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ABSTRACT

The sorption of the gases, hydrogen chloride and ammonia,
and their mixture resulting from the dissociation of vapourized
ammonium chleride, at temperatures between 200-35000, has been studied
in molecular sieve zeolites such as H-Zeolon, NaY and KL.

The sorption of hydrogen chloride in an ion-exchanged
zeolite is accompanied by an exchange reaction of part of its catioms
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 fremework takes
place. Due to these reactions, the sorption isotherms of hydrogen

chloride were irreversihle,

Reversible isotherms of ammonia were obtained in most
zeolites. The affinity of hydrogen 2zeolites 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 piace. 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



times higher then 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 Intreductien

When & gas or & vapour is 8llowed to come to equilibrium
with a2 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 unbelanced forces to which the atoms at the
surface of the solid are subject end 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 ocalled sbsorption. In cases where both the above
processes take place simultaneously the term sorption is epplied.

The perous solids present a large surface area on which a
congiderable amount of gas msy 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 &s included in
them, The term "inclusion complex" or "sorption complex" is applied

to the sorbate-sorbent system.

Many netural and synthetic zeolites act as molecular sieves
and form gorption 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 serption studies of condenseble vapours like
ammonium chleoride, Ammonium chloride in the wvapour phase has been
used for the exchange of sodium ions by ammonium ions in zeolites,

This method was originated by Clark and Steiger(z). The exact
mechanism of this exchange is nut known. The ammonium forms of the
zeolites are used as intermedistes for the preparation of "decationated"
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or "decationized" zeolites. Decationated zeolites have received great
attention lately because of their catalytic activities for certain
acid catalyzed reactions(s’zz). The study of the system ammonium
chloride~zeclite gives useful information regerding the mechanism of
Clark-Steiger reaction and adds to the understanding of the mechanism

of decationation and the properties of decationated zeolites.

Mnother 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 ammcnia
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 Si0z:Alz0s 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 sarpticn of ammonia on different
zeolites gave useful information sbout the nature of the surface of
the sorbents. The results of both sysiems 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 ammonis 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 amonium 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 mot stable at 35006 -
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
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properties of salt-zeolite sorption complexes and the sorption of gas
mixtures in which the components exhibit strong interaction, as
annonia and hydrogen chloride may be expected to do in the present

case.

1.2 The structure and properties of the sorbents

Chenical conposition and erystal stnlcture(4’5 )

A1l the sorbents used in this research are eluninosilicate
ninerals and belong to the classes of zeolites, feldspars and feld-
spathoids., A number of synthetic zeolites without natural counter-

parts were also used,

A1l zeolites have readily exchangeable cations and intra-
erystalline water which can be renoved by heat and evacuation. They

nay be given the empirical oxide forrmila:
(O ,M5) 0, A1205 . 15305, 10

The values of n and m vary, MI I and MI are respectively di- and nono-
valent cetions, nanely Ca,Sr,Ba,Na,K. The ratio (MH,ME)O:Algoz is
usually wnity. The structures are based on (A1,51)0, tetrahedra
linked to each of four other tetrahedra by sharing four apical oxygen
atoms, The (A1,5i)0, tetrahedra form a three dimensionel 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, LSWenstein(é) AlO, can be joined to Si04 tetrahedra only and

never to another A10,. This rules out the possibility of n being
less than 2 in the oxide formula. In special ciroumstances discrete
NaAlOz molecules can be trapped in sore of the interstices of the
framework and may cause apparent snomalies of the conlposi'bion(7).

However, these molecules are not part of the framework.
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In synthetic zeolites, the cations MII and NF may, in
addition to those already referred to, be:
Rb' , Cst ana NEI
or simple organic ions such as

(CH,)NES , (CHs)oNHL , (CHs)=NE' end (CHs)oN' .

Replacement of AI™T by ga™™ and SiTV vy Ge™ in the ionic frame-
work is also possible. In addition, H;50+ can replace Na' by ion-

exchange,

In order to illustrate the relation between chemical
como3ition and crystal structure, a structural formula of the form

I " . N
et i) o/n L (8202), (5105)_ | o120
is used where x,y,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 pernit passage of small nolecules
fron one cavity to another. They are, in general, nore open than
the feldspars and feldgpathoids,being therefore the most important
nembers of the family. 3Because of their greater openness they nay
exhibit to a greater extent the properties of ion~exchange and
adsorption. Depending on the way of linking of (A1,Si)0, tetrahedra,
the zeolites are classified as followss

(a) Fibrous zeolites: Including natrolite, erionite and
thomsonite. The linkages of tetrahedra are more
numerous in ane crystallographic direction than in
the plane at right angles to it and the minerals have

fibrous morphology and cleavage.
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(b) ZLamellar zeolites: Including heulandite and stilbite,
They are characterized by cleavage in plates and their
structure linkages are nore numerous in one plane than
the direction at right angles to it.

(¢) Three-dimensional zeolites: Including philipsite mordenite,
chabazite and famjasite, Their framework structures are
of similar strength in every direction. The zeolites
belonging to class (c) are often characterized by greater
thermal stability.

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

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

In the present work, chabazite and the synthefic zeolites
Zeolon, Linde A, X, Y, L were used from class (c). From cless (b)
clinoptilolite was used.

The feldspars have oompact structures in which the cations
are in relatively small cavities and are completfely 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 a:be broken(9) ad replacement of Ne or X 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 tetrohedra which share some of their vertices and form four-
nenbered rings; the remaining vertices which project to right and
left are available for cross-linking between the chains, The distinec-
tion between orthoclase and plagioclase groups arises fron the way in
which this non-rigid framework is held extended by the large cations

K+, Batt or allowed to collaépse around the snall cations Na+, Ca++.
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The feldspathoids have more open structures than the feld-
spars and the cations occupy their interconnected cavities. They nay
have, together with water, inorganic selts 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

Naw=Zeolon is & synthetic form of the natural zeolite
nordenite, It contains only sodiunm ions in contrast to the natural

nineral which contains godium, potassium and calcium ions.

The crystal structure of the so<)1ium form of the natural
10

mordenite has been determined by Meier( « The sample he obtained

after ion=exchange to the sodiun form had a unit cell compositiont

Naeﬂgs i40096. 24H20 .

The aluminosilicate framework consists of characteristic chaing in
which S-membered rings of tetrshedra prevail. Each (41,51)C,
tetrahedron is part of one ar more Se-membered rings in the framework
and the number of 4=, 5-, 6= and 8-menbered 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 te’crahedra(ll).
The prevailing number of 5-menbered loops in the mordenite structure

and its high silica content account for its extraordinery stability.

The mordenite structure contains wide none~intersecting
channels, circumscribed by rings of 12 oxygen atoms of the alumino-
silicate framework, rumning parallel to the axis (00l) with free
diameter of 6.6 '8 (By "free" dianeter 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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tr

rings having a minimum free dié.meter of 3.9 K and leading towards

the next main channel. However, halfway to the next main channel
each side channel branches through two distorted B-membered rings

of 2.8 (A) minimim free dlemeter into two 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 chammels
fron 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., Meiexr suggests that the remaining four occupy randorly
sone 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 ana.lysis(lz) to have the following composition:

H~Zeolon H O.OBSIT&ZO. O'%z(). Al2'03o 11-48102. 6.43HZO .

... The structure of sodalite

Various zeolites such as Linde A, X and ¥ 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 octshedron (cubo-octahedron) shown in fig. 4(s). The
structure of sodalite can be visualized(4) by stacking the cubo=
octahedra in 8-fold co=ordination so that a given central cubo-
octahedron shares one of its Bemembered ring faces with one each of
eight other cubowoctahedra (fig. 3). The cavities have am intermal
free diameter of 6,6 A and are intercommected with 6-membered rings

of aperture ca. 22.. The sample of basic sodalite used had the
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following compesition:

6 [NaAlSiO, ) o 1.6N&OH, 448Hz0 .

Pig. 3. Model structure of socdalite

The structure of Linde A (3)

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

Nago 0A1203 [ ] 2Si02 unﬁgo

although the composition cen very slightly and their actual enalysis
figure for the Si0z:A150; was 1,92, Barrer and Meiez:(7) found far
their sample 1.87 and showed that the excess aluminium in their sample

was included in the framework as NalAlOj,
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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 & in diameter (fig, A(b)). Each central cavity (termed of-cage)
is entered through six circular apertures formed by a nearly regular
ring of eight atoms with a free diameter of 4.2 ?L. The cavities are
thus arranged in a continuous three~dimensional pattern forming a
system of channels with a2 maximm diameter of 11 K and a minimm of
42 S;. The truncated octahedra themselves enclose a second set of
snaller cavities ( P-cages or sodalite cages). A 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 are 12 monovalent cations. Eight of these lie in
the centre of the 6-membered rings in the hexagonal faces (referred
to as type I) and four occupy Fositions adjacent to the S-~membered
rings (referred to as type II) 5).

The structure of Linde X and Y

NaX and NeY or Linde X and Y are synthetic zeolitesy 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 famjasite, X and Y consists
of a tetrahedral arrangement of the truncated octahedra, i.,e. the
octahedra are joined at four of the eight octschedral faces by hexagonal
prises. The large cavities in this structure have an elliptical shape
and a free diameter of 13 K. They are entered by apertures of
distorted,; chair-shaped, 1l2-pembered rings which have & free diameter
of 8,0 K. 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)0,
octahedra, A model of the structure of X and Y is shown in fig. 5(a).
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- | ()
Fig. 4. (a) Truncated octshedron (cubo-octahedron)e
(b) Framework structure of Linde A.

(a)

Fige 5. (2) Framework structure of faujesite.
(b) Cavity of chebazite,

N.B. The diagrams are drawm under different scales
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The cations in 2zeolites X and ¥ occupy three types of
positions(s). These ares

type I, in the centre of the hexagonal prisms (16 sites
per unit cell)s

type II, on the 6-membered rings, the unjoined hexagonal
faces (32 sites per unit cell);

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

Type I and II sites are fully occupied in X and Y, In type III sites
there are %8 and 8 cations in X and Y respectively. This none-
occupancy of type III sites in Y is the major difference between X
and Y. The positions of cations is not necessarily the sane in

hydrated and dehydrated zeolites.

NaX end NaY¥ are synthesized fron sodium hydroxide, silica
and alumine in agueocus solutions. It is possible in the final product
to have a deficiency of sodium ions and this is balanced by hydroniun
ions., Evidence for the existence of H30+ in the hydrated forn of
NaX was ?gz?ined by the occurrence of certain bands in the IR

spectrun

The sample of zZeolite X used had a SiOz:Alz0, ratio of 2.65.
The composition of zeolite Y used was found by chemical analysis to

be:
n.Na:ZO. AIEOS' 40788i02‘. 8.77H20

with 0,9 {(n (1.

Thé structure of chabazite

In the natural zeolite chabazite one may recognize sheets
containing hexagonal prisn units in which two 6-membered rings are
united by shared apical oxygen atoms to give the p:c:‘uams(l5 ). The
layer sequence is 123125.,.. The cavities so formed are elongated
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and have free dimensions of 6.6 ) and 11 £. These cavities are shom
in fig. 5(b). The sample of chebazite used was exchanged to the
sodium form and had the following compositions

0. 96Na20. O. 03060 Y Algozt 5 . 03102 » 6 . 25H20

The gtructure of clinoptilolite

Clinoptilolite is a silica-rich zeolite related to heulan-
dite(16’17). Its structure has not yet been completely defined but
it is believed to be like the structure of heulandite. According to
Merkle and Slaughter(ls) heulandite is monoclinic. Its crystal struc-
ture is characterized by large intersecting chamnels composed of 12a,
10~ and B-membered rings open across the mirrors and tied together by
layers of 6=, 5= and 4-membered ring groups located at heights of
gbout ¢ and g along b, The be crystallographic plane is composed of
8-membered rings held together by 4= and 6-membered ring groups. The
ab crystallogrephic 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 chamnels formed by the 8~ and 1l2-membered 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 compositions

The gtructure of Molecular Sieve L

Molecular Sieve L is a synthetic zeolite without natural

oounterpart(l9). Its structure was resolved by Barrer and Villiger(zo).
The zeolite was found to be hexagonal with unit cell dimensions

o}
a = 18,40 A

i

C

f

0
T.52 A
The building units of the aluminosilicete framework are the 1ll-hedral
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Fige 6. The 8- and 12-membered channels in heulandite.

Fige 7+ The B-membered channels in heulandite
(perpendicular to be plane)
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cages found in cancrinite(‘gl), erionite and offretite(25). These
cages are linked through their 6~membered rings, forming hexagonal
prisms with the planes of the 6-membered rings normal to the ¢ axis.
The columns thereby formed are joined by single oxygen bridges which
are part of the planar l2-pembered rings that circumscribe the main
channels rumning parallel to the o axis (fig., 8). The channels are
made by the stacking of sections which are joined top and bottom to
one another by shared l2-membered ring windows having minimm and
maximum free diameters of 7.1 and 7.8 ?&. The main channels are
connected with each other by a less important two~dimensional
channel system along the a; and a, axes as well as the enclosed
mirror plane. The openings are formed by & non-planar S8-membered
ring with a limiting aperture dimension of 1.5 K.

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.%. Site D is the only cation position found in the
nain chamel. The nain chammels in zeolite L are shown in section
in fig. 8.

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

by chenical analysis to have the following composition:

O.94K20. O|O6Na20. A.leso 6.018102' 409H2'O .

Ion~exchanged and decationated zeolites

The sorptive and sieve properties of zeolites can be
nodified in different ways. Two of them, relevant to the present

wark, are ion~exchange and decationation,

A review on crystalline ion~exchangers including zeolites
is given by Barrer(ﬁd'). 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 terpera-
tures between 25°C and 100°C; and

(b) via the vepour 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(zz). Decationation
of a zeolite consists of exchanging part or all its cations with

amnoniun ions and removal of tir ammonia. The methods referred to
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previously can be used for preparatiomn of the ammonium forms,

Ammonia can be removed by:

(a) heating the zeolites;

(b) heating the zeolite under vacuum; or

(25,

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

(e) 300-35000 will usually suffice. Hall(zs) in & review paper on

(¢) heating the zeolite in a stream of oxygen

decationated zeolites concluded that the decationation process is

made up in two steps:

(a) the decationation step, in which ome proton is left in
the zecolite as an acidic hydroxyl group, for each
ammonium ion which is decomposeds

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

These steps can be followed by IR Spectroscopy(27). Step (8) in

the case of Y seems to be completed at around 30000. At higher
temperatures step (b) takes place. The following chemical equations(26)
can describe steps (a) and (b).

+
NH,
0 0 0
«-_ 0% N /,OH\ 0
N /Si\ == NH; + Al Si (a)
AN
o~ o o 0 o~ 0”7 o
NH Y
(v, ¥)
0 CH o_‘ 0 0 0 0 0
NNl s NN/ N\ +/
2 A.l\ Si —= Ha0 + Al Si o+ Al /Si (b)
Ve /N VAN ~N N\ AN
o 0 o 0" Y o Yo o Yo o o

Step (a) is reversible (28) which proves that the hydroxyl acts as a
Brfnsted acid to a base like ammonis. 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. 0a° noves out of the crystal, and hydrogen forms of
zeolites are formed. In the place of Cd any other reduoible cation

can be used,

le3 The properties of the sorbates

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 recaction with silicates which is one of
the main factors determining the nature of the systen ammonium
chloride~zeolite (Ch.1, Pt.II). Ammonie and hydrogen chlorid% are
both dipole molecules. Their average molecular radii are 117 4. and
2.1 Rrespe ctively. Therefore they can easily be sarbed 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 CsCl (8:1) body-centred lattice
while sbove this temperature it is that of the NaCl (6:1) face-
centred lattice. The unit cell contains one molecule of ammoniun
chloride and has an edge length of 3,866 2.. Around each nitrogen
aton the four hydrogen atoms are arranged tetrehedrally and the
eight equidistant chlorine ions at the corners of a cube, The
dissociation of smmonium chloride has been the study-subject of
meny investigators, The vwhole matter has been clarified by the
work of Rodebush and Michalek(‘?’o) who showed that when ammonium
chloride is intensively dried it evaporates very slowly. The methods

(31,32) for vapour

of Dumas and V. Meyer employed by previous workers
density measurenments cannot therefore be used for ammonium chloride.

The method they employed was based on the use of & microbalance to
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measure the buoyancy effect of the vapour on thln—walled tubes.
The corplete dissooiation has also been conf:.rmed by other me1:hods(33 ),

The rates of evaporation and condensation of ammonium chloride hawve

(34)

been studied by Spingler The vapour pressures of ammonium

(30)

chloride at different temperamres are plotted in fig. 9.

General information regarding the properties of the sorbates

(3 5) or Landolt-Bbrnste:.n(%). Reference will

can be found in Mellor
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
gsorbents. 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(W) and on NaX., Barrer and
Gibbons(ss) have studied the sorption of ammonia on nine ion-
exchanged forms of synthetic faujasite. Theilr study covered a wide
range Of temperatures. From 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 proportionsl to the
polarizing power of the cation. Kiselev et a1(39) used inter alia
IR techniques to study the sorption of NHz and NDz on NaX, IR
techniques have also been used by other investigators(28’4o) t
gstudy the sorption of ammonia on decationated forms of the synthetic
zZeolites X and Y,

Aononia is a weak base., As such it has been used as a sorbate
for the study of the surface acidity of certain ad80rbents(4l’42).
Pohl and Re‘bent:'v.sh(43 ) developed a dynamic method for measurement
of the surface acidity. By this method the Br)énsted and Lewis acid
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sites cannot be differentisted. Stone and Whalley'??) 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.

1(44)

Benson et a measured sorptvion isotherms of armonia on a
decationated Y zeolite over a considerable range of temperatures
(25-35000) and for the pressure range between 10'6 and 100 Torr.
Trom these isotherms they calculated isosteric heats and differential
entropies at different uptekes. The initial heat of sorption was as
high as 40 koal/ mole. A comparison of the isosteric heats of armonia
on decationated Y was made with the isosteric heats of armonia on
silica=alumina gel. They concluded that in the zeolite surface there

were nore acidic sites than on the gel surface.

Very little has been done on the sorption of hydrogen
chloride on zeolites. Reyerson and Bemn.wls(‘“L5 studied the sorption
of hydrogen chloride on silica gel. They obtained reversible and

reproducible isotherms.

(46)

first reported ion-exchange reactions with dry

Solutiong of hydrochloric acid react with zeolites
Barrer and White(ﬂ)
hydrogen chloride gas in basic nosesans, sodalites and cancrinites.
They also reparted partial decomposition of the silicate after heating
it at 25000 and thegr suggested a possible reaction to explain it.
Barrer and Brook in their sorption and resctivity studies of
different alkyl halides in chabazite have found that occluded
fluoromethanes (CHFs and CClFaH) underwent dehydrofluorination and
produced a breakdown of the chabazite. Weak acids like HeS do not
gseen to affect zeolites. Bering et a1(49) studied the adsorption
of HpS and CzHg mixtures on NaX. No reaction between HpS and zeolite

was observed.
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The decationated zeoclites have been studied to some extent since
their catalytic properties were reported, Most of the work relevant
to the present research concerns the nechanism of decationation and
the nature of the surnface of the decationated zeolites. Experimental
techniques used in those studies corprise mainly IR spectroscopy
(28,50,51) and ermonia adsorption(44'28). Also NMR, ESR and elec=-

trical conductivity measurements were used( 22,52) .

"Ammonium chloride" vapour has not previously been used

(53)

analcite, mordenite and chabazite by using different ion-exchange
nmethods including that of Clark and Steiger.

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

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

T = temperature °x
v = volume

S = entropy

G = free energy

= chemical potential

E = energy

Poa = chemical potential of the pure sorbent

X = a partial molar derivative with respect to n
X = dntegral guantity per mole

3‘(0 = integral quantity in a standard state

n = number of moles

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

roo- =X
Ny

R = 1ideal 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
chenisorption & transfer of electrons between the sorbemnt 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, end also the nature of
the gas and that of the solid. For a given solid at constant tempera-

ture:

x = £(0)7, gas, s011d (1)

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

vapour, the alternative form
*= f(p/po)T,gas,solid (2)

is used where P, 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 BED classification'o?), 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 &8lso a considerable
number of isotherms which do not follow the classification at all
ag, for example,''stepped" isotherms(BB). 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



Fig, 10

The five types of adsorption isotherm
"~ in the BET classification

»/p,—= 1 00 pfp—> 1

»/py — 1 0 p/o,—> 1
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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 thermodynamio properties of
the sorbed phase and the sorbent as described in the following section.

2.2 Thermodynanics of adsorption

The present understanding of the thermodynamics of physical

~58)

adsorption systems is largely due to the work of Hi11(96-58) ang

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

(60) (61)

been given by Hill and Everett o Thermodynamics may be applied

to adsorption date 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 & single component system in equilibrium with the unadsorbed gas.
This approach leads to molar thermodynamic quentities and involves
the evaluation of an independent varisble characteristic of the

4 (56)

sorbent, the spreading pressure

As some of the experimental results of this work were
analyzed by the methods of solution thermodynemics (Ch. 3, Pt. II),
a short outline of the approach will be given here., Using 60 the
standard methods of solution thermodynamics we can writes
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=
1

TdS - PAV + padma + p,dn, (3)

aG

It

~54T + V&P + padny + PAd'nA (4)

where P is the hydrostatic pressure exerted by a hypothetical inert

gas plus the sorbate gas pressure. Since

p1 = pa(T,B,r)

2 3, ]
Gps = (Twlpl‘l')p,rdm + ('a%‘)m,f“dp + (%)T,Pdr ' (5)
Also
'Bp. — Bp. —
Grlp,r = 1 md GFp,r = T2

Substitution of these quantities in equation (5) yields:
- e 'b};.
dpa = ~S1dT + V1dP + (5)g pdl (6)
For the gms we have the well-known expression:

Sar+7 a (7)
dpg = 50T + V p

A%t equilibrium between gus and the condensed phase

d}ll =(‘1}lg !
5o that
e — W, ot fad
5adT + V48P &« (SE2)  dr= S 4P + 7V ap 8
38+ TalP « Gy p g g ()

Under ordinary conditions P=p and we have for comstant [~
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S.-%
Sy - f——-%— (9)

Using the usual approximatiems of a perfect gas and Vg )) Vl we
obtain:

~? — ) —
~ - - H
ey Sg=5s . Hg-H _ ey (10)
aT ’r RT S e RTR

~ -
Hg -Hy = -8H = 4g4 18 the isosteric heat of sorption.

Isogteric heat of sorption

The Clausius-Clapeyron equation (10) may be used in the
following two ways to calculate isosteric heats from the experimental
isotherm data,

(1) Plots of log p vs amount sorbed cam be drawn for a number

of isotherms. From these plots, log'g'l' corresponding to
2
temperatures Ty and T for a given amount sorbed can be

obtained, Isosteric heat is then caleulated from the
integrated form of equation (10).

- TT, P
dgt = ~BH =-2.303R (F-357) log g2

In order to obtain reliable results, as many pairs of
isotherms as possible must be used for evaluation of Agys
since qq4 can be temperature dependent.

(ii) Equation (10) can be written in the form:
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In this case, a plot of log p vs 1/T is necessary for
every uptake for evaluation of qg4. The slope of this
plot (if it is 2 straight line) or the tangent (if it

is a curve) is equel to:

Ut

2.303R

Entropy of adsorption

From equation (10) we obtain the entropy of sorption

S =8 =5 = = LH (11)
g T

~
The molar entrOp;{) of the gas Sg at pressure p referred to the
standard entropy ch’, at a standard pressure p° is given by

-~ ~ [e]
S =5° ¢RI B
g 8 D (12)
From equations (11) and (12) we obtain
. ~ 0 A-H-
S1 = 8% + Rn1.Rl + 2 (13)
g P T

The standard pressure for a gas is usually taken to be 1 atm, If a
correction for non~ideality of the gas is applied, 2 term ap is
subtracted from the sbove expression for S1s where approxinately

3
. 27RTC-

and P, and T are respectively the critical pressure and
30p 73 © ©
e

temperature of the gas. No correction was necessary for the values
of entropies calculated in this work.
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Half standard entropy of sorption

From equation (13) we obtains

S, -8° -5, = RIn2 - 221
As =85 - Sl..Rlnpo T (14)

This entropy, referred to a standard state of the gaseous sorbate,
was found by Barrer and Sutherland(62)
ture, On differentiating equation (14) with respect to T and if AH,

is independent of temperature we obtains

to be independent of tempera-

—_— ~s
(331 - 3Sg
9T / x 9T .

The temperature invariance of A-él_, also described as the half
standard entropy of sorption,can be used for extrapolation purposes.

Integral thermodynamic guantities

-~
Integral or molar thermodynamic quantities X can be obtained
by graphical integration of the corresponding differentizal gquantities
X vs amount adsorbed, Thus for the integral heat of sorption we have:

g

~
AHy = ] AHidng
ng

0

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 n, moles of sorbent

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

gives

nidpy + mdp, = Vdp (15)
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If ¥; end NA, are the mole fractions of sorbate and sorbent respec-

tively and Vy the volume of the mixed mole,

n n
A v
Ny = —=t— , N, = y Vi =
na+, A ny+n, Ny,

On substituting these quantities in equation (15) we obtains

Nidpi + (1-N1)d;1A = V,dp (16)
and on rearrangement

dep _ Nld P,

d = 1
Fa= 1 T ()

At equilibrium
d }11 = d}lg
and by assuming ideality
= RT
dn . dlnp

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

= - = ML X
Apy = By=Pop = Tp - o P (18)
o
where x = amount sorbed in g/g 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 normelly negligible; +the second
term is evaluated graphically from isotherm date (from a plot of 2;' Vs p).
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From the Gibbs-Helmholtz relationship we have

3 (1, = 1 ,) - -
Pgm Lokl - 5, - Soa) = -85, (19)
and
3 OPy T CjiA
[BT('T )1 o = Ey-Ey) T T TR (20)

From equations (19) and (20) 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
expressions to experimentally determined isotherms. The earliest
equations were entirely empirical. Later theories based upon physical
plctures 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
64,65,101,66)

recently been the aim of several investigations (e.g.

Some of the isotherm models will be described shortly in this section.

Localized sorption without interaction (Lengmuir!'s isotherm)

In an ideal localized model of intracrystalline sorption,

the molecules are assumed to be gorbed on a three-dimensional array
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of energetically homogeneous sites with no interactions between
neighbouring molecules. Theequation describing localized sorption
without interaction was originally derived by La.ngﬂmir(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 monolayer, i.e. & single iayer of non-
interacting molecules on fixed sites of equal energy., In the original
kinetic derivation the adsorbed lgyer is regarded as in dynamic
equilibrium with the gas phase. If O is the fraction of sites occupied

at an equilibrium pressure p, the equilibrium constant K, is given bys:

Q
K =
p(1-6
The same relation has also been derived by thermodynamic congiderg=
tions(68) and is independent of the kinetic mechanism originally

agsumed 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

e 2(1-8)
K—p(‘]-@ {p+1-29}

where z 1s the number of the nearest neighbours of any site and B is
given by
1
p = [1-40(1-6) [ 1-exp(-2w/zx1)] ] &

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('zl) regarded the sorbed film as two-dimensional gas
in which he introduced a finite "co-area" (analogous %o the volume
correction in the three~dimensional van der Waals equation) for each
molecule, However, he neglected the possibility of mutual interaction
between sorbed molecules., The equation that can be derived(5 9,72)

from Volmer's equation of state has the form:

=K (=2- _©_
=K ) e G5

Mobile sorption, sorbate obeys ven der Waals equation of state

H11172) sasuned that the adsorbed £ilm obeys a twom
dimensional van der Waals 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

_°_

p=K335

exp (1—(_9;5 ~ &8)

where oo 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 Van't Hoff isotherm is given bys

g 8
AG = - RPIn (-f) + RIIn 7= (21)
g eq g

where "a" denotes activity, "s" denotes the sorbed phase, "g" the
gaseous phase and "eq" the equilibrium condition. &y and ag are
arbitrary activities; & G is the free energy for isothermal asnd

reversible transfer of a mole of gas from en infinite amount of gas
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of activity &g to an infinite amount of sorbent in which the activity
of the sorbate is ag.

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

and in the sorbent, then a.g=1 and ag=1. Therefore

a
86 = AGy = -RTIn(-2) = -RTUK (22)
ag eq
It follows that
3(AG) AG AH
o) RT S InK 0 0
- = 85, = RLK + S5 ~erl iy — (23)
and that
- (A% . (24)
2T \ T m= :
The equilibrium constant is given by
a8
S
K= {— 2
(2) (25)

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

8ps B0 that the gaseous standard state is

8y = g 4 (26)

where Cq denotes concentration and § s the activity coefficient., In

the standard state ¢ =1 =a8a,, c, can be expressed as the number

s &s s* Cs
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 thermodynemics) the change in the chemical potentisl of the

sorbent during sorption is given by equation (18)



45

P P
apy = [vap - I f % ap (27)
(o] (o]
Also we can write(lm')
-7t
j Vap = Ap, (28)
(o]

where =N 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 §U 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 JT 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)
yieldss

P
RTM x
APA-:TLV=-'m—O-5dp (29)
or
b8 (4 Py
RTe, = meg } P % (30)
o
where e = % is the density of the outgassed zeolite.
The curves can be represented by the equation
g
¥T
— = A 2 cee 1
RToy 1+ Ajcg + Agef + (31)

This equation can be used to derive the corresponding empirical



isotherm. From equations (31) and (30):

e Py
2 S X
1+ Ajeg + Agcf + ... = noy j; > dp (32)
or
2 3 fp %s
og + Bac® + Apcl 4+ Lol = ] > dp (33)

and the isotherm equation is:

p = K&exp (2hscg + 3/2 Aoc? + ..4) (34)
or

Cq .
K == exp (2Asc, + 3/2 Azc + 4.e) (35)

Equation (31) has been used3076) to caloulate the coeffioients

A1y Aoy eee. Expressions for the osmotic ratio can be obtained

T
RTeq
from different isotherm models, The wvalues 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

gs = eXp (ZAlcs + 3/2 Aacg + ooo) (36)

and for small enough s ¥s — 1, K =-§-94 and is the Henry's law

constant, The state of unit activity, By is one where
ag = C ¥ o =csexp(2A1cs +3/2 Agcg+ ces) =1 (37)

and cannot be determined from equation (37) without knowing Ai, Ans eeey

which in fturn require the isotherm to be knowvm outside the Henry's
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law region (in which R?c = 1). According to this treatment, the
S

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, Y4 -—*1 as ¢y becomes
small, and in this range c¢y=84. In Part II the above argument will
be used to evaluate the coefficients Ay, An, ... and oalculate the
thermodynamic properties of the sorbed phase in the standard state,
Activity coefficients will be calculated from the experimental resulis
and compared with these calculated from different isotherm models

(che. 3). The argument will also be extended for sarption from &
mixture of two gases and the coefficients A1 and App of the pure
components and the crosg-coefficient A will be evaluaeted (ch, 4).

2.5 DPhysical 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 ares

(i) Dispersion forces.

(ii) Close-range repulsion forces.
(iii) Polarization forces.

(iv) Field-dipole interaction.

(v) Fieldmquadrupole 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 forces arise from the repidly fluctuating electron
density in one atom, which induces a corresponding electrical moment
in & near neighbour and so leads to attraction between the atoms. The
potential energy Ep of two isolated atoms separated by a distance r is
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given by
C
By = =
D8
where C ig a constent and the negative 8ign shows attraction.

When the electron clouds of two atoms overlap sufficiently,
repulsion forces arise. The interaction due to repulsion forces can
be desoribed empirically by en 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
(esgs composed of positive and negative ioms) so that there are local
electrostatic fields F which polarize the sorbate of polarizebility of,

The energy of interaction then is:
EP = .__.‘12._“F‘2

The loocal field F also interacts with molecules possessing permanent
dipole monents. The energy of interaction for a point dipole of
dipole moment R having ite axis oriented at an angle 6 to the looal

field direoction iss

EF = -chose

The looal field F of a heteropolar or ionic surface will normally have
an associated field gradient ¥ which can interact powerfully with
molecules possessing permanent quadrupole moments; ee.g. COz. 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(65’38’73) have calculated the energy of inolusion of
certain gases in synthetic zeolites by summing the theoreticel 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 ’co( ;‘.he)}

4).

specificity in physical sorption has been discussed by Barrer

2.6 Sorption hysteresis

The phenomenon of hysteresis in sorption is not rare. In
meny 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 fs:o::-ben'bs('?5 ), are based on or related to capillary condensa-
tion. These theories in comnection 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.

Ba.rrer(77) proposed that hysteresis phenomena mey 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
Whitton(78). Hysteresis is attributed to & large number of independent
domains each able to exist in at least two physical states, The expan~
sion of the independente-domain theory together with theories on
hysteriis 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 ennonia 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 hend,
for the study of sorption of"ammoniun chloride" vapour a number of
practical problems is involved. The lower limit for isotherm
neasurenent, set by the temperature at which 2.4 emHg of vapour
pressure is attainable, is 23000. This temperature prevents the
measurement of pressure with & simple mercury nmanometer and the use

of tap grease in the apparatus.

These problems were overcome by Baxrrer and Wasilewsld.(so)

who designed an all-sealed gravimetric apparatus for the study of
adsorption of reactive, condensable vapours at temperatures up to
350°C and in the pressure range 0,1 - 760muHg, This apparatus
(sorption system 1) was used with a few modifications for all amoniun

chloride=zeolite isotherns,

At these high temperatures it is very difficult to maintain
uniform temperature throughout a considerable volune. As no fluid
stable for long periods at 35000, and therefore suitable for a
constant temperature bath, was available, electrically heated tubuler
furnaces were used. The errors§ arising fron temperature gradients in
the furnaces were eliminated as mch as possible by calibrating all

the measuring devices, i.e. silice springs and spiral gauges, under
conditions as sinilar as possible to those used during isotherm
measurements. The furnaces were of large heet capacity to assist
thermal stability. In sorption systen 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

experinents).

Chemical analysis, thermogravimetric anelysis and X~ray
photography were used to obtain information concerning structural
changes in the samples after sorption or ion-exchonge 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
naterials at various stages during the experiments and, finally,
after a series of experiments had been completed. Moreover, the
anount of decomposition of erystalline zeolites in certain cases was

estimated by using the pewder nethod,

3.2 The sorbents

Two forms of silicates wore uscd:

(i) wa' and K oxchanged fornms.
(ii) Deccationated zcolites.

All samples were washed with distilled water before they
were uscd. Prolonged washing was avoided to minimize hydrolysis of
the zeolite., Before samples were analyzed they were equilibrated
with water vapour in e dessicator containing saturated agucous

anmonium chloride for at least 2 week.

The synthetic Molecular Sieves 4, 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 ibs mixed K and Na'
form. It wes exchanged to the XK' form by shaking it with a saturated
solution of potassium chloride at xroom tenperature for 12 hours. This
treatment was repeated; the zeolite was filtered and washed free from
chlorides. By this treatment & zeolite was obtained which contained
98% of its total cetion capacity as KT
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The synthetic zeolite mordenite was obtained from Norton Co,

The Na form of ferrierite was prepared by exchanging st
with Na© by treating the Sr form with a 20% solution of sodium chloride
at SOOC for 4 hours, four times. The Sr form was synthesized and

supplied by Dr J.A., Lee,

Wa-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 ¥a' to the
extent of 8% of its total cation capacity.

Attenpts 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 smmonium forms of the Zeolites referred to are not
stoble at temperatures 30000 or 35000. Some experiments carried
out during the course of this research confirmed previous findings

concerning their stability.

3«3 The sorbates

Anhydrous ammonie 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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nain irpurity of ammonia being water, the purification system
congisted of two drying tubes containing ignited Cal and NalH pellets
respectively. A manometer attached between the cylinder ond the
drying tubes allowed the pressure of smmonia 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 vacuun line, The purification and storage system of

ammonie is shown in fig.Tls

The apparatus was first outgassed as much as the polythene
tube allowed, and ammonia wos admitted slowly, its pressure being
controlled by the mercury mancmeter, Then it was passed through the
drying tubes D1 and Dy and frozen into the trap T4 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 apperatus
similar to the anhydrous hydrogen chloride generator described by
Taniguchi and Ja.nz<81). This apparatus with the storage system is
shom in figA2 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 stopcocks 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 gless 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 easgily
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
during the experiments, ammonia (or HC1l) was introduced into the

systen by evaporation from the liquified gas.

Mmnmoniun chloride, AnalcR, was supplied by Hopkins and
Williams Ltd. and was used without any further purification. It was
dried in the sorbate reservoir (sce fig.13) under high vacuun 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.13 ) containing
& 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 spying. On the lower end of the spring a pyrex bucket
welghing ca0.2 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
geuge 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 & U-shaped mercury manometer from outside the system through a
connecting tube. A mirror attached to the end of the spiral geuge



58

//z4thermocouple

\, Fig. 13

Sorption System 1

|~ spring

Scale

0 5 10 em

|~ sorbent

-
\

//,/spiral gauge

\

ovntical window

;;;:mirrors

AN

manetic hammer
break seal

L?@m«m@

Connection {
tubeg 0o vac.
svsten

\\

Prelins

tube for admitting air
sorbate



A

7
. e Eﬁ tH
I FE By

S T am w w
e - et e A

hxxrd

!
:

o e
e

o §

e Ty I e N

T W

i

o g v

.- e

‘vl e =

N\

[P R e

ol 59
Pie, 14

The furnace systen
-(Sorption System 1)

Secale

0 10 20 cnm

1:  Main furnace -

2: ©Small furnece

%: Junction furnace

h: Steel rails

5: CGounterweight

6: Furnace windows

7: Asbestos wool

8: Pt resistance thermometers
9: Thermocouples

O: BSteel tube sudporting

balance case



60

reflected a bean 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. BSmall 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 oubgassed, care was taken that both

gides 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 memns of a chromelealumel
thermocouple always placed opposite the bucket. This was found +o
record temperature more reliably than a platinum resistance thermo-

neter several inches long 82, .

The balance case was comected to the vacuum line through
& side wrm. 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 systen
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 fron the vapour pressure ve 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
eagily to and from the balance case as required. Five quartz windows
fitted on the main furnace allowed measurements of the spring length
and cbservations of the mirror attached to the spiral gauge.

The junction furnace consistzd 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 ocuter 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 nmain
windings (outer) were supplied directly by the variacs., The auxiliary
(inner) windings were fed vie 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-
neter, The other three arms were the compensating leads of the
thermometer, & 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 thernometer was lower or higher than the resis=

tance of the decade box, respectively. When the switch was open
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current flowed through a resistance connected acrogs 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 thé
decade boxes resistances necessary to maeintaein 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 gradients in the furnace systen.

3¢5 Sorption system 2

The sorption system 2, which was simpler than the sorption
gystem 1, is shown in fig., 5. It consisted of a glass balance case
surrounded by an electric furnace and connected to a U-shaped mercury

nanoneter, the gas storage reservoir, and a thermocouple.

A glass hook sealed into. the top of the balance case
suppprted the silica spririg, &t the lower end cﬁ‘ vhich 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

noved.

One end of the mercury manometer was comnected to the high
vacuun 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-

neter,
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The heat was supplied by & round electric furnace of total
resistance 80 Ohms at room temperature. It was made from a pyrex
cylinder 5,8 om 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 sSpecific resistance 5.3 Ohms/m was wound
on ity each coil being about 0.8 cnm 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 naxirun
temperature (i.e. 350°C) was attained with meximum voltage (i.e.

260 volts) in order to minimize the effect of small voltage changes
on the furnace temperature. Provided that the roon 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 meslns

of a calibrated thermocouple.

3.6 Apparatus for hydrogen chloride~gilicate stability experiments

The apparatus used for the study of the stability of
silicates when exposed to anhydrous hydrogen chloride is shown in
fig. 46 The zeolite was put in & small pyrex bulb. Five bulbs
were sealed to a U-shaped pyrex tube closed at one end and commected
to the vacuun line and HC1 reservoir, through a mercury manometer,
from the other. The samples were outgassed at 350°C under high
vacuun 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 220°C 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 15000 mercury thermometers accurate to 0.1% were used for
temperature measurement; for higher temperatures chromel-alumel
thermocouples were used. For temperatures higher than 220°C & small
round electric furnace was used. This was fed through a variac and
was manually controlled, A.quartz bulb was used for the experinents

carried out at temperatures above 35000.

3,7 The Vacuun System

The vacuun system is shown diagrammatically in fig, 17.
Low vacuun was achieved by means of a rotary oil pump (R). The
nercury diffusion pump (D) was used to produce high vacuum of sabout
107 miHg, 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 (). This trap also prevented mercury vapour from
the diffusion pump from entering the system. A McLeod gauge (G) was
used for low pressure neasurements, The pressure of pure dry nitrogen
gas supplied from the storage bulb was neasured by means of the
nanoneter (M). The two flexible glass spirals (F) comnected the
nitrogen line and the pumping system to the sorption system 1. These
flexible connections allowed novement of the balance case due to
expansion of its steel supporting tube when the furnace temperature

was raiged.
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Sorption system 2 was placed at (2) and connected to the
high vacuun line through trap (L).
Apiezon grease N was used in the vacuun systen and the

rest of the apparatus. Silicone grease was used only where hydrogen
chloride was used as it was found to attack Apiezon grease.

3.8 Qalibration of the measuring devices

Thermocouples

All thermocouples used were chromel-alumel thermocouples.
They were used for temperature nmeasurements between 150-35000 and
in a few cases at 800°C. They were calibrated for the temperature
range 00-45000 at fixed points(83), i.e. ice point, sulphur point

and stean 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 imnersed 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 8 + The thermo-
couple, 1n 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 neasure-
nent 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 (66) .
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A correction chart was drawn, i.e. SEMF vs EME‘m where
AEHVEE‘:EMFth-EMFm; mth = theoretical EMF;. Em/Ef?m = measured EMF,
After the correction was applied to the measured EMF, the temperature

could be read from calibration tables(87).

Silice springs

The silica springs were annealed several times before they
were calibrated by heating them to 350°C end 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 knowm weights at four different temperatures, covering the range

25-350°C,

Four different ring weights, weighing epproximately 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 & 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 1o and & of the

equation:

l=lo+"‘§ (38)

where 1 = spring length and w = weight, could be calculated and

plotted against temperature. A decrease of 1, and increase ef s

with temperature was always found. From these plots the two constants
1, 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 lower
vart was open and there was no spiral gauge(az). In sorption system

2 the balance case was used for the spring calibration. Appropriate
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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 "smell 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/em, It
was calibrated at the start of each isotherm by recording scale
readings for different 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 meinly used as a "null instrument".

Volume of the balance case in sorption system 1

The volume of the balance case in sorption system 1 was
measured with the sample temperature at 230°C and d@ifferent reservoir
temperatures by allowing a known amount of Ar (B.0.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 coylinder 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 Analyvtical methods

Analysis of gsome 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 arppamatus(9 1) and treated
with 30% NaOH. The ammonia was collected in 2% solution of boriec
acid and titrated with N/20 HCL using & mixed indicator(7),

The amount of alkali metals in the zeolites was found by
flane photometry. Their emission spectra were measured in a Unicam
SP.90 atomic absorption spectrophotometer, Na at 589 mu and K at
767 mp 92). The zeolite was first digested in 1:9 sulphuric acid and
AO% HF 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 knom
volume. 4 calibration of the instrument with a number (usually
seven) of standard solutions was necessary every time it was used,

For aluminium the gualitative alizarin S test was used.
To a small amount of the solution a few drops of 1N NaCH solution
were added and a drop of 0.1% alizarin solution 1IN 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 technigues

X~ray powder photography was used to observe any structural
thanges occurring during the sorption or ion-exchange experiments
and also, in several zeolites, for quantitetive study of the amount

of decomposition.

The zeolite samples were mounted under Sellotape in a
holder of a four unit Guinier camera using Cuyg, radiation. For the
quantitative measurements, quartz and e-Al;0z were used as internal
standaz-ds(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
20% per weight. The treated zeolite and standard were weighed with
an eanalytical 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 (Ig) were measured by means of a Joyce

double~beam microdensitometer and the ratio %.Z_ taken. The same
B
procedure was repeated for the original zeolite. The amount of

decomposition (%) was estimated from the formulas

_ (19/Ts), |
100 [1 (Iz/Ig)o__,
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where t and o stand for the treated and original zeolite respectively.
Since meny errors are inwvolved in this procedure (e.g. in mixing of
the zeolite with the stendard, exposing and developing the film ete.),
care was teken to ensure uniformity in each step. However, differences
as high as 10% were observed in values cbtained 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 T 5%,

3.11 Accuracy of the sorption measurements

Three variables are measured in gravimetrie sorption studiess
weight, pressure and tempersture. In this study the weight was
measured by means of silica springs, the pressure with the aid of
mercury mencmeters or pyrex Spiral gauges and the temperature with

thermocouples.,

The spring length was measured by a <athetometer, 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 em, 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 analytiocal
balance accurate to £ 0.1 mg. The weight of the outgrssed zeolite
was found by measuring the extension of the spring when the outgassing |
was completed. This gove the total weight of the zeolite and the
bucket., By subtracting the weight of the bucket, the weight of the
outgnssed zeolite was found. So the sample weight was accurate to

+ 0,14 mg, which for 0.4 g somple corresponds to * 0,035%., The

error was negligible for moderate or high uptakes but became signifi-
cont for low uptoakes. For isotherms in which the uptakes were very
small, the inaccuracy was high as, for example, for the isotherm of
armonia on KL at 280°C, the maximm uptoke 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", BSince this effect was measured by
spring length changes, a further uncertainty of 0.002 cn 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 dorrection of the measured uptakes was necessary for
the buoyancy effect Since it was within the linits of the experi-

rental error.

In sorption systen 2 the pressure was measured by a mercury
nanoneter to £ 0.002 cm with the aid of a cathetometer. 1In sorption
systen 1 the nitrogen pressure was also measured with a mercury
nanoneter to ¥ 0,002 cn with a cathetometer. The sensitivity of
the spiral gauge was 1,0 cn on the scale for 1.,0mmHg pressure
change. The scale was read to £ 0,05 on which corresponds to .

I 0.05mmHg pressure. Calibration of the spiral gauge was subject

to the same uncertainty giving a total uncertainty of s O.,1lmmHg,

A fluctuation in the sorbate pressure was introduced at its highest
pressures because of the thermostatic system. The terperature of
each furnace oould be held constant to within 0.2°C, For low terpera-
tures this did not affect the sorbate pressure but at high tempera-
tures this influence was significant, e.g. 0.2°%¢ change in reservoir
temperature produced a pressure change of 0,07 cmHg in 10,4 cemHg of

"grmonium chloride"’ wapour .

The terperature was usually measured by thernocouples,
The EMF was neasured by means of a Cambridge portable potensiometer
measuring to £ 0,005 oV corresponding to ¥ 0,125%. Since the
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calibration of the thermocouples was subject to the sawme error, the

total error was = 0.25°%C.

The measurement of searple 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 isothern temperatures and the actual sample temperatures in both
systens were not higher than 0.5-2.000.
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1, HYDROGEN CHLORIDE-SILICATE STABILITY, SORPTICN
AND TON-EXCHANGE EXPERIMENTS

1,1 Study of hydrogen chloride-gilicate stability

A nuriber of silicates with different Si0O,3Alz0z ratio,
covering the range 2-12,8, were exposed to anhydrous hydrogen
chloride gas at different temperatures as described on page 64.
After treatnent, the silicates were X-rayed and their X-ray photo=-
graphs were cormpared to those of the untreated samples. The inten-
sities of the reflection lines of the X-ray powder photographs in
sone silicates were weaker than the corresponding lines of the
photographs of the untreated sarples. This was attributed nainly to
partial decomposition of these silicates. (Some alteration of the
intensity of the reflection 1lines is expected because of the
exchange of cations due to reaction {3g)s Extra reflection lines
were also observed in some cases. These extra lines were found to
belong to sodiun chloride by comparison to an X-ray powder photo-
graph of pure sodium chloride. The results of this experinment are
listed in Table 1 Fron these results a marked stability is shown
by the silicates for which SiO53A1503 » 5. On the other hand, the
silicates for which Si0z3Al1:03 < 5 were found to be less stable,
Since the 8i0g:Al;03 ratio can vary considerably in certain silicates,
the value 5 for this ratio is only an approxinate borderline between
the stable and the unstable silicates to hydrogen chloride. By
"unstable'" and "stable" gilicates we mean the silicates that sorb
hydrogen chloride with or without decomposing, Although the silioca
content seens 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 thernal stability when heated in the absence of hydrogen

chloride. The stability of silicates having the same structure
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Table ¥

Stability of silicates exposed to anhydrous HCL

at different temperatures. (pgy; = 22.8 cm Hg).

Temperature
Silicate S102:A1203 |AL:S1 200°¢ 310% 610°%
stable|{NaCl{stable| NaCl|stablejNaCl
Na-Ferrierite 12.8% 0.156 Yes |No Yes [No Yes { No
Na-Mordenite 9.5 0.211 Yes | Yes Yes |Yes?i Yes | No
Na~Clinoptilolite 9.3 0,215 Yes | Yes Yes | Yes Yes | Ho
Linde L 6,01 10.332| 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 |Yesg?
NaY 4478 0.418 Yes {No Yes | No Yes | No
NeX 2,65 [0.753| ©No |Yes
Na=Sodalite 2,00 1.000 No (Yes
Na-Cancrinite 2.00 1.000 No |Yes
Nad

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

colum "NaCl"

was observed.,
No = Reflection lines wesgker than those
of the original sample.,
¢t Yes = NaCl lines were observed.
No = No NaCl lines were observed.

Yes? = Very weak lines were observed.
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seems to depend mainly on their silica ocontent.
from Tabley is NaX and NeY,
the same crystal structure and different silica contents (p. 19).
NaY, which is rich in silica, is stable but NaX, the silica contant
of which is low, is not stable,
when treated with anhydrous hydrogen chloride gas &ppears to be
similer o their beheviour when treated with acid solutions (94546).

A typical example

These two synthetic zeolites have

Thus, the behaviour of silicates

Possgible reactions taking place during the sorption of
anhydrous hydrogen chloride on zeolites include:

(a) An ion-exchange reaction of the cations by protons,

This reaction could be represented schematically:

_ "
0 0 0 0
N S N SN/
;. Si A1 /Si
a PAERN AN
B 0 o B 0" o 0" N o o
NN SN S
Si A Si  + HOL = 1\! + NaCl
PN VAR AR K :
0 0 O 0 OH 0 0
Nt 7 7 N7
Si Al Si (39)
N\ N\
o7 S0 o7 o o Mo ]

and (b) A reaction of hydrogen chloride with the aluminium atoms
of the framework similar to that taking place in hydrogen
zeolites (see p. 86).

In basic sodalite and cancrinite a reaction of hydrogen chloride with
the sodium hydroxide of the interstices can also take place(47) s lees

HC1 + NaOH —= Nall + HgO . (40)

Reaction (39) ocours in all the silicates examined except orthoclase-
albite in which there is no intracrystalline penetration of hydrogen

chloride. Evidence for this reaction was obtained by the following
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observations:

(1) Sodium chloride reflection lines were observed in some

of the X-ray photographs.

(ii) The isetherms 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 Na' and C1™ 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 reaction (b) either does not take place
in ion~exchanged zeolites or it takes place to a wvery limited extent
only.

Sodium chloride reflsotion lines were not cbserved in some
of the X~-ray photographs taken after treatment of Na-zeolites with

HCL. 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 Si0Op:Al;0z. Silicates
covering the SiOg:Al,03 range 2-5 were first treated with anhydrous
hydrogen chloride, then mixed with 20% o -AlsOs as internal standerd
and X-rayed. The amount of decomposition was calculated as described
en 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 Si0Oz:Al03, except for
NaA for which the amount of decomposition was almost constant at
ca T0% for the temperature range 50-210°C, The increase of decompos
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 dehydratlon reactlon may then take place which possibly
involves fermation of-S:L-O—SJ.-— 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.qg it can be seen that other factors
influence the stability of silicates besides their 5i0:A1,0z ratio,
For example, NaA, Na-cancrinite and Na-sodalite have the same
85105241505 ratio but their deoomposition curves are different. In
fige19 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 SiOp:Al;0sz)., A hypothetical curve
is drawn to show the effect of silica content upon their staebility.
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, hovever, 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
anmonium chloride-zeolite. Only zeolites for which SiOgSAng:5> 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 en the
following zeolites: Na=clinoptilolite, Na~Zeolon, H-Zeolon, HY, Na¥
and KL, The isatherms were taken between 200°C and 350°C end all were
found to be irreversible. Since the behaviour <f hydrogen chloride
sorbed on hydrogen and ion-exchanged zeolites was different, the
experimental results obtained for these two classes of weolites will

be given and discussed separately.

Hydrogen ohloride - hydrogen zeolite complexes

Two hydrogen zeolites were used, H-Zeolon and HY. Two
sorption isotherms of hydrogen chloride were teken inH-Zeolmm st 230°C end
29400 and one in HY at 245. 500. The sample of HY used was prepared
by method 1 (p.103) and it was found to be ca 80% crystalline,
Bquilibrium 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 & 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 35000 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 hetween the sorbed hydrogen chloride
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and the aluminium of the zeolitic framework according to the following

schemes

[ f 7 i 1

-?i— -?i—
i (l) | 1 HO i
3 HC1 + -?i-o-likl HO-JS:L SRS -‘Si-OH Ho-ls:i_..

0 OH

| sie ~Si-

L ! i - |

I I1

+ AlCls

(41)

Further reaction of AlCls 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 80000, is

possgible,

-~

!
-

1 1
-‘Si-O-Al HO
]

1
-3i=
{

I

i
-3i=
t

I + A101F —3 11T + A’ 4+ mol

I + a0t —= 111+ ™ 4 m

This reaction should involve the following steps:

| -
Sia
I
9
~51-0-A1~0-51i~ | + A101% + HCL  (419)
r |
0
]
Si-
‘ e 5N
11
(41p)
(41e)

The overall reaction could be represented by the following scheme:

HC1
I —

31T + II + A1

(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=c) did not take place or this chain

of reactions was interrupted at some stage before completion,

The reactions (41am~c) 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.
Aluminivm 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) p.79 ). Chemical analysis of H-Zeolon and HY showed
that they contained sodium ions equivalent respectively to 9% and %%
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 2,0% in HY and
2.5% in H-Zeolon. This explains why no struotural change of the
zeolite was observed since a dealumination of 2-3% (of total alumine
ium) would not acoount for any structural change in silica rich
zeolites like Y and Zeolon, The residusl 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 originel weight. Barrer
and Wasilewski(%) 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 70000 were not successful, No alumine
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 cbserved 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 sarbents shows that twice
as much emmonia is sorbed as hydrogen chloride. This special affinity
of hydrogen zeolites for ammonia is discussed in Chapter 3 of Part IT.

Ion-exchanged zeolite ~ hydrogen chloride sorption complexes

Sorption isotherms were taken of hydrogen chloride on NaY,
Kli; Na=Zeolon and Na=clinoptilolite. All isotherms were irreversible.
A considersble residual uptake, which could not be removed by prolonged
evacuation, was found after everir run, This was due to formation nf
sodium chloride (or potassium chloride in the case of KL), as explained
in Section 1 of this chapter, because of &n exchange reaction of
hydrogen chloride with the cations of the zeolite. Therefore, when
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hydrogen chloride is sorbed on an ion=-exchenged zeolite, part of it
reacts with the zeolite (i.e. it is chemisorbed) and the rest is
physically adsorbed, This can be represented by the following scheme:

xHCl(g) + Mz == MZ.xHCl(a) = (M“IuyHy)Z' (x--y)HCl(a) + yMCl(i’o) (43)

where %2 denotes zeolite; M monovalent cation, & adsorbed and i or o

inside or outside the crystal respectively and y\< 1.

The salt MCl, produced because of reaction (43), can either
remaein molecularly dispersed in the crystal cavities or migrate out of
the crystals and form, in the case of & sodium~zeolite, rockesalt. It
is also possible that part of MCl remains in the crystals and the rest
migrates out of the crystals., All three pogsibilities are examined in
discussing the experimental results in this section,

If the salt MCl is formed outside the crystals, one would
expect that complete exchange of the cations by protons should ocour,
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.

(i, B )7 (x-y)HCL oy e;i’:;ﬁ?ii > (1 )2 (44)

The value of y can be obtained from the residual uptake,

If MC1l or part of it remains in the crystal cavities an
equilibrium should be established:

MZ + HOL(,y &= (U,E)Z + ML, (45)

Therefore, removal of the physically sorbed hydrogen chloride will
shift the equilibrium to the left.s Provided that all the MCl remains
in the crystals and the zeolite has been outgassed for sufficient time,
the original weight of the zeolite should be obtained. In all cases
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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 constent
residuel 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 (becanse of the removal of hydrogen chloride,
reaction (45) ), by evacuation. Thus the residusl uptake
represents the amount of salt formed outside the ecrystals,

(b) The salt MCl or part of it remains in the crystals, but
because the removal of hydrogen chloride is very slow and
carmot be follored by the experimental method used (i.e.
change in spring length, p.62 ), the constant upteke
represents the sum of MC1l formed outside the crystals =
if any - and that remaining in the crystals., Thus, it is

not an equilibriun uptake in a thermodynamic sense,

By increasing the temperature and outgassing the zesolite 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

(:'L) 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
velues 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
(resotion (43)) at this pressure and were used to plot the "totall
isotherms., The system was then outgassed 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 repregent the amount of hydrogen chloride physically sorbed). The
plots of the "exchange" and "reversible" uptakes vs the inmitial
hydrogen chloride pressure gave the "exchange" and "reversible"
isotherms, Because of the agsumptions 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 admitted to the system, especially
at low pressures, In the ocase 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 mnHg, Equilibrium was attained in five days.
This is explained in terms of reaction (43). If a large quentity 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 mm Hg, 75% of
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the attainable exchange takes place. This results in a modifiocation
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=fiéldinteraction 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 gorption due to the decrease in dipole~field interaction
is mach less. The rate of establishment of equilibrium during the
sorption of hydrogen chloride on NaY for an initial pressure of
26,00 mn Hg at 245,5°C is shown in fig, 25, 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 sre shown for all the gystems 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 hend,
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 =9 mm Hg pressure and a minimum at ca 30 mm Hg pressure, At
30 mm Hg pressure most of the attainable exchenge 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 end NaY can be explained
by considering the reaction (43) that takes place during the sarption
of hydrogen chloride. Two factors are affecting the "reversible"
upteke: pressure of hydrogen chloride end amount of exchange. These
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two factors have opposite effects. Increase of hydrogen chloride
pressure results in inorease 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 effeot 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 oharacteristic for the
zeolite. From fig. 28 , in which the data obtained for hydrogen
chloride on NaY at 295.500 have been plotted, it can be seen that the
"exchange" isotherm is sigmoid in shape. The "reversible" isotherm
shows & maximim at & 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 exohange, respectively. At & pressure of

30 mm Hg the amount of exchange is 11,5 times higher than that at

9 mn Hg which is very low., Therefore the effect of this difference
on the "reversible! isotherm is very clearly shown by a maximum and
& minimum, In the case of Naw~clinoptilolite the M"exchange" isotherm
resembles & type I isotherm (in Brunauer's classification) and is
rectangular, The amounts of exchange at pressures of 7 mm Hg and

30 mn Hg are 69% and 8956 of the attainable exchange. The maximum end
minimum in the “reversible" isotherm are not as sharp as in Na¥, In
¥L end Na-Zeolon the "exchange" isotherms lie below the “reversible"
ones, and do not show mexime and minims. The "exchange" and “total"
isotherms obtained for the four systems at 24600 are compared in
figs. 29 and 3%0. At the examined pressure range the affinity
sequence shown by the four zZeolites for the "total" and "exchange"
sorption of hydrogen chloride is almost the same. The sequence for
the "total" sorption is:

Na-clinoptilolite Na—Zeoloni}/ NeY )}, KL

and for the "exchange":
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Na~clinoptilolite > Na-Zeolon » Na¥ » KL.

The fact that the distribution of sodium chloride (or potassium
chloride in the case of KL) 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 chenges with pressure. For a pressure of 10 mm Hg it is:
Na-Zeolon » KL » Na-clinoptilolite ) NaY.

"Bxchange" 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 very 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 cammnt be used
for preparation of 100 per cent decationated zeolites. The maximum

apounts of exchange in the four zeolites examined are given in Table 2,

Table 2.

Ton=-exchange in geolites during the sorption

of anhydrous hydrogen chloride
(Temperature 245°)

Zeolite HC%cgrgsgSiure Exchange | % BExchange
Na~clinoptilolite 19.4 Na" vy 5t 31.8
Na=Zeolon 16.3 Na by 4l 21.3
NaY 19.7 Na* by BT 14.4
XL, 26.4 ¥ vy E 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 of % exchange vs "total" uptake for KL (fig. 33) over the
temperature range 245+315°C was very smell, Plots of % exchenge vs
"$otal! and "reversible!" uptaekes for the system hydrogen chloride~KL
at three temperatures sre shown in figs.33 and 34.



% Exchenge ———> )

40

0 10 20 30
' "Total" uptake (mg/g zeolite) >
20 —
Fig, %4
KL=HC1

| I

15 20
—

0 5 10
"Reversible" uptake (mg/g zeolite)

25



103

2., ION-EXCHANGE AND DECATICNATION EXPERIMENTS

2.1 Introduction

In attemptoc to prepare stable hydrogen forns of the
oynthetic zeolites L and Y, ceveral methods were used. The bagic
procedures and the principlec upon which theoe methodso are based
have been given in the Introduction (p.25 ). More details regarding
the methodo employed will be given here because they are necessary
for the disougsion of the experimental rescults., Ao the otructure
and propertiec of the zeolites T and Y are different, different
nethods were used for the preparation of their decationated forng
and the experimental results will be discussed in separate paragraphs,
Since the ain of these experiments was to prepare a stable 100%
hydrogen zeolite and find the exact conditiono for this preparation,
the intermediate and the final products were analyoed and X-rayed.
By "stable" we mean otable on heating to ca 400°C.

2.2 Decationated products fron NaY

Four different methods were employed for the preparation
of decationated Y zeolites. The detailo of these methods are given
as follows,

Mothod 1(97),  This method comprised four steps.

(a) 10 g of Na¥ 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 oimiler way with a 7.5% solution of
armoniun oulphete, filtered and washed free from sulphates (Ba'H' test).

(b) The zeolite was heated at 560°C for 3 hours.

(c) The zeolite was then twice treated with a 20% solution of
amoniun sulphate for 1 hour at 1(I)°C, filtered and washed free fron
sulphates,

(d) The zeolite was heated at 4400(3 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 glagss tube and the tube was sealed to another glass tube
containing ca 2 g of ammonium chloride. The system was outgass$d300°(‘_
(ammonium chloride at 90 °¢ and Na¥ at 350°C) sealed and heated/for

ca 24 hours. The zeolite was washed free from chlorides and heated

at 42000 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 24500 in a gtream 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 Nas0 contained in the amonium form.
The amount of decationation in all tables was calculated as the
difference of the cation content (i.e. Na, K and NHs') from the total
cation capaoity. The SiOz to Alz0z ratio of the initial NaY was
4,78, The per cent «f Nay0 and of NHz were calculated for the
dehydrated zeolite. The amount of decomposition was found by X-ray
powder photography using &-AlgOs as internal standard (see p. 72).
The amount of decormposition 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% orystalline
should be employed as a comparison standard (100%). Since we did
not have such a standard and since no particular stress was put on
the amount of decomposition, Na¥ was used instead. The decationated

products obtained by method 4 are listed in Table 4.

Fron 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 sodiun content, The
maxinum degree of decationation that would be obtained without any
change of the X-ray pattern (and presumsbly of the structure and
properties of the zeolite) was between 66 and 75%, corresponding
with a NagO content of 4.47 - 3.2%%. The temperature necessary for
renoval of the anmonia from the zeolite (or for the "decationation
step") was between 300-~350°C, as found by emmonia enalysis, It has
been observed that it is not possible to exchange all the cations
of NaY by NHZ at 2500(98). 32% Na' remains in the structure. This is
the reason why, after Na¥ was exchanged twice with NH,C1l, it was
heated to 54000. 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 amponium
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.
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(a) Ammonium zeolites prepared from NaY

Table 3

composition and stability

Method Treatment
% Nag0 % exchange X~ray pattern
1. 4 equil., with
(W, ),S0, soln,
at 100°0. 0,26 98 similar to NaY
2. 4 equil. with
NH,C1 + NHg
soln. at 100°C 0.26 98 "
3. via vapour phase
1st exchange 8.0 38.5 n
2nd exchange 5¢5 58,2 n
3rd exchange 2.5 81.0 n
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Table 3 (continued)

(b) Decationated products from NaY

Max. temp.

decatio-
Method of heating | % Na,0 | % MH, % n:i‘:*:;" X-ray pattern
NE,Y
1. (b) 540%
(a) 440% 0.26 0.0 98 *decomp.
2. (b) 540°C
(a) 440°C 0.26 0.0 98 u
3.
1st exchange 420°% 8.0 0.0 38.5 similar to NaY
2nd exchange 430°¢ 5.5 0.0 58.2 n
3rd exchange 420°¢ 2.5 0.0 81

*decomp .

*decomp. = decomposition ca 20%
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Table 4

Decationated products fron NaY¥ obtained by method 4

Heating ! Heating % decate i X~ray
d . o o
Treatnent Heate tine (h) temp.(OC) % Nz | % Naz0 ionation | pattern
(1) Twice equil. ;
with NH,C1+NHz i sinilar
at 100°C in air 16 245 3.5 2.5 35.84 to NaY
(2) Product (1)
was treated .
as in (1) in air 44 245 5e4 0433 53.7 "
(3) Product (2)
was treated in
ag in (1) dry air 18 245 3.16 | 0.14 58.0 "
" 46 245 2.7 0.14 65 "
in oxygen 18 245 2,571 0.14 66 n
" 16 295 1.87 1 0.14 75 *decorp.
" 21 350 0,61 0,14 91 n
under
low vac, 21 350 0.60 | 0,14 92 "

*decomp, = decomposition ca 20%
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Preparation of decationated Y zeolites has been reported
previmsly(zz’44’52’ 97’99). Different investigators have used
decationated Y zeolites with degrees of decationation varying between
70 and 90% and SiOp to AlgOz ratio 4.5 = 6.0. The orystallinity 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 aritical requirements for its formation nor
did they account for its composition. Kerr (95) considered & reaction
occurring in hydrogen zeolite Y between its chemical water and the

aluminiun atoms to result in increase of its thermal stability,

It has been found (40) that dehydroxylation of decationatéd
Y zeolites occurs at temperatures above 45000 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 nay be comnected with the occurrence of dehydroxylation at
temperatures lower than 45000. This suggestion was pa;r:‘.;ly 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.%h.

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 ammoniun

ohloride (containing 1:1 ammonia), at 100°% for one hour. Two such
treatments resulted in 84% exchange of X' and Na' by ammonium ions
as caloculated from the Na and X analyses, More similar treatments

had no effect on the amount of exchange.

This anount of exchange implies that at least those cations
on sites D, C and B (QO)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 NH,L so prepared was heated at 350°C for 24 hours and
then shaken with NH.C1 solution twice at 100 as previously, No
increase of the amount of exchange was found which suggests that the
re~distribution of cations affer heating that takes place in NaY
does not take place in L at 35000.

The 84% exchanged NH,L thus obtained was subsequently
heated under different conditions in order to remove the NHz 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 same way as in zeolite Y (see p.104). From these
results it can be seen that the critical degree of decationation
for a stable product is between 54% and T4%. 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 450-50000 is necessary for the decationation
gtep in L compared with 300-—35000 in Y. Zhdanov and Nov:i.kov(mo)
reported the preparation of ammonium and decationated forms of
synthetic erionite, the structure of which is related to L. The
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Table §

Decationated products from Linde L

NH,L treatment

cation composition and stability cf
decationated product

ooy | meotea | SRR | o | Rweeo | Ay | TORHE | ey petiem
350 air 24 2.55 0.11 434 19.0 sinilar to
Linde L
350 air 24 2.55 0.11 4,78 12.0 b
380 air 79 2.55 0.11 3e3 24.0 n
350 oxygen 20 2,55 0.11 2.82 41.0 n
295 vaouun 24 2.55 0.11 2.09 5340 "
450 vacuun 24 2.55 0,11 0.47 740 *decorp.
450 oxygen 24 2,55 0.11 0.0 84.0 "
570 air 24 2.55 0.11 0.0 84.0 "
Linde L 16.0 0.7
NH L 6.6
i 0.05 NL 10.20 0.10 - 37 similer to
0.1 ¥L 740 0.10 - 54 -original L
*decorp. = Replacenent and weakening most of the lines compared with Linde L.

50% decomposition calculated by the internal standard method.
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temperature necessary for complete removal of ammonia under evacua-
tion fronm the anmonium erionite was 50000 which can be compared with
45000 for zeolite L, Also, heating at higher temperature is necessary
to burn out the amonia 2 in L than in Y, A% 35000 after prolonged
heating in air and oxygen, only 41% of the armoniun has been burnt
out (of the 84% anmonium present) which corresponds in nurber to the
annoniun ions of site D (of the main channel). A higher temperature
(450°C) is necessary to burn out the ammoniun ions positioned in the
cancrinite cages and the "midway" cavities between then, A possible
reason could be that there is not enough room for oxygen molecules

to enter these cages which thus screen the NH; ions.

Samples of Linde L were refluxed with 0,05 N and O.1 N
solutions of hydrochloric acid(9%) for 3.5 hours at 100%. After
treatnent, the zeolite was filtered and washed free from chlorides,
Their X~ray patterns were similar to that of the initial zeolite,
Their stability was exsmined by outgassing then at 350°%¢ for 24 hours
under high vacuum. No change was observed in their X-ray patterns.
During the treatment with hydrochloric acid,aluniniun was removed
fron the zeolitic framework (Alizarin S test in the filtrate)., The
cationic compositions of the decationated and partly dealuminated
saoples of L (marked 0.05 NL and 0.1 NL) are given at the end of
Table 5.

Additional information concerning the properties of sonme
of the products prepared from Linde L were obtained by thermogravi~
netric analysis. In fig, 35 the per cent weight loss vs temperature
curves for Os1 NL, NH,L and original L are plotted. The larger
weight loss at temperatures between 100°C and 300°C fronm 0.1 NL
(curve 2) than fronm NHaL or Linde L is attributed to its higher water
content and partly to the hydroxyls of the zeolitic franmework forned
because of its partial dealumination. The second shoulder of this
curve at 400-50000 corresponds to the loss of water from the hydroxyls
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due to deoationation., This behaviour is sinmilar to that of other
decationated zeolites. Barrer and Peterson(B) found that the water
loss due to the hydroxyls in H=Zeolon took place at temperatures
between 600% and 900°C, Zhdanov and Wivikov 100 eported that the
water loss under evacuation in dealuminated synthetic erionite
occurs at termperatures between 45000 and SSOOC. In curve 3 the
gecond rise at terperatures between 55000 and 50000 was attributed
mainly to the loss of amnonia due to the decomposition of armoniun
iong, and the third to the completion of the loss of armonia end
losg of hydroxyls. However, calculations based on the smmonia
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, AMMONTA~ZEOLITE SORPTION COMPLEXES

3,1 BExperinental isotherms

Isotherns were obtained at intervals of 20°C or SOOC
between 190°C and 320°C for ammonia sorbed on the synthetic zeolites
H-Zeolon, Na¥Y and XI:y in addition, one isotherm was taken at room
terperature (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-NHz 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
theilr structures. The isotherms recorded for the three systens,

i.e. H-Zeolon, NaY and KL, are shown in figs.36, 37 and 38, All

the isotherms obtained belong to type I of Brunauer'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 (p €.0.04mnHg) could only be attained by evacuation.
These faots 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 NH ~Zeolon corresponds to an

uptake of ca 38 mg/g.
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The isothems can be used to calculate the thermodynamic
quaentities for the sorbed phase by applying general thermodynemic
argunents (Ch.2, Pt.I). Some of the thermodynamic quentities 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 igsotherm data for H-Zeolon, NaY and KL using the

Clapeyron-Clausius equation in its integrated form:

T,T Dy
—A = = -2. 0 R —i 10 ———
B = qg 303 (Tl-Ta) €3

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 casSes, plots of log p vs 1/T
were also used. There was no evidence of a temperature coefficient
in Aﬁl, unless it was in the limits of experimental error.

Becanse 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 190°C and 32000, the calculated
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isosteric heats eover a short range of surface coverage. Therefore,
the information that can be obtained from the isosteric 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 X

»
p) are not accurate and ©, the fraction of the total available surface

vs p, where x isthe uptake at equilibrium pressure

covered, cammot be used for plotting and comparing the isosteric

heats for different zeolites. This difficulty was overcome by
expressing the uptake in mg of zmnmonia 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 o for the three systems are shown

in fig.42. Although these graphs do not cover & wide range of m,

it can be said that the isosteric heats for H-Zeolon are the highest
and those for KL the lowest. In fig.43 the isosteric heats of

ammonia sorbed on a sample of ca 70% HY as obtained by Benson et a.l(44)
are compared with those cbtained 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
chemi(sr?%:;md. The rest is physically adsorbed on two distinect sorption

gites .

The isosteric heats for NaY-NH; were compared with those
for NaX-NHs; obtained by Barrer and Gibbons (38) + For low upta.kes
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 amonia on HY(44) is much larger than on NaY,

Intepral heats of sorption

Integral heats of sorption Aﬁl can be obtained as functions
of the amount sorbed by graphical integration according to the

relations:
ng
~ 1 —
AHy = o AHidn, (46)
o
n;
AH; = 1 faﬁidn, (47)
* ni =g .
2

\

where n denotes the number of moles sorbed. For integration of
equation (46j extrapolation of A'i-h 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
amnonia on NaY and KL. The extrapolated values of-AH, necessary
for this integration were taken as 20 kcal/mole md 16.5kca.1/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 KL for different uptakes (m) are given
in table 6 . Fron 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 koa.l/ nole at
239.7OK. This may be interpreted to mean that there are substantial
forces in the crystal without counterpart in the liquid.
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Table 6

Integral heats of sorption of ammonia

- A’ﬁl (kcal/mole)
Zeolite NaY | XL
uptake (m)
20 ' 16.0
30 19.4 157
40 9.2 15.4
60 1847 15.0
80 18.0 14.s
100 17.s 14,2
120 16.5
140 16.=

Differential entropy of the sorbate and

half standard entropy of sarption

The differential molar entropies for ammonia adsorbed on
the various sorbents examined were caloulated from the isosteric

heats of sorption using the equation:

= o p°  OFy
S1 = sg + Rln 5 m (13)

where p° is the pressure at standard state (1 atm), p in mmAg and
0Hy in cal/mole. The standard entropy of gaseous ammonia (ﬁs"é) was
obtained from the data of Din(102). The differential molar entropies
for ammonis 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 half standard differential entropies defined as
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- MO e
ASl =Sg-Sl (14)
and obtained from
ﬂslun_._r_.l‘ﬁR]ﬂ%U. (14;1)
where p® and p have the same meaning as in (13). The half standard
entropy of sorption should be independent of ‘bemperahzre(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 maxime.
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 cwrve is due to the small
range of uptakes examined, A more detailed study should involve
isothern measurements at lower temperatures, extending the uptake

range.

Table 7.

Half standard entropies of sorption of ammonisa

(a) H-Zeolon

AT, (ecal deg—1' 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.T4 | 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)

(v) may
AS: (eal <.‘leg-#l mole-1)
Pemperature (%K) | 494 | 519 | 545 |[570 |594.5
Uptake (ng/g)
13.3%0 26,22 | 26.68
23,27 25.52 | 25.38| 25.48 | 25.54 | 25.45
29,92 25.41 ] 25.%31 25,35 1 25.%8
36.57 24,26 | 24,28 24.38
39490 . 23.34 | 23.33
43,22 22,411 22,44
(¢) XKL
AS: (cal deg™! mole™)
Temperature (°K) 463 493 | 518 553 588
Uptake (ng/g)
2.0 22,65 22,52 | 22,54 | 22.58
6.0 23,501 23.64| 23.57 | 23.62
7.0 23,381 23,60| 23.42 |23.40
10.0 21,59 21.39] 21.70
12,0 20,76 20.24| 20.84
14,0 20.89| 20.83
16.0 21.481 21.3%4

128
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3.3 Selectivity and affinity

A quantitative measure of the affinity of a sorbate for
e certain sorbent is the decrease in chemical potential when the
gos is transferred reversibly and isothermally from the gas phase
at a standard pressure p° (equal to 1 atm) into an infinite amount
of the sorbent-sorbate mixture over which the equilibrium pressure
is p. If we assume that the behaviour of the ges is not far from

the ideal, this free energy change is given by:

Lpin RTln%E (46)

Equation (46) was used to calculate chenges of free energy at
different uptakes for the systems examined. The plots of - AP-
ve 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 changes vs uptake for H-Zeolon, NaY and KL at 24600
are shown in fig. 50 3 +the curve for H-Zeolon has been calculated
from the isothernm taken at 25000, but since A increases with
decreasing terperature and the curve for H-Zeolon lies well above
the others such a comparison is permissible. The affinity for
anmonia shown by H-Zeolon is quite outstanding, The affinity

sequence for ammonia at 246°C is:
H-Zeolon > NaY KL .

This exceptional affinity for ammonia shown by H~Zeolon is believed
to be due to chemisorption of ammonia on He~Zeolon to form the

armoniun form of the zeolite.



-8t (koal/mole)

- A p(keal/mole)
N

Fig, 47

H-Zeoion - R’JE!3

130

300°C. 250°¢C 200°¢C
] ! ! |
20 30 40 50

Upteke (mg/g zeolite) ————e—p
Fig, 48
NeY - N,
321,5°% 246°% »21%

] | 1 l I l
10 20 30 40 50 60

Upteke (mg/g zeolite) —mmm——>



- A g (keal/mole)

131

315% 0
245°C 190°C
_ l ] ]
0 10 . 20 . .30
Uptake (mg/g zeolite) mmmmcaman
7 . Fig. 50
250° g 5
5
)
3
5
e
A
3
4
[}
1
KL NeY H-Zeolcon
_ | | _l | i e
0 50 100 150 200 250 300

n(mng }THB/ ce intracrystalline volume) =—————>



132

3.4 PEmpirical isotherm egquations

The results obtained for the systens NaY-NHz and KL-NHg
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
fron the experimental datas activity coefficients calculated from

isotherm models were compared with the former.

Fvaluation of virial coefficients

Equation (35) con be written

C
InK = 1n5§ + 2810 +-€§Aac§ + %%Aacg L evens (47)

where Cy is the uptoke expressed in moles of ammonia per litre of
dehydrated zeolite (or per litre of zeolite-sorbate mixture) and
p the equilibrium pressure in atmospheres. Fron the plot of

c c
LmEfL VS C_y InK can be found; it is the value of 1n:§1 for cs=0.

Also coefficients A3, Ap, «es, @8 many as are necessary to describe

c
" the curve 1n—ﬁi = f(os) obtained for each isotherm, can be evaluated.

c
In the case of ammonia sorbed on NaY¥ the plots of ln—ﬁi

VS o, were straight lines so 1nK could easily be found by extra-

polotion, Since it was difficult to obtain reliable results in the

low pressure part of the isotherm (or the low Cq part of the curve
c
lnfﬁi = £(c)) the constant K and the coefficients Ai, Agy ... thus

obtained will describe the part of the isothernm 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 NaY-NHz only one coefficient was needed to describe the
isotherms at each temperature. Thus equation (47) becomes

C
an:ln——g-+2Alc
r S
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which is a straight line with intercept InK and slope 2A;. The
equation which describes the isotherm of ammonia on NaY has the form

C
~£ = Kexp(-ZAlcs)
P

c
The shape of the curve lrr—g— = f(cs) changed with the

terperature for the system KL-NHz., At 31500 it was concave to the
e} S-EDCi.S; at 280°C it was a straight line and at lower temperatures
it was convex to the cs-aads. More than one coefficient was necessary

to describe most of the isotherms. They were found by solving systems

of similteneous equations.

No attempts were made to calculate K's and A's for the
systen H-Zeolon - WHz since the isotherms were very rectangular and

it was not possible to obtain reliable points for the curve

ln-%s— = f(cs) over o reasoncble range of ¢ . The values of K's and
A's obtained for the systems NaY-NHz and KL-NHz 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
standaxrd state

If in equation (25) we replace a, by c Y, and 2, b D
we have:
c
K = (—ﬁfﬁ-) (48)
1Y eq

Equation (48) was used to calculate ¥ g @md o, at different values

of Ce From the plot of 8, Vs ¢ the concentration for which as="l
was found. This was the concentration of the sorbed phase at the
standard state. The values of 1lnK for different temperatures as
calculated fron the curve ln-%s— = £(cg) were used in the formulae(pp)
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Table 8

Values of constants K and coefficients A

(a) NaY-NHs
Temp. (°¢) | 1nx K A
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
(v) KL-NHg
Temp. (°¢) | 1nK X Ay A,
190 5.1 164.02 | 1.230 | -0.%08
220 3,86 47.42 | 1,169 | «0.382
280 2,0 7.38 | +0.75 0.0
315 0.8 2,22 |40.23 0.05

and (23) for calculation of the values of AG , BH_ and.ASO, i.e, the
free energy, enthalpy and entropy of sorbed ammonia at the standard
state. AH_ was calculated from the slope of the plot InK vs 1/T of
figs.53 and 54. The values of these thermodynamic quantities for the

systems Na¥-NHsz are given in Table 9.
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Table 9
Temperature c s =7 Gy ! -0H, -434
(°c) | (mole/1) (kcal/mole) | (kcal/mole) | (cal/ mole™ deg"1 )
NaY-NHs
221 0.20 6.19 . 28.72
246 0.30 5453 28,70
272 0,64 4490 20.40 28,50
297 0.68 4.21 28,60
321.5 0.71 3.35 28.70
— s === = a———————————— ]
KL-NHz
T
190 0.34 4.70 25.50
220 0,40 3,78 25,80
245 040 3.28 16.50 25,60
280 0.49 2,19 25.90

3.5 Activity coefficients and correspondence with isotherm nodels

Equation (48) can be used for the calculation of the
activity coefficientsof the sorbed phase., Simple comparison of this
equation with equilibrium constants as given by isotherm models (Ch.2,
Paxt £ ) enable us to obtain expressions for the activity coeffi-
cients for every nmodel. The expressions thus obtained and used in

the followigg discussion are sumparized in Teble 10,
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Table 10

Activity coefficients of the sorbed phase for different

isothern models

Isctherti.~- | Equilibrium constant 3 Activity coefficient
‘ c
Langrmir K = =2 ¥y = sat
p(1=6) L Coat=C
c
) 8 sat c
Volmer Ke exXpT— v = ~~oxp( —)
p(1=0) "5 (1-0) V"o mC Cq ot ~C
c
8 o sat c c
Van der Waals X = ~exp ( -x0) = —exp( — -k
p(1-6)"'1-6 S ®sat™®  Csat™®  Cgat
. c
Empirical K== exp(2410 + ...) §g = ex@(2hsc + ..4)

The values of Coat used were obtained from the limiting
slope of the plot % vs p at every isotherm temperature. The value
of ® used in the Van der Waals isotherm model was calculated from the
forrmla (64,72)

o
&= puT
where & and b are the three dimensional Van der Waals constants, k the
Boltzman constant and T the absolute temperature. For the systen
KL-NHz since the calculated value for the Van der Waals constant gave
very snall values for the activity coefficient gx was taken equal to 1.
Since X tends to 1 as cg tends to zero, the expression for ¥ obtained

fron Langruir, Volmer and Van der Waals isotherms were multiplied by

Csate
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In figs, 55 &56 the values of § calculated from the experi-
mental results and for different isotherm models are plotted at 221°%
for NaY-NHz and at 220°¢ for KL-NHz, respectively. In general, the
values of ¥ obtained from equation (48) ana from the empirical
expression were in very good agreement with each other. The wvalues
of & , calculated from Volumer's isotherm, are closer %o the experi-
mental ones than those calculated from Lengmiir's or Van der Wasals!.
Besides ¥ , other thermodynamic quantities (solution thermodyaanics)
can be used to test isothernm models. Figs.55 and 56 show that . g
is very sensitive to cg and it might prove to be a useful test for

isothern models.

3.6 The sorption of ammonia on HY

One isotherm was taken at 245.5°C of eammonia on HY. The
sanple of HY was prepared as described on p.l03 and it was found by
Xeray powder photography to be 80% crystalline (NaY¥ = 100%). The
isotherm was irreversible and complete removal of sorbed amnonia was
attained only after evacuation at 34000. The zeolite was X-rayed after
the end of the experiment and further decomposition was found (ca 60%

crystalline),

Benson et a1(44) obtained reversible isotherms of armonia
on a ca T0% decationated sample of zeolite Y; its SiOptAlp0s ratio
was 4.5 and it was prepared by heating the ammonium forn at 39000.
Cattanach et al 40 studied the thermal decomposition of NH.Y. Their
sample contained 10% Na' (expressed as a percentage of exchangesble
cations) and its SiOgsAlz0s ratio was 5.52. They found that if NH,Y
wag heated to 45000 by allowing ammonia into the syetem the NH,Y could
be reconstituted. But the dehydroxylated-Y (that could be obtained
by heating the NH,Y above 450°C) was extremely unstable. All their
attempts to reconstitute NH,Y from the dehydroxylated form failed and
resulted in complete loss of crystallinity.
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The sample used in the presert work was prepared by heating
NH.Y at 440°C; it contained 26 Na¥ and had a SiOys4ly0s ratio of
4,78, A 20% loss of arystallinity was observed during decationation.
This semple appesrs to be more sensitive then Cattanach's (Benson's
being excluded from comparison because of its high Na© content(97),').
Since the sarple used in the present work was poorer in silica it is
possible that this accounts for its poor stability., The SiOg:Ai905
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. 57T +the sorption isotherm of ammonia on HY is
compared with that on NeY, Despite the difference in crystallinity
of the samples, the sorption is higher in HY and the isotherm is
more rectangular then in NaY, This experiment in comnection with

(28,40)

previous findings suggests than armonia sorption might prove

to be a good test of the stebility of decationated zeolites.
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4. AMMONIUM CHLORITE - ZEOLITE SORPTION COMPLEXES

4.1 H~Zeolon = ammonium chloride

Experimental isotherms

The sorption of ammonium chloride was studied in H-Zeolon
at 23000. Sorption and desorption were generally slow and their
rates depended on the sorbate temperature. At sorbate temperatures
higher than 20000 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 semple 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 (presumsbly hydrogen
chloride &nd 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
railsing the sample temperature to 35000. 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 (po) coarresponding 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 epproaches the sample temperature or
a8 the pressure approaches the vapour pressure of ammonium chloride
corresponding to the isotherm temperature (i.e. 24 mn 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 epparatus, 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 zeoclite subsequently
outgassed, the initial isotherm could not be reproduced. However,
the measured isotherms had the same shape (sigmoid) and the saturation
upteke did not show significant change. A typical sorption isotherm
of ammonium chloride vapour on H-Zeoclon at 23000, 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
Langmuir's 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 ammenium chloride -
H~Zeolon includes

NHCL(g) T HCL() S5 WHa(,y + HCl(, (49)
HOL( o) + ¥NHa(p) + HZ S HZ.XHCL( o) yNHs () (50)

with y2 ® |
Mg () + HOLl(y) &=2 NHLCL(,) (51)

Nz (g) + HZ == NH,Z (52)
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where "Z" denotes zeolite, "8" solid, "g" gas, and "a!" adsorbed phase,
Besides the reactions (49-52), eanother 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 residuel uptake was found after heating the zeolite
at 350°C.

(¢) The isotherms were reversible.

Therefore, two reactions are important during the sorption of ammonium
chloride on HeZeolon, reaction (51) and reaction (52) ., Reaction (51)
represents the recombination of ammonium chloride from ammonisa 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 (52) represents the formation of ammonium-Zeolon.
This reaction, which explains why ammonia is sorbed more than hydrogen
chloride en 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.

Thet 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
MHaCl(g) T2 Ms(g) + HCl(g) (49)

lies over to the right, and the equilibrium constant, K;, is

K, = o NHs %HC1

&m0l

where & denotes activity. The activities can be replaced by pressures

and, since Ky is very large, PRE.C1 is very small and in the presence
4

of solid ammonium chloride is a constant k which rises with the

temperature. Thus from

K = Kk = oy -Proy (53)
and also p

p-k(T) = Pyas + Puel (54)
where p is the total pressure, we obtain

Pg
o (55)

-kT::K +
p-k(T) B+ PMEs

Since hydrogen chloride is less strongly sorbed than ammonia, the
partial pressure -ef ammonia (PEHs) must be lower than that of hydrogen

chloride. When equations (55) are solved, the possible roots are:

P1 = Pguy = %—[(p-k) + \;’;(p--k)z5 - 4K}

Ps = Py =%[(p—k) - Vow)” - 4K]

(56)
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with

1 4\f 1 -2

PECl (p=k) (57)
p .
NHz ] -E ,1 ] ___4{_{_1

(p=k)

1 tends to 1 but for smaller
NHz

values of p this ratio is greater them 1. No real roots are possible

for equations (55) when —‘&-g; 1, In equation (53) it is knowm

Thus, a8 p increases sufficiently

(p-k)
that k is very small s the pressure p being approximately
P = PNHa + pHCl (58)

In absence of sorbent:

Kk gpgﬂa.pgm =K (59)

and
P = po + 0 ' (60)

WHs T PHCL

also
Pim, = PAc1 (61)

thus
and . ) 0 0 (63)

% (po=k) = Py, = Prey

and

P, = ZW (64)

where p, is the pressure of the pure ammonium chloride at the temperature
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of the solid ammonium chloride. With equation (64) or the exact

relation
(3.~ ¥) =2 VX (65)

equations (56) and (57) become:

Pggy = E-K) [1 + \[1 _(P:::)z]

(66)
- . 2
i ’ Po-k }
PE, L(p-k) L'ls - \1 —(p—k)
and
Pk \?
By 1 +\/ 1 - (== k)
.l “p-
- gL (67)
o\ {Po-k)z
- “\3x
or since k is very small
Pgoy = TP+ p°-pd ]
(68)

PyE, = %[p -sz—pf;]

In the absence of the zeolite and with the solid ammonium chloride
in the reservoir at the same temperature as before, p, is known from
the vapour pressure vs temperature curve, The equilibrium pressure
p in the presence of zeolite is measured. Thus partial pressures pi1
and ps can be found from equations (68) . One also notes from
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equations (66) that p must be greater then P, for real values of py
and pz. As the amount of zeolite is reduced to zero, p tends to Po
and p1 = p2 = %po. Thus, the difference between p and p, 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 p, and ps = p; = 3D, Whatever the amount

of the zeolite. The presence of the zeolite results in & perturbation
of the ammonium chloride solidevapour 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
hes 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 nf and
n§ represent the numbers of moles of hydrogen chloride and ammonia in
the gas phase. The total volume of the apparatus ocan be regarded as

the sum of volumes V; at temperatures T; where T; varies with Vj. Then

nf and nf are given by:
g _ D Av,
R
ot (69)
ng = p._z. XAVi
with
g .
oL (70)
ng P2
2

Also evaporation of ammonium chloride yields ammonia and hydrogen
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chloride in equal smounts
nf-!- ng = n§+ ns (71)

where n; &nd np represent the moles of adsorbed hydrogen chloride and
emmonia, thus

&y
T

Lo F (p,-p,) (72)

1
nf-ng = o= Ny = (P:_L"Pz) R Z
i

4v,

i
constants of the apparatus.

where F = .1. Z L and can in principle be evaluated from the
i

Further,

= 1Tng + 36.45n; (73)

where w is the total weight sorbed. Solving equations {72) and (73)
for n; and ng (and also for wy = 1Tn; and w, = 36.45nz) one has:

= oW 1.7 (py~
' = They T 53,05 T h4s T (PrDe)

(74)

= = e+ 360451'\' -
" = s < 555 T S5 OePe)

From equations (68) we obtain:

P1=pz = || PP-p2 (75)
VT
N =¥ -_17_F pR-p?

53.45 53.45 °

and 80,

(76)

W 36,45 5\ 22
et VP o
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From equations (76) and (68) the partial isotherms n, vs 1 and
nz v8 pz 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, ni
and ng will be approaching one emother and so P~p, Will be becoming
less and ppx and pz will also be approaching to each other and %;po.

Calculation of the partial isotherms from the isotherm of

the mixture

Bquations (68) end (76) were used to calculate the partial
isotherms of ammonia and hydrogen chloride from the experimental
isotherm of the mixture, The application of the gbove argument to
the experimental results involves the accurate measurement of two
more variables, besides those already measured, namely the sum

Av, AV,
Z L and the sorbate temperature. The sum Z L

T, T,
i 1 i i

measured with satisfactory accuracy (by allowing & known amount of

can be

argon to expand to a known volume, p. 71 ) as it is shown in Table 11, -

Table 11

Chenge of factor F with reservoir temperature

. Av,
Sample Resgervoir i -
Temperature |Temperature va.pp. iZ T, Fx10™
(%) (°c) (co) (cc/deg) (mole/mm Hg)

230 132 1196 2,426 3,890

" 164 1199 2.410 3.865

n 193 1203 2,404 3,856

v 210 1206 2.412 %.,868

" 203 1207 2,402 3.852

n 230 1209 2,396 3,843
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The knowledge of the exact sorbate temperature determining the equi-
librium is very importent since it is used to obtain Yo 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 ¥ 1-2°C,
However, for temperatures lower than 23000, 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
end hydrogen chloride as calculated from the formulae (68) ana (76)
are shown in fig., 61 together with the isotherm of the mixture. In figs
62 gnd 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 illustra;,ed

in figs., 64 and 65 ., In fig. 64 the ratio of partial pressures 5-1-

2

is plotted against total pressure. The value of this ratio decreases

with increasing pressure and tends to 1 as p approaches the saturation
n n

pressure. In fig, 65 the ratios -I;; and -;13 are plotted against the

2 1

total uptake. Both ratios tend to 1 - from values lower and greater
than 1, respectively = as the total uptake approaches the saturation

uptake, ‘%‘d‘. M ,"_{7{4&
Difficulties in estimating 61 and Op (where O; is theftotal

available surface covered by ammonia and 6z 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 outgassed 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 epparatus was heated by
‘means of & round electric furnace at 230°C for two days. The furnace
was then lowered so it could heat the zeolite omly, and the bresk
seal at B was broken with the magnetic hammer H, The pressure, which
was measured by means of the mercury msnometer M, was due to conden=-
sable gases because it became negligible when the trap T was put in
liguid 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 ammonie from H-Zeolon {or slow decomposition of ammonium-
Zeolon). Ammonis 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 & first
order reaction equation. If we call pi the pressure at time %, end
pz the pressure at time o then the plot of

A'b = tg-‘bl = 2—'.10_3- log.@:s.
k Do

should be a siraight line with intercept _2_,__1sz§. This plot is showmn
in fig. 68 . From this figure, the reaction constant k was found to
be equal to 1.94 x 1076 sec™!. The results of this experiment are
in agreement with the observed residuel uptaeke 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 mn Hg is 1.26 mmole/g, and from fig. 65 that for

n=1,26 mmole/g, % = 0,52, Therefare,
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Il—ln = 00529 ni, + Np = 1.26
na

which yields
B2 = yp,

and Ny = Tggy

0.83 muole/g P, = 0.2 m Hg

0.43 mmole/g p, = 6.3 mn He

I

At this partial pressure of ammonia the desorption is very slow.

(This is in agreement with observations on the desorption of pure
ammonia from H-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
liguid 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 c; and cp moles of the constituents 1 and 2 per unit
volume (litre) of the crystal have been sorbed is given by(63)g

Py Pg
A }12 = P'Z-PZ = Vm [(pl'l-pz) - RTf -?-!‘- dpl - RT 32 szA; (77)
. [e) pi O p2 -

where piy and pp are the partial pressures corresponding to c¢1 and ¢p
and V_ the molecular volume of the lattice-forming unit (taken by
Barrer that containing two atoms of oxygen).

Also, if the sorbate-~zeoclite mixed phase is freated as a

solution, the osmotic pressure §C is given by (101)2

b p, = -V | (78)
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Thus
D1 o 2 4
yt= =(ps#ps) + BT | 2adp, + RT ) -2 dp, (79)
o D1 o D2
and yf is independent of the choice of lattice-forming unit., If JT is
to be in atm then pitps is in atm, R in cc-atm per mole per deg. In
general, the term (pitps) is negligible in comparison with the integrals

and unless pi+pz is very large it can be omitted:

IT = R f ' o do. +R f Sz (ec)
JT = RT &
o P Pa T o) P2 Pe

For the isotherm of the‘d mixture the osmotic virial equation truncated
at the same point is[lthuss
% = (e 40,) + 02 A, + 6B A, + 20,0,4,, «ons (81)
where the equation has been terminated to include only the coefficients
A, d A, and the cross-coefficient A,,. For the isotherms of the
pure components
Ty
ﬁ.'_]—'_‘ = C1+C"j A-11+ e e
(82)

Ty

2
-ﬁ-rf = 02+02 A22+ eee

A,, and A,, should be obtainsble from the isotherms for the pure
components and, hence, from the isotherm of the mixture, A,, could
follow., From equations (80) and (81) follows that:

P

f

P14 2 4
o +o +cPA, +eEA, 420, 0,A, +iie = J' L dp, + | =z dp, (83)
o Dy 0 Do

Equation (83) defines the isotherm.
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In the present case Ay, (for hydrogen chloride) could not
be obtained because the isotherm of pure hydrogen chloride was irrever-
sible. An accurate value for A,, (for ammonia) could not also be
obtained (see p. 133 ). Therefore, three values of o; and ez, and p;
and pz were used in equation (83) 4o obtain the coefficients A4y
A,y and A ,. The values of ¢, and ¢, were chosen in such a way that
they covered the whole range of ¢'s. However, different sets of ¢'s
gave different values for the coefficients. These values could differ
from each other considerably but their ratio was almost constant.
Some ef the sets of values of A,,, A,, and A, ,, vhen used to calculate

the ratio A , gave satisfactory results., In fig.69 this
RT(ci+0g

ratio is plotted against (ci+c2) from the experimentel data., The

calculated points, using the following values of the virial coefficients:
All = 29.46, A-zz = 11'399 Alz = "18.14,
are in good agreement with the experimental points.

The opposite sign of the coefficient A,, to those of A;, and
A,, shows that the effect of the oross-coefficient A;, is acting in
the opposite waey to that of A;; and 4,,. These latter contribute
curvature in the sense of & Type I isotherm in Brunsauer's classification,
whereas the cross-coefficient canses the isotherm in the middle range

of uptake to inflect upwerds, and to become of Type IV or V {fig. 60 ).

442 HY «~ smmonium chleride

The sorption of ammonium chloride in HY (prepared by method 1
of p. 103, md ca 80% crystalline) was studied at 246°C, Equilibrium
in sorption was established in sbout 24 hours and in desorption in
gbout 8 hours, but at low pressures (or low reservoir temperatures)
desérption was very slow and when the sorbate reservoir wes at room
temperature, pressure and uptake decreased slowly for 12 days to &
residual uptake and slmost zero pressure. The pressures measured at
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uptakes lower than the saturation upteke 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 )c

The isotherm in HY at 246°C of the dissociation products,
NHz + HCl, from vapourised NH,Cl is recorded in fig. 70 , together
with the sorption branches of the isotherms of pure ammonis and pure
hydrogen chloride measured at the same temperature. The isotherm of
the mixture is similer in shape to that of ammonium chloride in H~Zeolon.
It was, however, irreversible and a residual uptake of 52.0 mg/ g
corresponding to & 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 gbout 20% was found (60%
crystalline)., Decompesition of HY was also observed when ammonia was
sorbed (p. 140 ) but no change in crystallinity was found after the
gsorption of hydrogen chloride. Therefore, the decomposition of HY

mast 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 quentity 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
becanse 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 mgfg. From the isotherm of pure
emmenia on HY (fig. 57 ) we find that an uptake of 10.3%0 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 smmonium-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 At against 10g~§% to be a
straight line. This plot is shown in fig. 71, The firsteorder
reaction constant was calculated from the slope of the straight line

(fige 71 )o It was found to be 2,13 x 1070 sec™ 1.

In conclusion, the sorption of "ammoniun.chioride™ vaporr
in HY seems to be similar to that in H-Zeolon, oontrolled by the
recombination reaction of NHz 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 KL - ammonium chloride

The sorption of ammonium chloride in KL was studied for the
temperature range 245-31 5°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 on 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 wvapour
pressure increases with temperature and because of the experimental
difficulties in measuring the exact temperature of the sarbate that
determined the equilibrium (p. 156), this pressure could not be
accurately measured, especially at high isotherm temperatures. It
was found to increese with isotherm temperature from ca 8.0 mm Hg
(for 245°C) to ca 50 mm Hg (for 315°C) and epproximately 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 55000. 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 31500, respectively. In fig., 74 the four

isotherms of ammonium chloride in KL, are shown.
Possible equilibria in the system ammonium chloride-Ki

include:

NH“CI(S):NH‘lCl(g):NHG(g)’ + HOL (49)
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xHCl(g) + PNHs( gy ¥+ m.z.ézm.xﬁm(a).yms(a) (84)

with x>/ v
HCl(,y + Nﬁs(a)ﬁm401(a) (51)
nHCLeoy + KL — (Kq )L + mECL(i,0) (85)
Wy (g) + (KypEn) b T2 K p(VE,)y | T (86)

where 0,81 >/ m\<x and i,0 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 ammonisa, 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 "ammenium chloride" wvapcur with possible exchange of some
xt by NHI. Complete exchange corresponds to an uptake of 181.5 mg/ S
As the meximum 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 patassium 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 keal/mole
(vapour)., The heat of condensation of ammonium chloride is -21.07 kcal/

mole (vapour) (203) .
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Calculation of the partial isotherms

For the parfy of the isotherms where ammonia and hydrogen
chloride are equally 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 ome
half of the measured pressure. Therefore:

D1 =Dy = B (87)

where p1 and ps; 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 wy and ws
are their partial uptakes (in mg/g) and w the total uptake (in mg/g)
the following relations should apply:

W =Wy + Wz -

w . 1L } (88)
Wa 3 45

Equations (88) give wy = =%— and ny =,

qu (88) gi 1 3.72 and we T.40 (89)
The relations (87) and (89) can be used to calculate the partial
isotherms of ammonie end hydrogen chloride for the part of the isotherm
where both gases are equally sorbed.

For the part of the isotherm where there is disproportiomation
in the gas phase, formulae similar to those derived for the system
ammonium chloride - H-Zeolon (p. 154) can be obtained. Following the
same argument and considering that hydrogen chloride is more strongly
sorbed then ammonia, we obtain:

p1=%[p+ pa-pg]

pg=%:[p-sz-p§]

(90)
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and

w 56-45 3 2 ]
mo= 1T [53.45 55045 F " - P8
17 » a3
Wo = 36.45[ — F \f - J
2 55.45 & 53.45 V& O

where the symbols ¥F; w, p and p, have the same meaning as in the

(91)

system ammonium chloride-H-Zeolon.

In figs. 75 and 76 the partial isotherms of ammonia and
hydrogen chloride, as calculated from the 245°C and 315°C 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 24600. For pressures lower than 10 mm Hg,equilibrium in
sarption 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 & maximum., This maximum can be explained in terms of the
exchange reaction (95), p. 182. The exchange of Na' by NH: results
in a decrease in the dipole=field interaction and therefore a decrease
in sorption. Plots of uptake ve 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 disproportionation., Therefore, ammonia and

hydrogen chloride are sorbed on NaY approximately in the 1:1 proportion,



Uptake (mmole/g zeolite) =—————s

179

Fig. 75
XL - NH 491 o ——0
245°¢
o NH3+’ EC1H
4 NH3 or HC1 in the
mixture
¥V HC1l in the mixture
- ——h Q NH3 in the mixture
X HC1 alone
& NH3 alone
e e
w/____{@_,___.@_
i L | |
20 30 40

Pressure (nm Hg)



180

* Uptake (mmole/g zeolite) ~——p

Fi!—\. i6
KL - NH C1
o &
315°C

LD

"NH 5 HHCL"

O "NH3+H01"
A I\TH3 or HC1 in the mixture

V HC1 in the mixture

Q@ NH., in the mixture

5
% HCl1 alone
< NH?) alone

>~ HCl alone

m NH_ alone

© 3
, ] i
50 100 150 200

Pressure (mm Hg) =



Uptake (mg/g zeolite) et

300

8

Fige 77

Na¥ - NH.C1
Hel = JH,2L

246°¢C

181

Time (houfs)

- Pressure (mm Hg)
o Q o O~ 18,50
Q@
OO © . (9.90
b oo 7200
e
o p—— A e —— \\O
o~ ~——C 3,80
G _ 3404
L’ £ O_ {}—— 1.30
| | | ] ]
10 20 30 40 50



182

The isotherm was, however, irreversible and & residual uptake of

35 mg/ g 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 sane
sample., The second isotherm lay above the first and was also irre-
versible, The residial 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 4 together with the isotherms of pure ammonia and hydrogen
chloride, at the same temperature, A wvery large increase in sorption
of the mixture is shown compared with the sorption of the pure
components,

Possible equilibria in the system Na¥-ammonium chloride

include
NH401(S)2 NH,01(g) T M, (g) + HC1(g) (49)
xHCl(g) + yN’Hs(g) + NaYﬁNaY.ﬁCl(a).yms(a) (92)
with x= y
mHCl(a) + Nay=—> (Na1_m, E)Y + mNaCl(i,o) (93)
Wy gy + (e, B Y 2= [ie, ,0m,) ] ¥ (94)

Mgy + HCl(a)e——‘-?NH401(a) (51)

where 1 ,> n \'\/x and (i,0) denotes inside or outside the erystal,

Reactions (93) eand (94) can be added so that their net effect can
be represented by:

WCL(g) + MU, () + Na¥ <_-:_—_->.{Na,,_m, (NH4)m} Y+aNaOl; oy (95)

Reactions (51) and (95) are the main reactions teking 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 considsred as sorption of "ammonium chloride" vapour with possible
exchange of Na' by NHZ and the overall process can be written as:

nNHZCLy + Na¥ oo [Na1 - (NH,,,)m] Yo (n-m)NE,CL oy + mNeCle; o)

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
during the sorption of ammonium chloride. The observed hysteresis

and residual uptaske 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.%. 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 upteke. 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 formlae (87) and (89) as derived in Seection 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 Na¥., This explains why no disproportionation was
observed even at low pressures.

If complete exchange of Nat by NEZ takes place, the sodium
chloride produced or most of 1t 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 smmonium 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 Brunauer's clagsification) typifies
sorption in & finite soxrption volume with strong interaction between
the sorbed molecules, In the present case the strong interaction
is expected between amﬁonia-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 en increase in their
sorption; In this respect, the systems examined show some similarities
with other sorption complexes formed at high temperatures. Barrer

and Whiteman(lo4) 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 ox 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:
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(2) eomonia and hydrogen chleride were equally sorbed (NaY
at law pressures);

(b) eammonia is sorbed more strongly than hydrogen chloride
(H~Zeolon, HY);
(¢) hydrogen chloride is sorbed more strongly then ammonia (XKTL).

In the above cases (b) and (c) where one of the gases is sorbed more
strongly than the other, & disproportionation cen 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 oen
simlteneously teke place. This is actually the Clark-Steiger method
(p. 10) of preparation of emmonium zeolites. In view of the results
of the present work and considering the decompositizn of ammoniunm
chloride in the gasecus phase, the reactions taking place during the
preparation of an smmonium Zzeolite by the Clark-Steiger method should
bes

nHCL oy 4 WET=F (W B )% 4 nMCly o (97)

mNHa(a) + (M1 wm? Hm) Z &= [M1 -m? (m‘i)m] Z (98)

where m\<1 140 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 aotion, 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 zZeolites at temperatures between
200%¢ and 350°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 SiOp3Al0z ratio. The silicates
that have a SiOg:Al305 ratio higher than 5 sorb hydrogen chloride
without decomposing but in those for which SiOg3Al50s < 5, a
decomposition - which usually increases with temperature - takes .
place during the sorption of hydrogen chloride. However, since in
certain gilicstes the éilica content can veary 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 ionwexchanged 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 2zeolites,

The sorption isotherms of hydrogen chloride in four ion-
exchanged zeolites (with SiOgsA1505 ) 5) showed a hysteresis loop
open along the entire length of the isotherms, A considersble
residual uptake was also observed after prolonged outgassing at
35000. 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 100% 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 SiO5:A1l203 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 crystel structure. Decationated L zeolites
were also prepared by refluxing Linde L with O.05N and 0.1N 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 35000 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 32000. 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. 4An 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 stendard 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" wvapour was studied at
temperatures between 230°C and 315°C in H-Zeolon, HY, NaY and KL.
Since ammonium chloride is completely dissociated in the wvapour
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. Scrption 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’%he 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 similaxr to that in H-Zeolon but it

was irreversible and a residual upteke 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 obsexrved at low pressures.
The isosteric heat of sorption calculated near saturation was found
to be 22,50 kcal/mole of wvapour.

A method of analysis of the isotherms when disproportione-
tion took place was developed and the partial isotherms of emmonia
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:

Pressure in mm Hg
Upteke in mg of sorbate per g of dehydrated zeolite

b

For systems 3 = 63

x* = Residual uptake after evacuation for 24-30 hours (see p.92)

For system 1%

t = Sorbate reservoir temperature N

"Equilibrium points" see p.145

Sorption systems referred to in Part 111

l. HeZeolon = HCL 9, HY - NHz

2, HY - HCL 10, KL = NHz

3. Na-Zeolon = HC1l 14. H-Zeolon =~ NH,C1
4, Na~clinoptilolite - HC1 12, HY - NH,C1

5, NaY - HCL 13, Na¥ - NH,C1

6. KL - HCl 14, XL - NH,CL

7. HeZeolon - NHx
8, NaY - NHg



1.

H-Zeolon - HC1l

230%
2 X
sorption
3.95 8.20
11,15 10.14
15.75 11,91
50.02 14.28
49.60 15.15
80.44 16,00
123.23 16.94
161,66 18.43
199.39 19.20
258.23 20.20
27.0 13,90
56433 15.36
106.83 17.10
148,40 18.10
205,0 19,40
250,0 20,04
desorption
222,21 20,13
160.73  19.76
133.61 19.13
96.17 17.89
67.10 17.30
3453 11.81
27.55 15.35
10.96 14.11
210.38 20.16

? X
150.69 20.08
103.65 18.44

18.76 14.51
46.87 16,61

0.60 10.33

0.00 9.60
294%¢
Sorption

4.0 7.20

9.40 9.09

21.31 10.87
38.08 11,47
57.81 12,71

6.15 8.33

17.51 9.87
80.88 13,00
116,30 14.25
144440 15,08
196,10 16.00
207.29 16,20
desorption
187.71 16,09
155.49 15.74
124.13 15.24
91.01 14.97
66.75 14.55
48.35 13.66
33,28 12.94
19.21 12.24

2.

198

2 X
5.12 10.00
1.45 9.51
HY - HC1
245.5°C
gorption
5.10 10,10
21.10 12.00
39.85  14.54
66.99  16.48
89.45 18.43
117.96 19.66
154.28 21,06
201.07 23.39
desorption
165.50 23,20
143,16 23,10
116.31 22,90
86.51 21,85
62.51 21.66
46.90  21.66
38,01 20,91
24.61 20,20
15.45 19.45
5.9  19.35
3.72 18.37
1,40 17.05
0.00 12,50



3.

Na~Zeolon - HC1

(@)

245 C
2 X
sorption
17.60 29.40
25,00  31.64
42,72 33.71
57.70 36,20
85.80 39,00
127.19 40,98
162,61 43.88
164.89 43.48
8,00 24,72
desorption
149,00  43.00
135.04  42.55
115.36 42,30
86.57 40.54
TL. A7 39,01
55.37 37.64
44,68 37.51
31.60 36.21
22,08 35.15
12.37 33,60
4,88 30.64
0.00 23.75
101.87 41,04

12,10
1%3.50
12.84
16.37
17.50
18.77
19.20
19.50

9.20

4.,
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Na~-clinoptilolite - HCL

245%
D X
sorption
0,08 20.33
1.50 31.76
10,13 32,60
23,00 34.80
52.00 38,10
80,00 40.29
113.80 41.20
154.00 42.3%6
193.80 42.70
desorption
172.61 42.60
161.37 42,47
143.26 42,47
122.59 42.45
98,28 41.20
72.59 41,10
67.20 40,60
52,46 40.40
40.90 39.87
27.84 39.29
14.49 38.63
7.56 38,19
1.00 34.75

*
X

13.00
20.00
21l.72
25.57
27.40
28.00
28.47
29,00
29.50



200

5. Na¥ = HC1 P x x*
245,5°% desorption
) x £ 5.94 22,49
serotion 162.10  28.40
SRS 140.01 28,22
1,40 10,30 1.30 124.78  27.97
3.35  17.48 1.77 96.04 26,82
7,00  21.10  12.81 94.56  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. XKL = HC1
295,5°C 245%
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 4410 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 24430 19.45 desorption
129,67 25,47  20.00 238,06  41.39
160,82  27.01 21,00 012,23  40.32

196,90 29485 21,20 181.71  39.76



P X
144.99 38.69
119,71  38.00
120.00  37.00

94.15 37.14
70.59 36.49
48,32 35.19
31.27 34429
20.53 31.53
11,16 29,73

4440 28,50

0.00  24.71
280°C
5] tion

11,08  10.83
34,00 15,32
37.05 15,96
60.67  18.29
74,63  20.31
98,97  21.14
151.85 23457
210,93  26.87
234431 28.93
desorption
206.74 28,93
173.29  28.50
147.95 28.34
121.51  27.43
102,58  26.91
79.07  25.56

M

3.78
5.90
6.82
Te54
7.41
9.18
10.53
12.03
14.00

i1 X
64.14 24.56
46.29 23.94
29.37 23.08
18,60 22,00
12.66 20.87

T«52 19.86

3.00 19.00

0.00  16.46
315°C
sorption

15.00 10.37
24,26 11.48
43.31 14.24
62,50 15.91
108.92 18,05
153,90 21.86
195.40 23.12
249,08 25.11
286.27 27.54
desorption
246,34 27.25
238,77 27.18
206,29 26,35
152,38 26,47
117.67 26.56
100,35 25.95
77.69 25,26
66.39 24.71
56.91 23.78

201

2.06
3470
4.90
5454
5:94
8.56
9.96
11.70
13.84



2

41,52
29.84
22,16
12.33

6.54
0.00

X

23.52
22,76
21,52
20.14
19.24
13.84

H-Zeolon -~ NH3

300%
6.10
8.68

30.55
60.95

105.43

137.50

182.49

221.96

284.72

293,84

236.55

202,66

154.10

116.61

81.3%6
30.64
56.54
13.14
3.03
20.57
342,95

17.80
19.07
22,40
23.04
26.30
27.64
28.85
30.01
30.97
31.34
30.17
29.69
28,10
26.42
25.73
22,60
24,01
20.23
17.00
21.01
32443

e

25.45
28,92
31.72
26426
23.29
28.62
23.85

20.38
23,43
25.34
28.50
30,45
32.42
34.52
36.40
37.45
35.74
34,04
31,65
30,13
27.59
23.80
20.40
25.75
28,92
30.83%
32,23

202

]

19.30
35.63
32.29
25.06
22,26
19.60

19.73
23.48
27.41
29.76
31.28
33.20
35.28
37.95
39.71
41,33
40,12
38.91
35442
33.T1
31.35
29.25
22,52
36.14

21.78



1

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
32.70
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

By

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

g8, Na¥ - NH

o)

321.5°C
36.66
71.05
108.25
148.68
184.18
227.59
273.06
317.40
293.09
264.70

3

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
1171
14.52
16.87
20, 26
21,72
23.25
25.75
24439
23.42

203

£

22,68
20.83
17.93
15.58
13.80
12,36

8.41

6.14
2,18

4480

9,20
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



6.18
13.34
19.27
23,52
27.63
32.21
33.96
36.00
39.00
37.18
33.84
30.57
28.13
24.58
20.85
16,15
10.69

17.00
24.52
27.28
30.73
34.33
36,79
40.20

41.94

261,72
316.74
294,91
263,71
225,29
194.21
160.63
134.68
114.47
89.63
47.93
34.78
19.10
9.56
375
11.07
47.52

221%

4.28
33.29
63.57
91.38

124.20
178.90
219,71
264.64
317.80

|

44.47
46.00
45.46
44.19
41.38
40.54
39.85
36.75
34.81
33.00
27.00
22,69
17.63
12.19

4.86
14.78
26.64

14.61
29.54
36.00
40.32
42,88
46,80
48.32
50.08
52.56

9-

204

2 x
15.00 23,15
268.42  50.88
196.11  47.28
161,05  45.27

127.20  43.45
96.47 40.25
T1.07 37.37

33,63 29,71
21.11  24.90

9.93  18.76
41,71 31,21
80.52 37.78
232,32 48,96

245.5%

7.57  28.52
29.03  37.01
66.29 41.83
96,02  44.03

122.52  45.69
180.40  48.69
229.26  51.44
261,98  52.98
296.67 54.25
desorption

256.85  53.84



Io

200,36
172,36
122,42
86.00
59.05
31,38
11.68
3.70
1.24
0,00
0.00

10. KI’__..__.- NH

225C
17.16
43,00
80,76
122,75
165.77
221,88
259.72
224,73
193,80
104,18
70.07

280°C

8.04
33.54
76.83

ke

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
3417
3465
4.36
5.23
4,61
4,17
2,58
1.46

0.68
2.42
3455

2
163.53
252,65
314.85
275.00
235.41
190.99
140.74

87.68

245%¢

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

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
737
6,40
5.37
3.94
1,62

4.29
6.04

B
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

0

190¢C
1X9.57
50.67
87.24
140.30
189.32
229,25
255. 77
292,49
273.44
247.32
215.35
179.16

205

1

3.58
T.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
15.68
17.10
19.60
21.18
21.73
22,29
21.98
20,85
19.85
18.99



2
148,63

118.34
98.45
81.00
63.76
44,70
31,12
20,62
10,93

4466

22,5%
3,02
3.66
8,08

18450
25,61
73.90

112435

166,00

223,41

266,44

245491

217,64

186,27

156.11

124,00

30.80
15438
3.24

17.72
15.15
13,88
13443
12455
10,36
9.25
7469
6.04
4e25

36.87
3730
43,38
49.60
51.50
61.39
55.35
68.92
70,17
71.26
70,86
69.93
68.38
67445
66436
5387
48,66

36,41

2 X
11, H-Zeolon -~ NH4g1
230°%
sorption
0,63 11,98
0.75 12,46
2.13 13.83
3,50 20,90
6.08 30479
T.14 36,57
T.54 41432
8.82 57.88
10,16 62,45
10,84 69.65
15400 85443
22,00 103,02
22,33 102,80
8.08 38.4V
933 47,61
9.67 51.94
13.10 82,00
12,92 18444
21,46 101.29
8.76 46415
12,30 73493
17,31 90.84
16,91 93,78
23,86 103,15
24439 109,02
25,14 114,96

206

he} x
desorption
21,48 101,56
9.07 50437
8437 42,73
7.98  39.29
7.10 36447
6.52 30,11
12,70 80,68
12,00  T7.41
10,15  62.88
2.87 59.68
8,76 46415
15.58 88,76

fe-

"Equilibrium points"

7.14
10,14
10,84
12,96
15,00
15.58
16,91
21,47
21,46
22,00

36457
62445
69465
78444
85443
88.76
93478
101.30
101,29
103420

164
193
196
200.5
210
209.5
212
223
223%
227



1?2, HY - NHqCI
246%
2 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
8.8% 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
desarption
34.88 203,07
32,97  198.90
32,17 194493

13.

2
27.0
22,04
18.39
17.75
14.87

13,13

12,50

10.05
8.38
7.10
5.50
5.12
3.97
3.45
2.16
1,48
1.26
1.1
0.84
0.57
0.15
0.14

Na¥ - WH 01 246%

£
1st run
sorption
0.60
1.30
2,48
3.03

<
186,12
178.85
168.95
166,50
145.94
130,88
115,40
93.23
TT.45
67.55
62,09
61.59
56.75
53.13
43.60
39.95
38,66
37.27
36.18
35.09
33,92
32.00

7.99
13.74
40.52
96.36

207

2 X
3,80 152.74
5.25 197.32
6.47 215,86
7.00 220,0
T.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
335 317.20
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
3445 115.46
2,22 50.80
2410 48,00
1.65 41,20



P
1,60
1.19

0.79
0.40

2nd run

gsorption

1.30
1.97
3.30
4412
6.94
Te51
8.40
9.38
9.29
10,30
12,17
12.94
14.00
20.94
25.34
28.45
29.70
31.55
33.71
37,88
39.76

bs !

38,71
36.87
35.46
35.40

42,94

92,20
142.67
184.22
220,00
225.31
236.86
247453
249.91
210.13
265.25
274.44
276.60
296.29
305.68
312,78
315445
315,27
319.30
323,66
326,00

P x
desorption
36.81 326,00
34451 326,79
30.57 325,77
26,48 322,40
23.03 316,81
22.0 310,35
21.37 311,32
20,0 308,50
17.29 300.95
18.98 303,46
15.03 292,09
12,57 281.90

T.87 245.51

T.44 234,90

5.06 212,39

2.40 134,64

1.55 69.32

1.06 54.40

0.96 41,48

0.61 39.3%6

0.50 38,84

0.20 38,91

208

KL-NHqgl
245%¢
2 p.S
sorption
0.50 T 47
1.10 19.37
3.19 86,10
4455 93.64
5.80 100,00
6.86 105.48
9.73 113.70
11,40 117.50
13.81 125,00
14.54 125.30
15.92 126,72
1673 128.66
21,62 133,82
23.55 136,50
24,41 137,62
33.65 144,66
1.35 32,50
1.55 36.24
2,51 T4.32
desorption
27.27 140.20
23.78 139.69
18.60 133,52
16,70 129,00
13.34 122,67
12,03 119.40



2 X
10.46 116.95
8455 108,28
7.36 105.99
4.39 89.22
2.20 39,86
1.23 21.40
1.17 14.70
0.20 5.86
2.90 67.04
262,5%
Sorption
1.04 9.80
1.66 18,07
2,65 46,96
3.19 53.15
6.11 82,00
10.01 94,20
17.67 108. 40
27.82 121.70
27.60 120.77
43,59 131,50
60.82 140.95
desorption
42,39 129,90
46,55 133.36
37.00 129,22
18,67 108,00
10.65 98.25
8,20 91,89
3.70 65.40

D x
2.64 49.79
2,00 24.26
1.15 5.13
280%
Sorption
1.96 2.13
4.57 33.83
7.41 61.60
8.86 69,22
10.11 72.96
15.23 89.11
16,01 88.67
21,04 94.55
28.64 103.24
34.05 108,11
42.50 115.57
49.35 118.88
59.29 122,62
69.20  127.49
77.05 132,50
89.80 135.20
102.73 138,69
113.75 144.32
1,58 6.75
3.2 16.72
6.36 52.78
desorption
92,47 138,00
85.70 135.82
72.15 131,44

ko]

68.12
62.05
53.80
49.07
39.41
32,63
29.84
25.41
17.76
12.37
10.11

8.05

4e25

0.30

315%
sorption
2.24
15.40
9.5
7ol
1.19
10,07
13.23
15.10
17.44
20,00
23.00
32.30
49.31
73.19

209

1M

129.38
127.38
124.00
120,88
112,00
107.37
105. 40
101,06
93.30
81.17
73.22
61.28
23,20
2,67

2.54
53.49
26.33
20,29

5.13
24,11
33,00
37.1Q
46,08
56.69
61.40
73.58
86.44
95.49



2 £
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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