23 	130.85 

desorption 

253.33 130.83 

224.60 127.80 

210.87 127.30 

145.41 115.12 

122.81 111.62 

98.30 103.90 

67.88 95.55 

35.30 75.83 

17.21 52.31 

15.01 47.25 

8.00 23.30 

160.50 118.20 

55.10 92.00 

40.08 81.65 

210 
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