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CHAPTER - 1 INTRODUCT ION




INTRODUCT ION

Zeolites are crystalline aluminosilicates with
uniform porous structure, in which silica and alumina
tetrahedra are linked through oxygens to form a rigid three
dimensional framework. The negative charges on the aluamina
tetrahedra are compensated by exchangeable cations. The
structural formula of a zeolite for the crystsllographic
unit cell is expressed as:

My [(n%)! (5109, . w0

where M is the cation of valence v, w is the number of
vater molecules and the ratio (y/x) usually varies from

1-5 depending upon the structure. The sum (x+y) is the
total mumber of tetrahedra in the unit cell. The square
bracket represents the rigid zeolitic framework composition.

In 1756, Baron Cmutodtl discovered the zeolite
minerals. Damour® observed reversible dehydration, and
Weigel and Steinhoff® observed that naturally occurring
chabazite adsorbed methyl and ethyl alcohol and not acetone
or benzene. To account for its selective adsorption
capacity Hendn‘ coined the term "Molecular Sieves" for the



zeolitic minerals. The systematic pioneering investiga-
tions in zeolites were started by Barrer’ 1. The work

on synthesis and sorption properties established the use

of gzeolites as dehydrants snd in separation and purification
of gases and liquids. Breck, Milton and others*® 17 gt

the Union Carbide, U.S,A., synthesized zeolites, Linde A,

X and Y. Synthetic gzeolites were found to de extremely
active for cracking, reforming oils and other ruetimn'”
and this marked a new era in petrochemical industry. The
interest and activity in zeolitic field was increased by
the addition of a new class of zeolites named Z3M(5) by
Mobile group 3, 2z3M(5) catalysts are of commereial
value for alkylation reactions and are of great potential

in the conversion of methanol/ethanol to gasoline.

L.l CLASSIPICATION

Barlier, zeolites were classified according to
morphological properties; three dimensional network,
lamellar and fibrous zeolites were accordingly distinguished.
Sllthz‘ classified zeolites on the basis of structure and
composition which is still valid in an extended fom,

Breck has compiled> the information in detail on classi-
fication, synthesis, structure and properties of different

zeolites., The classification with characteristic
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composition is summarised in Table-l, which includes seven
groups namely Analcime, Faujasite, Chabagzite, Harmotone,
Mordenite, Heulandite and Natrolite. The zeolites are
distinguished on the basis of chemieal composition,
structure and their related physico-chemical properties.

Fanjasites couutu of Linde A, X and Y types of

geolites, which are the most useful industrial catalysts.
Further digcussion is limited to Y zeolites, vhich is of

our present interest.

1.2 UNIT CELL COMPOSITION

The (erystallographic) unit cell formula for NaY
geolite is expressed as:

'l'-' ( 110,) 57 ( 810,) ng.mn'o

In Y geolites, the nmumber of aluminum ions per unit
cell is given by,

T 192
Al (1 + R)

vhere R = (lu/ln). In Y geolite Na varies from 76 to
48.“ The corresponding (31/Al) ratio, R varies from
1.5 to 3.
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1.3 SIRUCIURE
28-30

The framework of Y geolite oonsists of linked
truncated octahedra which are joined tetrahedrally through
the six membered rings. The linkage between two truneated
octghedra is a double six-ring or a hexagonal prism;
eontaining 12( A1,31) 04 tetrahedra. The restriction on the
arrangement of aluminum tetrahedra is the Loewvenstein
stability rule”’ which predicts that alumimm atoms do not
share the same oxygen wvhen in tetrsghedral coordination.
There are 16 hexagonal prisms in each unit cell. The void
of Y geolite is divided into supercage (o¢ cage), sodalite
cage ( p cage, truncated octshedron) snd hexagonal prism.
The pore opening to supercage is 12 membered oxygen ring
of nearly 8-9 3 dismeter, while the pore-opening to sodalite
is 6-oxygen ring of ~ 2.2 2 The diameter of supercage
18 11.6 4 while that of sodalite is 6.6 A.

The saturation argon adsorpt m" volume is about
6700 Aa, as compared to the water adsorption volume which

18 700 4. ibout 1200 A% per unit cell is availsble more

for water which corresponds to 150 Aa for each truncated
octahedron and agrees well with the calculated internal

volume of 167 A% for this polyhedron.

The characteristic unit cell parameter is nearly
o
24.6 A, which changes with the mumber of aluminum per unit



ce11.”® Breck snd Flanigen®® established a linear relation-
ship between unit cell parameter, a, and aluminum per unit
cell which is expressed as a = 0,00868 ln + 24,191, 'Al
can be determined from chemical analysis and the relation
of 'a' to (31/4A1) 1s given by,

. 192 b .o

vhere b and ¢ are the slope (0.00868) and intercept (24.191)
respectively of the linear relation. Error in a determina-
tion estimated to be ¢ 0.008,

1.4 CATION SITES

The exchangesble cations occupy electrostatically
favourable positions in different cages. Smith® has
discussed different cation sites in case of X and Y type of
zeolites vhich is in use since then. Figure 1 shows
(a) structure of sodalite unit, and (b) Y zeolite, and also
(e) different cation sites. Site I (16 per unit cell) is
at the centre of each hexagonal prism, site II (32 per unit
cell) 1s slightly displaced into the supercage from a
hexagonal face shared by sodalite and supercage. Site I'
is displaced into the sodalite from the hexagonal face
shared by sodalite and hexagonal prism. 3ite II' is displaced
into the sodalite from the hexagonal face shared by sodalite
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and supercage. Site II* projects into the supercage away
from the free 6-ring (hexagonal face) than would be expected
for a cation bonded to oxygen atoms of the 6-ring. Site U
is at the centre of the sodalite cage. Site III (48 per
unit cell) is on the walls of the channel next to the
4-membered rings.

The cation-distribution in NaY and in some typiecal
cation-exchanged zeolites are tabulated by Brock.m

1.5 CATION EXCHANGE

The ability to undergo reversible cation exchange is
one of the most important properties of zeolites. It
enables to modify the electric fields inside zeolite
erystals,>? vhich in turn modifies the sorptive and estalytic
properties. A sharp change in the molecular sieve properties
is observed in A type of zeolites. For example, the replace-~
ment of sodium ions in NaA by potassium ions causes the

sorption of 08 to decrease to essentially nrc’.33

The investigation of the ion exchange equilibria in
the synthetic X and Y zeolites was done by Barrer and Rees
and by Shorry.n The exchgnge reactions do not go to
completion at room temperature, this indicates a different
occupancy of cation sites in the hydrated form. The exchange
with cesium, ammonium and thallium showed that about 16

34-36



sodium ions in site I are not exchanged indicating that the
incoming cations are too large to penetrate the small
hexagonal prisms at room temperature. The selectivity
series changes with the degree of exchange. However, upto
68% exchange, the order decreases as T1 > Ag > Cs >Rb >
Iﬂ‘) K> Na > Li, Lithium, sodium, silver and potassium
ions occupy sites in smaller cages as well.

The divalent or trivalent ions cannot completely
replace the sodium in zeolite Y at room t-poramu.m
Barrer, Davies and Rou“ reported ion c“p in Y zeolite
at 26°C. while Sherry™ reported on alkaline earth ion
exchange in X and Y gzeolites over the temperature range
of 8° to 50°C. Upto 82§ fon exchange was reached for Ca™’,
Ba® and sr® ot 26°C. Sherry®® has suggested that the
ingbility of these cations to replace the last 16 sodium
ions in NaY is kinetic in origin and results from an

unfavourable exchange equilibria.

Slux'rya

reported rare earth ion exchange in zeolites
X and Y. The most important point made in this work is
that at 26°C lanthanum ions cannot replace 16 sodium ions
per unit cell of X and Y zeolites, that 1s, the rate is
Infinttely slov. The lunthemss iem has o redius of 1.8 §
and should diffuse easily through the windows between the
sodalite cages and supercages if potassium ion with a radius

]
of 1.33 A - can do so. However, the radius of hydrated



lanthanum ion is 3.96 3 41. The water molecules mist be

stripped from the lanthamum ion if it is to pass through
the window between the large and small cages. The enthalpy
of hydration of lanthamum ion is about 900 to 1000 Keals
per gm. mole of ions and, although diffusion into the small
cages of Y gzeolites 1s slow at room temperature, it should
be a highly temperature dependent process. sn.rry’ also
demonstrated the electroselective effect which is operative
vhen ions of different charges are exchanging that the
zeolite preferentislly selects the ion with the highest
charge at low total normality and the ion with the lowest
charge at high total normality. Above 90% ion-exchange
may be achieved at higher temperature and repeating the
ion-exchange procedure.

Theng, Vansant and Uyttoﬂncnu“ reported the

study of the exchange of ammonium ions and alkylammonium
ions in zeolites X and Y. The maximum extent of exchange
decreases with increasing molecular size of the incoming
cations. If the aqueous solution of exchanging cation is
highly acidie ( < 2 pH) which causes the destruction of
gzeolite, then ion-exchange should be carried out in non-
aqueocus media or in buffer solutions.

1.6 PHYSICO-CHEMICAL PROPZRTIES

The X-ray studies established cubic Fd3m type
3

of structure for Y zeolites. Smith" has reviewed the X-ray
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studies on fanjasites and discussed the positions of cations.
The T(31 or Al)-0 distances were determined and vary from
1.62 4 to 1.65 X for Y zeolites depending on the cations
present in the zeolite and the thermal treatment. The
angles T-0-T fall mainly in the range of 130°-155° with the
hydrated forms yielding on average a smaller spread.
OIna“.“ determined T-0 distances, T-0-T angles and the
distridution of cations in Na', N1*2 and ce*® faujasites by
X-ray diffraction method.

Flanigen et al.“ assigned the infrared bands to
framework vibrations in the 200~1300 em * reglon. With
the increase of (3i/Al) ratio, the T-0 bond strength
increases and the corresponding shift in IR band towards
higher frequency (em ) is observed. Similarly, the
effect of highly polarizable exchanged cation may broaden
T-0 frequency. Flanigen has reviewed the studies on IR
in an exeellent article.® attempts®®~53 yove been made
to discuss the applications of infra-red spectroscopy to
zeolites. ward>?® ngs aiscussed the application of IR
in the determination of acidity of various zeolites and
correlation with the catalytic activity.

Depending upon the temperature of calcination and
nature of cations, most of the alkaline earth, transition
metal and rare earth cations show OH bm“"’ at 3690,



10

3680 snd 3540 em”} - particularly. For Ca and mx’, a

band at 37850 em™l vas also detected after evacuation at
450°C. The bands are attributed to different types of OH
groups, e.g. to physically adsorbed water, cat lonie~hydroxyl
groups, or Bronsted acidiec OH groups. The question as to
whether hydrogen on the surface of molecular sieves is
mobile or localised has led to a mumber of investigations.®3 ®%
Most acidity studies have been made using basic molecules
such as ammonia, pyridine and piperidine as probes.’’ 9168
These molecules have the property that their interaction
with Bronsted acid sites, Lewis acid sites, cations and
their hydrogen-bonding interactions give rige to different
species detected by infrared spectroscopy. The adsorption
on Bronsted acid sites give rise to ammonium, pyridinium
and piperidinium ifons with characteristic frequencies at
1475, 1545 and 1610 em * respectively. Adsorption on Lewis
acid sites - tricoordinated alumimum fons - occurs via a
coordinate bond N=----A1 and gives rise to bands near
1630, 14850 and 1450 em™1, The interaction of zeolites with
other molecules like CO, HCN ete. have been roportod.“’”’"'"
Eberly and Kimberlin®® related IR data with cumene eracking
studies. The correlation of catalytic activity and acidic
data obtained from IR have been discussed.”®’®®

The water-zeolite interaction and water desorption
with respect to temperature have been otudiodm° by thermal
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analysis, NMR, electrical conductivity measurements. The
application of the thermsl analysis to zeolites has been
described by Barrer and unaoy.”'m The rate of dehydra-
tion, mumber of water molecules present at various tempera-
tures and the destruction temperature of zeolite may bde
determined by thermal analysis. The proton and Na-23
resonance spectra (NMR) odtained on a dehydrated X zeolite
containing varying quantities of water showed that the
non-localised sodium ions form a cation solution in the
water with the crystal lattice as the anion.’t The NMR
studies of 4 and X' 2'° seolites revealed that the water
molecules in supercages are highly mobile and the width of
the NMR line varies with the amount of adsorbed water.
Several studies * 7’ established the application of NMR to

gzeolites.

1.7 ADSORPTION

Crystallohydrates may be stoichiometric or non-
stoichiometric in composition, in the non-stoichiometric
group of hydrates water may be present as guest molecules
in the host lattice as in zeolites. The adsorbed water
molecules can be replaced by various other adsorbates
depending upon the structure and sorptive properties of
zeolites. A mumber of adsorbate molecules such as vater, -
othylene,”® dimethylether, diethylether, benzene, ®
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amsonia,™® methanol, methylasine, carbon dioxide®0'3} gre
strongly adsorbed on zsolites.

Coughlan and mﬂurta" s

reported the adsorption
of COp and NHg on various modified A, X and Y zeolites.
Egerton and stono“ showed that the Langmuir model gives

a self-consistent description of the specific adsorption
of CO on caleium exchanged Y zeolite. From stoichiometric
consideration it was shown that the CO interacts with

accessible calcium ions on a one-to-one basis.

Several investigators® '®31%4 y.ve related the type
of exchange cations in zeolites with the specificity as
determined by the heat of adsorption. Dzhigit et al.>3
showed that the differential heats of adsorption were deter-
mined to be due to the energy of interaction of water
molecule with the exchange cations as well as with negative
oxygen ions of the zeolite ﬂ-mrk." Isosteric heats
of adsorption at zero coverage or loading were measured
utilizing a gas-solid chromatographic nt!bd.ss Initial
heats of adsorption were determined from the measured reten-
tion times of various gases including 0g» ll,, co, CB‘, Xe
and Kr. The change in the nature of adsorption isotherms
and heats of adsorption was dotoninod” using CO, which
has a permanent electric moment, and Xrypton which is non-
polar. The isosteric heats of adsorption for CO, which were
derived from the isotherms at various temperatures decreased
with inereasing removal of cation and framework oharn.”
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nnhv’o has discussed molecular theory of adsorption
vith reference to various adsorbates and modified zeolites.
ivgal ot al.”’ studied the heats of adsorption of ethane,
ethylene and water on Li*, Na’, X*, Ab" and Cs® exchanged
X zeolites. Bems et al.”? reported the sdsorption of
ethane and ethylene on X gzeolites containing alkali metal
cations. They have discussed the specific interaction of
VW-bond of ethylene with the zeolitic cations.

1.8 DIFFUSION

Comprehensive reviews of diffusion processes in
zeolites have been presented by Bu'nr.’a u-oruv" and
Rnthnn.” Diffusion coefficients depend mainly on the
type and ionic form of the zeolite and the nature of
adsorbate -olouln.“ The rate of the adsorption of argon
and nitrogen on NaA geolite decreased rapidly with decreas-
ing tapor.turo."’ The diffusion of inert gases in Kai
geolite at a00°¢c and sbove has been reported. At low
temperatures most of these gases were not adsorbed by Ka.
The magnitude of diffusion coeffieient, D,, increases with
the increasing kinetic dfameter of diffusing adsorbate. >°
A cooperative effect between potassium ions in A zeolite
and ethane molecules was investigated, It was found that
the formation of more uniform potential rield resulted in

a decrease in the activation energy for dirmoion."
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In one of the first studies of the kinetics of
diffusion of hydrocarbons in uoutu. Barrer and Ibbitwn’a
found that the apparent activation energy of diffusion in
chabazite increased with the chain length of the hydrocarbon.
Barrer and m.non” compared the role of the aperture
sige in three zeolites, chabazite, crionite and CaA zeolite
from the energy of interaction between the main S-ring

apertures and a normal parafin hydrocarbon chain.

AMsorption kineties for methane, ethane, propane and
n-butane on Cai zeolite were studied gravimetrically by
Ruthven and Loughlin. %191 png gounter diffusion chara-
cteristics of several liquid hydrocarbons in zeolites Y
in Na*, Ca®, NH* and ce® ion exchanged forms were

measured. 08

It was emphasized that the rates of diffusion
processes can have a profound effect upon the apparent
activity and selectivity of zeolite catalysts and upon such
characteristics as dispersion and sharpness of separation
in the use of zeolites in separation and purification

processes.

1.9 THERMAL STABILITY

It is known”Of that the thermal stability of the
geolite structure increases with the 3i:Al ratio. Upon
caleination of ammonium zeolites, the structural stability



depends on the method of heat treatment and Si:Al ratio.l03
McDantel and Maher'®* gynthesized ultrastable Y zeolite

and discussed their physico-chemical properties. The stabi-
lizing effect of polyvalent cations has been related to
their preferential location in the hexagonal pum.ma
resulting in a more effective neutralization of those parts
of the structure that have the highest charge density. The
increased stability of polyvalent lon-exchanged faujasites,
and therefore of the hydroxyl groups, has alsc been ascribed
to the existence of Me~O-Me bridges filling up the sodalite
cages and stabilizing them 499106,106 gpopp o 41,107
studied the influence of cations on the thermal stability of
Y zeolites. The role of aluminmum in the hydrothermal treat-
ment of ammonium-exchanged Y zeolite is discussed by Breck
and Skeels. ®® It was reported that zeolites with low 51:al
ratio such as A and X zeolites lost their ecrystallinity at
high percent ion-exchanges by polyvalent cations such as
a2, 112, 2o "% 4eo. Gue to extensive framework denydroxy-
lation. Zeolites, such as Mordenite, show high thermal
stability and acid-resistance properties. Particularly,
mordenite and modified ultra-stable Y zeolites are preferred
for commercial use due to their high thermal stability.

1,10 CATALYTIC PROPERTIES

Crystalline sluminogilicates are outstanding hetero-
geneous catalysts. Excellent reviewsi?® 113 nave been
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published on eatalytic properties of zeolites.

Several otudi«n"n? on cation exchanged zeolites A,

Xy Y and mordenite have demonstrated the activity for Cy=Cg
n-aleohol dehydration and their dependence on cation size

and valency. Bryant!l® nas demonstrated that kinetic

effects in ethanol and n-butanol greatly favour olefin
formation on a series of ionexchanged A zeolites and mordenite
catalysts, while etherification is favoured in the correspond-
ing X zeolites. 7Zeolites also show catalytic activity for
displacenment nuumm like the gas phase conversion of
ethanol and hydrogen chloride to ethyl chloride and water

at temperatures from 150° to 270°C. The formation of ethylene
from ethyl chloride was observed ® on X and Y zeolites at
260°¢c.

The hydrogen-transfer reactions have been observed
for CgHy and CgHg over HY1911® 4ng for c ;. and c Hg over
Rex'1®, In the isomerization of eyclopropane to propylene,l®!
a water promoted reaction, is also reported. Mrlyln
has discussed the hydrogen transfer reactions of ca-c.
olefins lesding to aromatic. Breun et al.l23 reported the
isomerization of n-hexane and n-pentane over various modified
geolites. Zeolites actively catalyzed the polymerization of

low molecular weight olefins.



of alkylation reactions.}1®1126 rpng nyarogen and trivelent
(rare earth) cation exchanged Y zeolites showed greater
activity, as compared to the less active bivalent and mono~
valent cations in benzene alkylation with otlvluu.m
Within the bivalent cation-exchanged Y zeolites, the order
Cay Mg > Cd > Sr > Ba has been observed'® in benzene
propylation at 280°-300°C.,

In a reaction that involved fragmentation of the
benzene ring, Frilette and Rnblnlm observed the formation
of toluene and ethylbenzene when bengzene alone was passed
over H-mordenite at 400°C. The isomerization of o=-xylene
to m~ and p-xylenes over H-mordenite at 200°-600°C and over
REX at 177°-204°C has been reported.’?®*126 \pi1¢ trans-
alkylation of polyethyl bengenes with bengene yilelds ethyl

bmmo.“‘

Cumene dealkylation was studied over dehydrexylated
Y ze0lites,’®™ and bivalent cation-exehanged X and Y
129-131 1o most fmportant application of zeolites,
(particularly rare earth exchanged ultrastagble Y zeolite)
is in the conversion of gas oil to guolmn' of a high
octane mumber.

zeolites.

High activity of Ay, X and Y zeolites has bsen discussed
in the hydration of ethylene oxide to ethylene glyeol.l0?

cl 18% 6 oL3)
n.llL
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The activity of noble and transition metal zeolites has been
studied in hydrogenation, ® nydroisomerization,133 nydro-
dealkylation, hydrocracking snd related processes..®® Galieh
et d.m'w have explored the use of szeolites as catalysts
for the dehydrogenation of n-alkanes. Vemito ®? nas discussed
various reactions including dehydroeyclisation, hydrogena-
tion and other catalytic reactions. Jacobs 32 nas discussed
bifunetional catalytic properties of zeolites at length. A
few typical reactions are summarised in Teble-2, Most of

the reactions are catalyzed due to the acidic centers in
seolites. Few attempts'"" have been made to explore the
catalytic properties of metal dispersed zeolites. Lunsfordl3®
has reviewed the studies on the transition metal complexes

in zeclites. FHowever, no attempt has been made to use zeolite
to heterogenise the homolytic reactions.

1.11 INDUSTRIAL PROCESSES

The industrial spplications of geolites are discussed
in several articles. 313%H137-1P 40 50 of zeolites as
a highly versatile means of perforaming separations has become
firmly established. The zeolites are used to remove Cog
and Ho0 from gas streams in cryogenic applications, from
ethylene for high purity polymerization, to remove Hg3 and
low molecular weight mercaptans from natural gas, and for
separation of normal paraffins, xylene separation, ete.
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' licat of lites*

Probable

Process Competitive features
geolite
catalysts
Cat ie X and ¥ Improved yields. Reduced
eracking light gas and coke.
Isomerization Y, Mordenite High selectivity and
MSM S resistance to high
‘ poisoning.
Catalytie Y; Mordenite Activators unnecessary
reforning high selectivity.
Polymerization Y Noncorrosive
Alkylation Y, HZ3M-8 Noneorrosive, Feed treatment
nininized.
Hydrodealkylation X and Y High gotivity and
fmproved selectivity.
Hydrogenation Xand ¥ Resistance to 3 poisoning.
Selective A Separation problems
hydrogenation nininiged.
Methanation Xand Y High yuu-; resistance
te poisons.
Dehydrogenat ion Xand ¥ Improved selectivity.
Dehydration A Improved rates and ylelds.
Dehydrohalogena~- A Molecular size
tion selectivity.

¢ lef. - P.,E. Pickert, A.P. BDolton and H.A. m‘m"

Chem. Engn.,

133 (1968).
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The other important industrial spplications of
geolites are in catalytic eracking, hydroisomerization,
selective forming, hydrocracking and transformations of
aromatic hydrocarbons. In catalytic eracking (#CC), for the
conversion of gas oil to gasoline, rare earth-H exchanged
Y zeolite (ultrastable) is the most widely used catalyst
with better performance. %1% 1, yvaroisomerisation
reactions, noble metal digpersed zeolite is used. Zeolites
are also being used in disproportionation of toluene to
benzene and xylene, and in the igomerization of xylenes to
p~xylene. Other industrial applications such as in alkyle-
tion (preparation of ethyl benzene) are at various stages
of research and development.

It 1s well~known that transition metals in zeolites
show catalytic activities in their cationie forms for a
variety of reactions such as oxidation, 0142 o o1otrinert-
zation of acetylene,l%3 amination of enlorobenzene,ld
marouuationl“ and polyuriuuon.l“ The catalytic
activity of iron zeolites in ammonia cynthuul"']'“ and
oxidation of CO** nas been reported. It has been assumed
that in catalytic oxidation of €D, the oxygen associated
with the ferric ion takes part. In the eracking of n-hexane
ferrie zeolites were found ™ to be more active than ferrous;
the Y zeolite being more active than the X type. Iron
containing zeolites have also been used'® to adsord mHys
evolved during the vuleanization of rubber.



20

162 to be an excellent oxygen

Iron zeolite 18 reported
ecarrier adsorbing 3.5 times the amount of oxygen held by
haemoglobin. Due to the reversible oxidation-reduction
behaviour of iron ions, the iron zeolites would be ideal
for oxidation-reduction reactions. On account of the redox
behaviour, their ability to form coordination complexes and
special catalytic properties, we have prepared a series of
ferric exchanged zeolites and studied their physico~cheaical
and acidic properties. e report the above data along with
their catalytic activity for oxidative dehydrogenation

reaction in this thesis.

Ll L



CHAPTER - 1Y ¢ PHYSICO-CHEMICAL CHARACTERIZATION
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2.1 INTRODUCTION

Synthetic zeolites exchanged with pe® ilons are
good acidic catalysts. However, the loss of crystallinity
and thermal stability 1s reported for these zeolites. The
diffieulties in preparing ferric exchanged zeolites without
breakdown vere diseussed in detail. > % o) asnevien
and coworkers*®® found that geolites with low silica content,
type A and X, retain their crystalline structure upto 15-17%
substitution of sodium by ferric lons. Morrice and Rees  °
reported that exposure of zeolites to h(lo‘) 3 solution
for a short time enabled Fe exchange without decomposition.
Delgass et .1.1’7 reported that ferrous exchanged zeolites
could be prepared without structure breakdown by first
exchanging with nso under a nitrogen stream and further
oxidizing the Pe® to pe.

185 corric fon

According to Malashevich and eo\nrkcu
enters the zeolite cavity as E?a(omil at pH 7.6 while
at pH 4 it enters as ['.(GD] . It appears that the distri-
bution of such species depends on the temperature and
influence the extent of structure breakdown. Badran
ot 21,183,188 oyeained ferric fon exchanged X and A zeolites
using an ethereal solution of Pe(3CN) g and buffer solutions.
The loss of erystallinity appears to be dependent on both

temperature and pH of the solution used for ion-exchange.
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Attempts have been made to understand the structural
aspeets of iron exchanged zeolites, particularly by
Mossbanerl2,157,15 spectroscopy. Morice and nou“‘
observed a change in the oxidation state of iron (Fe®" —-}haﬁ
upon dehydration in vacuum. Zxposure of the sample to air
caused reoxidation of ferrous ions to ferric ions, and
gave s spectrum similar to that of the fresh Fe>’Y sample.
Goldanskil and coworkers 0?16l 4155 observed the change
of oxidation state from Pe to pe® on thermal treatsment.
These authors further suggested that the adsorption process
led to a localization of ferrous ions which wvere present
in the zeoclite in an unbound state before the adsorption.

Boudart and oovorkcoln'l“ by Mossbauer and infra-
red spectroscopy estaeblished the redox dehaviour of iron
in Y geolite. They observed the oxidation of ferrous to
ferric at higher temperatures in air, reduction of ferric
to ferrous at 400°C by hydrogen and to ferric ions on
adsorption oxygen at wo"c. They discussed the redox
behaviour and dehydroxylation of possible E«Oﬂﬂ = species
in the zeolites, and proposed the presence of Fe e 0® e po®*
ingide the sodalite cages after the thermal treatment. The
existence of n”-—o"— ,.30 is supported by a characteri-
stic band for the linkage at 895 om * in the infra-red

- spectrum of thermally treated iron Y zeolite.
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Nesterov et al..ua observed that the L3R gpectra

of fresh FeNaY specimen hardly differed from those of
hydrated NaY wvhile dehydrated FeNaY samples showed a line
with g = 4,31, the intenasity of which increased with the
dehydration temperature upto 450°C., They concluded that
after cation exchange, ferric ions are located in supercages
in hexa~aquo form with octahedral symmetry. But with
inereasing dehydration tempersture ( ) 500°C) ferrie lons
penetrate into the small cavities. Bobrov et al.l%? studied
the catalytic activity of iron zeolites in relation to
carbon monoxide oxidation and characterised the catalysts
by ESR and magnetic susceptidility methods. They concluded
from the data that the main mass of iron in the szeolite is
of paramagnetic nature and supported Fe>' — 0% — ped*
linkages after heat treatment,

It vas of interest to investigate the nature of
agquocomplex of iron, the exact temperature at which the
dehydroxylation of [Fe(oM)|" takes place, the cation site
distribution in hydrated and dehydrated forms, migration
of ferric ions and thermal stability of ferric exchanged Y
zeolites with respect to different percent ferric exchanges,
wvhich we report in this Chapter.
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2.2 EXPERIMENTAL
2.24 Preparation

Linde NaY zeolite, binder free, (3X-40, lot
No. 96805000) obtained from the Union Carbide, U.5.i., was
used as the starting material for catalyst preparation.
The Pe> exchanged ze0lites vere prepared by treating NaY
vith aqueous solutions of ferric acetate-ascetic acid at
about 4 pH at 27-30°C, with constant stirring. After
cation exchange, zeolite was filtered, washed with distilled
vater several times till free of acetate ions and dried in
the oven at sbout 120°C for about 20 hours, cocled and kept
over saturated ammonium chloride solution in a dessicator
at 25°C for a week. The highest exchange sample vas
prepared by carrying out the ion exchange process for three
times at 80°c,

The lower exchanged Fe*' Y were obtained within
twenty minutes with appropriate concentrations of ferriec
acetate. Upto 75 § exchange, the samples were prepared in
single ion exchange process indicating that the exchange of
sodium ions present in supercages by ferric ions 1s thermo-
dynamicelly favourable process. This is due to the fact
that the hydration energy of Fe> ion is higher than that
of sodium ion.
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However it was difficult to exchange sodium in the
gzeolite above 824, beeamuse bulky hydrated ferric ions do not
enter into hexagonal prisms to replace sodium ions present
at site I. Probably higher ( >8m exchange can be achieved
by heating the ferric exchanged sample sbove 400 C in air
and subsequently carrying out ion exchange at higher tempe-~
rature. Due to thermal treatment, dehydrated ferric lons
enter into smaller cages and sodium ions come into supercages.
A successful attempt was also made to prepare ferric exchanged
Y zeolites in non-aqueous solutions. Ferrie chloride or
nitrate vhich forms highly acidic solutions in water, may
destroy zeolite, therefore cannot be used for lon-exchange.
Ferric exchanged Y zeolites were prepared by treating NHaY
with the ferric chloride ethanoliec solution. The X-ray
diffraction patterns showed that the zeolite samples prepared
in non-aqueocus media were highly crystalline.

2.28 Chenical analysis

The zeolite powder was treated with l:l hydrochloric
acid and evaporated to dryness. After dehydration at 120°C
the silica was first estimated by the conventional gravi-
metric method. To ensure complete removal of silica the
filtrate was evaporated and the above procedure was repeated.
From the filtrate some portion was used for sodium estimation
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by flame photometry. The remaining filtrate was treated
with 1N NaOH to separate out iron from aluminium. Aluminium
will remain in solution as sodium aluminate. While iron
precipitate wvas collected and iron was estimated by gravi-
metrically, volumetrically and by atomiec absorption
spectrometrically. The ion exchanged samples were also
exanined for dealumination. No dealumination was detected.
The chemical compositions of lon-exchanged zeolites are
summarised in Table-4.

2.2C X-ray diffraction

The X-ray powder diffresction patterns of hydrated
zeolite samples were recorded on a Philips X-ray diffracto~
meter Model PW 106000 , using Cuk,, radiation ( A = 1.8405 2).

2.2 Mersal analysis

All thermograms were recorded under identical
conditions on en automatic Hungarian derivatograph (Model -
MOM-102) deseribed by Paalik et al. ®® The thermograss
were recorded under the following conditions:

1. 3“’10 “1mt - 300 mng.
2, Heating rate =~ 6°C/minute
3. Sensitivity

(a) DTA - ¥
(b) DTG - 1/3
(o) TGaA - 300 mg.

4. Pressure - air suction



Pre~heated and finely powdered alumina was used as a
reference material.

2.2E Infra-red spectra

The infrared speetra were recorded in the frequency
range of 250-1300 cn * using Perkin-Elmer 221 spectrometer.
The nujol mull or the KBr pellets of the hydrated samples
were used for recording the spectra.

2,2F Visible spectra

The visible spectra were recorded at room tempera-
ture in the range of 200-800 nm using Specord UV-VIS,
Carl-Zeiss Spoct;outcr. The ¥Br pellets of the hydrated
samples vere used for recording the spectra.

2,20 Thermal stability

To investigete the effect of thermal treatment, NaY,
FeNaY(37) and FeNaY(82) geolites were heated at 800°C for
2, 8 and 10 hours. The final temperature, 500°C, was
achieved at a heating rate of 5°C per minute. After thermal
treatment, the samples were cooled and kept over saturated
ammonium chloride solution in a dessicator for a week and
the X-ray diffractograms and DTA, TGA curves of the samples
were obtained.
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The conductivity cell shown in Pigure 2 was made
up of silica tube. The conductivity measurements were
perforaed using platinum electrodes of 1 cm diameter. all
the pellets (1 cm. dia., 0.4 mm thickness and 1 gm. weight)
were prepared using a pressure of 20000 1bs./sq.inch. The
silver paste was applied onto both the sides of the pellet
for good electrical contacta. The temperature of the
pellet was measured by chromel-alumel thermocouple pleaced
near the pellet., The readings were recorded on a LCR-bridge
at different temperstures in the range of 25°-600°C. The
reproducibility of the results was checked for different
pellets.

2,21 X-ray photoelectron spect roscopy

The spectra were recorded on an E3SCA-III V.G.
Spectrometer. The exciting radiastion was AlK, with an
energy of 1486.6 eV. The spectral resolution of the
analyzer was ~v 0.850 eV. The binding energy of the
electrons was determined within % 0.2 eV. The pressure
in the snalyser chasber was 10 ° torr. For standardisation,
the C 13 peak from condensed diffusion oil vapour was used.
The value of binding energy for C 13 was taken to be
285.0 eV. m 4f,,o B83.8 eV vas also used as a standard
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along with C 15. The powdered catalyst sample was pressed
on m=-mesh and heated at ~aoo°c for one hour in the
preparation chamber.

2,3 RESULTS AND DISCISSIONS
2,34 X-ray diffraction

Typical X-ray diffractograms of FeNaY(44) and
FeNaY(82) are shown in Fig. 3. The intensities and 20
values for NaY zeolite are in agreement with the published
dl‘ll.m
and lattice parsmeters, a(1), of NaY and all ferric exchanged
Y zeolites are givem in Table 3. All the samples are
erystalline with Fd3m crystallographic group. There is no
significant change in lagttice parameters. Howvever, with
respect to increase in percent ferric exchange, there is
a decrease in relative intensities of 311, 331 and 811,

440, 533, 642, 701 aend 681 hkl planes. This is due to the
smaller total number of countercations in the exchanged
forn (three sodium ions are replaced by one iron) and to
the fact that the fonic radius of Fe> is smaller than
that of Na'. From the changes in the relative intensities
of the diffraction maximg it may be concluded that the
replacement of Na' by Pe® 1s not lsomorphous. Considering
633 plane which is least affected by lon-exchange with

The percent relative intensities of hkl planes
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Table-3 : X-ray intensities and
unit cell constants

- L X o :
| ;nx | PeNaY(37)| PeNaY(44)| PeMa¥(6l)| PeNaX(78)] PeNax(82)
al ; 24.601] 24,886 | 24.€17 | 24.604 | M.573 | 24.614

hkl ; i ; .
m 100.0  100.0 100.0 100.0 100.0 160.0

220 .2 19.1 19.2 19.8 1.4 24.1

an 2.6 22,0 38.5 19.2 20.1 17.7
331 90.2 88,1 95.4 7.0 86.5 87.7
333 & 511 54.7  53.0 0.8 6.8 2.2 27.7

0 6.7  52.4 .0 4.8 37.7 4.2

620 9.1  19.6 23.9 14.3 13.6 12.9
833 .1  81.6 99.2 64.8 62.3 5.9
71486 18.0  17.9 26,8 14.8 13.6 10.6

2 75.4  68.5 61.8 48.4 42.2 40.0

83 731 20.8  17.9 33.1 9.9 13.0 1.2

733 17.6  18.5 24.6 17.6 15.6 20.0
822 & 660 27.3 25,6 24.6 22.0 19.5 28.2
%l & 566 61.2  56.0 57.7 43.9 45.8 ©®.4

840 20.8 2.8 26.9 17.6 16.9 18.8
664 22,9  22.6 26.9 16.6 16.9 17.7
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reference to Na¥, at higher ferric exchanges, the distortion
of framework due to Fe¥* fons may be possible explanation
for the decrease in intensities.

2,38 Thermal analysi

Fig. 4 shows typical thermograms for NaY and FeNaY.
In Table-4 peak temperatures for all the samples are
presented.

The NaY zeolite shows a single endothermic peak
corresponding to the dehydrstion of water at 80°-320°C.
The exothermic peak corresponding to the structure breakdown
of the zeolite is st 842°C. On the other hand, the DTA
eurves for the iron exchanged zeolites show three endo-
thermic peaks between 1‘0"-400% and one oxotheramic peak
at 840°-870°c,

PeNa¥(37), PeNaY(44), PeNaY(6l) and PelNaY(78) (wvhere
the numericel figare in the parenthesis indicates % Fe°'
exchange) show the first endothermic peak maxima at 165,
170, 160 and 160°C respectively corresponding to the desorp-
tion of physically adsorbed and weakly chemisorbed water
on to the framework oxygens through O---H linkages. In
case of higher exchanged PeNaY(82), this peak shows further
splitting with peak maxima at 110°C and 160°C. Seecond
endothermic peak is at 290°C which is due to desorption
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FIG 4 DTA CURVES OF NaY (dotted)
\ p (2) FeNaY(44),6 (3) FeNaY (61)
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of water coordinated to ferric ions. Third endothermic
peak 1s at 400°C, which has been assigned to the dehydroxy-
lation of the hydroxyl groups attached to ferric ions. The
exothermic peaks for the exchanged samples are at 870°,
870°, 860°, 850" and 880°C respectively. All the samples
shov dehydroxylation of framework hydroxyl groups after
450°¢.

The number of wvater molecules in hydrated samples
deternined from chemical analysis and the TG curves are
given in Table-5. It may be observed from Table-d that
total mamber of water molecules per unit cell decreases with
the increase in the iron content in the zeolite. This may
be attridbuted to the hindrance to the sorption by the
coordination complexes of roa’ ions in supercages. The
namber of water molecules which are physically adsorbed
or weakly chemisorbed on the framework oxygens also decreases
with the increase in the iron content in zeolite.

The second endothermic peak at 290°C may be aseribed
to the water coordinated to ferric ions. This is Justified
by the fact that the nmuumber of coordinated water molecules
increases with the increase in the mumber of ferric ions in
the supercages. The water molecule coordinated with Na'
fon in NaY is in continuous exchange with the physically
adsorbed wvater molecules, while in case of PFeliaY the coordi-
nate bonding between vater molecules and ferric ion is
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sufficiently strong to make them thermaglly distinct as
compared to other molecules. This is mpportod“o by the
values of water solvation energies of ?o” ion (1385 K/mole)
which 1s very much larger as compared to that of Na' ion

which i3 403 J/mole.

The third endothermic peak at 400°C 1s due to the
dehydroxylation of OH groups attached to ferric ions. The
nuuber of water molemules corresponding to this peak
increases approximately in 13l ratio with the increase in
the number of ferric ions. This observation is used to
explain the process of dehydroxylation. The dehydroxyla~
tion after 450°C 1s due to the removal of framework oxygens
and Bronsted acid centres, represented as

b n
{

g /0\/0\/ /
J /\ N AN\
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Aquocomplex of iron

The first endothermic peak with a maximum at about
170°C 1s a characteristic property of all the zeolites.
The Fe® exchanged zeolites showed a second distinct peak
at OOOC. Morice and aoulu and Garten et nl.m observed
that on sorption of water there wvas a decrease in the
quadrupole splitting in the Mossbauer spectra indicating
an increase in symmetry around iron ion. This shows that
the sorbate molecules are ocaupying vacant coordination
positions around these ions. Mossbaner ntudiu“g support
solvated ferric ions having octahedral symmetry in hydrated
state.

Aquocomplexes of iron ions in water were characterised
by 5111en,2% Mulay and selwo0a'®” by magnetic suseeptivility
and spectral methods. Iron ion has a strong tendency to
fora coordination complexes with molecules or anions which
can share lone pair of electrons. The dissociation of hexa~-
agquo complexes of ferric ion with octahedral symmetry may be
represented as

Pe* (1 0) g —> Emomm,o),;] * e

This complex has an octghedral symmetry and can exist only
in supercages.



Dehydroxylation

Third endothermic peak st 400°C may be attributed to
the dehydroxylation of hydroxyl groups attached to ferric

152

ions. Mossbauer studies also support the dehydroxylation
process around 400°C. The similtsneous analysis of DTA and
TG indicates that during dehydroxylation approximately one
molecule of water is duo!bod per ferric ion. The dehydroxy-
letion of [Fe(OH)] — may be represented by the following

processes:
8 [FO(OE)J’. ——
2 [re( om]" ——

2 [po(om]"o HO =

. E'( o JQI IREEN
[pecom ™ o[rec om, | M
[Fet omf' « 6 _—

162

P - 0% - pePeHHO ... (@)

2’0@’*02 sscee (b)

P
E.”(om;’ . ® ceeee (@)

Pe* - 0%"-Pe”+ HoO + $0g ... ()

Pe™*s Pe™ (0N "+ H 0+ 305 ... (o)

* + HYO sane 18

Reactions (a) to (e) have been p ;o -nd znmnod by
at

Garten et al.

Based on the TG

n. uo propose reaction (f)

for dehydroxylation process, along uith reactions (a) and (b).



Reactions (@), (d) and (e) however do mot explain the
thermal data satisfactorily. The quantitative measurements
of Bronsted acid centres before and after the dehydroxyla-
tion may give clue for the possibility of reaction (I).

Cat distribut ion

The cations can ocoupy different sites in zeolite
cages. The cations occupying sites I' and II' in sodalite
cages have tctuhodnl symmetry. The aquocomplex
E'o(om (HgO);] has octahedral symmetry, and considering
the n;’ogo factor this complex should exist in the super-
cages near site II.

In case of hydrated FeNaY(44), about 2 ferric ions
are present per unit cell. Out of 8 ferric lons, 6 ions
should be in the supercages which explains the liberation
of 30 water molecules corresponding to second endothermic

n‘T t&‘u'ﬁmm two cations may occupy the site I' or
) ¢ & fn the sodalite cages. The occupancy of sites I, I' or
I1' increases after 44 percent exchange. During dehydration
at 400°C, cations from site II migrate to site II' or
possibly few may occupy site T in hexagonal prism, The
migration of cations is supported by the adsorption studies
of Coughlan and Xilmartin. ®® The cation dtstribution in

hydrated state is summarised in Table-6.
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It mgy therefore be concluded from the present
studies that quantitative data on the coordination complexes
of transition metal ions wvhich exist in the supercages of
geolites can be evaluated from careful thermal analysis.

ti £ water d n

A mamber of non~isothermsl methods have been proposed
and summarized in several review articles. 11701171 g
methods fall into two distinet approaches for the determina-~
tion of kinetic parameters from thermogravimetric measure-
ments. 7The two approaches are the differential and the
integral methods. These methods use the general non~
isothermal kinetic equation,

SR L () (e - D s aesn #3)
vhere a = (d1/dt) = linear heating rate (°C/min.),
A = Arrhenius pre-exponential factor,
R = gas constant,
(d, /dt) = the rate of loss per degree,
oc = fractional weight loss
flee) = function of the weight loss.

Carrol method

Freeman and cmul?! introduced & differential

method based on equation (1) with the arbitrarily chosen
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floe) = x". vhere x is the mole fraction of the reactant
and n 1s apparent order of reaction. In analogy with
homogeneous kinetics:

(3011d); == (3011d), + H0 (gas)

The rate expression can be written as

-:-: = A(.m. - var) ? [(EEEE (2)

Freenagn~-Carroll equation therefore becomes

(~E/R) (/1 . In (-dx/dt)
ln x in x

*n sesee (3)

A plot of [1n(-dw/at) /in x| agatnst {(1/1) /1n x] shoula
yield a straight line with a slope of (~E/R) and intercept
of "n".

Coats and Redfern method

Coats and Redfern’ ° developed the kinetic equation

by integral method. For a reaction in which the order is
unknown, Coats and Redfern derived the following equation:

1-n
1=(1-X) AR B
h = o -m csver ‘
{?(1-:) 1 19".3[ n} 2.303 RT ‘@
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vhere X 1g the fraction of the sample decomposed at time't'
and 'a' 18 the heating rate. A plot of either

1l-n
log 1 -1 against (1/7) or where n = 1,
2 (1 -n)

log [’h (1 ""] against (1/7) should result in a straight

line of slope -~ i—%a_n' for the correct value of n., The

quant ity
ARl - ﬁ]
aB E

appears to be reasonably constant for most values of E and
in the temperature range over which water desorption in
geolites ocours.

nnin!or’o method

Kissinger' ¥ proposed the following equations to
ecaleulate order of reaction and apparent energy of activa-
tion,

n = 10- (8)1/' LR RN ‘5)

n = apparent order of reaction and 3 = ghape index factor.
The index factor can be evaluated from DTA as described
by Kissinger.



a4

= -% Senen (6)

vhere Ty = peak temperasture and a = heating rate. The plot
of (1n "r'!') against (1/Ty) should be linear.

Puolu and Novikova oqutionr”

-L LR N NN ]
in At = ¢C —~~ (7

The plot of (InAt) egainst (1/T) should give a slope equal
to (~WR).

Ozava method

Ozaval'® proposed the following equation :

log .oo.om-E— = eonstant ..... (8)
RT,

The plot of (log a) against (1/T) should give a slope equal
to (0.45678/R). The equation takes into account of the
effect of heating rate and the apparent energy of activation
is reported to be independent of heating rate effects.

The apparent order of reaction for the desorption
of water for NaY and ferric exchanged Y zeolites has deen
calculated from the DTA ecurves using Kissinger's equation:
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For the first two endothermic peaks the order of
reaction is nearly equal to one. The dehydration process
of the kind,

Zeolite x(Hg0) ————> Zeolite (anhydrous) + xHg0 (g

may therefore be congidered as first order reaction. In
case of third endothermic peak, the order of reaction 1is
about 1.5 £ 0.2, This signifies that the dehydroxylation
process may be dependent on the sctivity of two "reactants”
i.e, molecularity is two.

Using the values of order of reactions evaluated
by Kissinger's method, we have calculated the energy of
activation for the desorption of water corresponding to the
rirst endotherm using Coats-Redfern equation. Coats-Redfern
plots are reassonably linear. The values of the order of
reaction and energy of reaction are given in Table-7.
Typical Coats~Redfern plot 1s shown in Pig. 5. The apparent
energy of activation for the water desorption is about
5.5 Keals/mole.

Rate constant caleilstions

The rate of desorption is given by,

at at 3

-2-(-'—/—'-92- = -d_:(_ = —A-l- PP (g)
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vhere A T 1 the height of the peak in DTA, S 1s the total

area under the curve.

4% o Aexp - WAD) ceene (10)
at
X = Alexp - /RD) veeee (1D)

From (9), (10) and (11) we get

-4-:— = k (1 '°<)n
k = (%‘L)/(l'@()n cssce (1)

Using equation (12), rate constants of water desorp-
tion for NaY and ferric exchanged Y gzeolites are calculated
and given in Table~7.

The values of rate constant increases with the
increase of ferric exchange. The presence of aquocomplexes
of ferric ions in supercages hinders the physically adsorbed
water molecules making them comparatively leas stable in
supercages theredby increasing the rate of desorption of
physically adsorbed molecules with the increase in the
mamber of aquocomplexes of iron.

Effect of heating rate

It has been observed that the shapes of TG and DTA
eurves vary with a mumber of experimental parameters, such
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as heating rate, particle size, sample size (weight),
furnace atmosphere, etc. The effects of these paraseters
have been discussed’’’ in detail.

The DTA curves for FeNaY(82) with different heating
rates (Pig. 6) show that at lower hesting rates (2.5° and
4.1°C/min.), the first denydration peak splits into two
at about 90° and 110°C with an additional peak at 280°C.

The data on the effect of heating rate on various peak tempe-
ratures (maxima) are given in Table-8. For heating rates,
2,5° and 4.1°C/min., the dehydroxylation peak at 400°C is
absent. While at higher heating rates, 8° and 10°C/min.,

the peak at ~'90°C 1s not observed. with increase of heating
Pate the peak positions in DTA are shifted towards higher
temperature. These changes may be due to incomplete iso-
thermal equilibrium condition in non-isothermal dehydration
of zeolites. Every peak indicates a definite species of
vater molecules and DTA data supports the multistep desorption
of water which is a consequence of energetic heterogeneity
of surface potentisl.

Attempts have been made to take into account the
effect of heating rate on kinetic parameters. Table-9
shows the values of energy of activation for the dehydration
corresponding to first DTA peak of FPeNaY(82) calculated by
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2 .FECT OF HEATING RATES ON DTA FIG.7, EFFECT OF THERMAL
TREATMENT. 0 TA CURVES OF
|)FONQY(82) (2) FeNaY (32 500,2)
e 82,500,l00
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the application of Coats-Redfern, Tissinger and Ozawa
equations, On the other hand the Piloyan-Novikowa plot was
non-linear and therefore not applicable. The apparent
energies of activation evaluated by Kissinger and Ozawa
equation, 11.92 and 13.056 Xcals/mole respectively are
comparable to the value 12,93 Kecals/mole obtained from the
vater adsorption isotherms. The value of E obtained by
Coats~Redfern equation 18 very low, 4.23 Keals/wole. It
seems from these observations that in the calculation of
kinetic parameters, the effect of heating rate should be
considered.

2.3C Thermal stability

Table~10 gshows the analysis of X-ray diffractograus
of thermally treated samples. In case of NaY and FeNaY(37),
there is no significant change in unit cell parameter for
the parent and thermally treated samples. All reflections
are present. The small observed variation in relative
intensities of the diffraction lines may be due to dehydroxy-
lation and probably also cation migration. In case of
FeNaY(82), the unit cell parameter a, decreases as a result
of heat treatment indicating unit cell eontraction or
partly to structural collapse. The values of unit cell
parameters for FeNaY(82), FeNaY(82,500,2) and FeNaY(82,800,10)
decrease with heat treatment and are 24.614, 24.510 and
24,466 respectively.



Table-10

X-ray intensities and unit cell
congtants after thermal treatment

NaY | PeNa¥(37)| PeNaY(82) { FeNa¥(82) | PeNay(82)
Treatment! 800°C, | 500°C, 800°¢, 500°C, | Untreated
10 hrs.i 10 h:o. ‘-?;.E.n. 2 hrs. i

a i 2e662! 24.000 24.456 24,515 24.614
hil
m 100.0  100.0 100.0 100.0 100.0
2 22.8  24.0 4.9 26.6 24.1
a1 19.2 18,6 2.0 25.4 17.7
a1 63.0  67.2 67.7 .2 87.7
23334611 27.4  35.8 441 48.5 27.7
440 43.3 539 58.3 a.4 4.2
620 13.7 18. - - 12.9
533 4.8  78.9 81.9 7.6 5.9
622 6.8 8.8 - - -
T1ab6l 9.6 12.3 - - 10.6
se2 0.2  56.4 52.0 42.0 .00
721 £ 863 9.1  16.2 - - 1.2
733 2.6  19.6 2.3 16.6 20.0
822 & 660 24.7  27.0 21.3 23,7 28,2
751 & 586 5.7  61.3 37.0 28.5 9.4
840 23.7 .6 - - 18.8
664 169  19.6 - - 17.7




Table-1ll shows the effect of heat treatment on DTA
peaks. In case of NaY, the dehydration peak is shifted
tovards lover temperature. The DTA of PeNaY(37) shows a
shift of the exothermic peak towards higher temperature
after heat treatment., A significant change in DTA curve
for PeNaY(82) 1is observed on heat treataent., Pig. 7 shows
the effect of thermal treatment on PeNaY(82).

The untreated FeNaY(82) sample shows three distinct
endothermic peaks at 160, 290 and 400 C (Fig. 7). As
discussed earlier the first peak is due to the dehydration
of water, second 18 assigned to the dehydration of hexa-
ague complexes of h" in supercages. The third peak is
assigned to the dehydroxylation of (OH) groupe attached
to Pe> fons. After the heat treatment and subsequent
hydration the second and third peaks corresponding to the
hexa~agquo complexes of iron 1.e. [:ro(om (Hg0) 5:1” were
absent. This shows an irreversible cation migration of
Fe> ions from supercages into the hexagonal prisus.

Table-12 gshows the effect of heat treatment on percent
loss of water obtained from the TG. The water content in
NaY decreases by about 1.58. The heat treatment of zeolite
FeNaY(37) shows a decrease in total water content., The
percent weight loss corresponding to first peak of dehydra-
tion is increased by 1.5 - 2 4. Because of heat treatment,



Table-1l : ffect of t treatment on DTA curves

Catalyst Duration FPirst Comple- Exotheruic
of heat- dehydrs- tion of peak for
:80“ tion dehydra- atructure
C in peak tion peak Dbreakdown
hours o¢ o¢ o¢

NaY - 180 360 840
NaY( 500, 2 2 166 328 870
NaY( 800, 5) 5 160 310 850
NaY¥( 800, 10) 10 166 320 850
PeN aY( 37) - 166 3%0 870
FeNaY( 37, 500, 2)°* 2 165 3% 900
FeNaY( 37,500, 5) 5 165 M8 900
PeNaY(37, 500, 10) 10 158 330 900
PeNaY(82) - 160 3%0 880
PeNaY(82, 500, 2) 2 170 378 876
PeNaY(82, 800, 5) s 180 295 860
PeNaY(82, 500, 10) 10 185 315 870

* PeNaY(37, 500, 2) represents
37% Pe exchange, heated at 800°C
for 2 hours.



Table-12

] gtoot of heat tn_.ﬁtnat on percent

weight loss
E;;dylt T Percent weight loss
;'otal.. Region Region
gfnt :soond
peak peak
NaY 27.8 26.0 -
NaY(500, 2) 26.0 24.25. -
NaY(800, 5) 27.0 24.5 -
NaY( 800, 10) 25.75 24,26 -
FeNaY(37) 27.6 22,0 3.0
FPeNa¥(37, 500, 2) 2.0 23.5 -
FeliaY( 37, 800, 8) 25,26 23.5 -
PeNaY( 37, 500, 10) 26,28 24.0 -
PeliaY(8¢%) 26.8 - 19,6 4.0
PeNaY(82, B0O, 2) 23.0 19.5 2,6°
FeNaY(82, 8500, 5) 21.76 18,8 2,78
PeNaY(82, 500, 10) 1.5 17.6 1.7¢

1.2
1.0*
1.0*
1.0»

* No distinet peak was observed.

S - -
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Fo™* ons irreversibly migrate into sodalite cages or hexa-
gonal prigms. Therefore, in heat treated samples, hexa-~
aquo complexes of iron do not exist. However, re ions
strongly interact with framework oxygens, in tetrahedral

or oetahedral symmetry. The existence of | Pe(OH(Hg0) 9]9’
complexes in supercages hinders the incoming water molecules,
thereby reducing the adsorption capacity.

2, Infrared speetrs

Infrared spectroscopy 1s a tool used for the study
of structures and to detect the presence of the polyhedral
building units present in the zeolite frameworks. Flanigen
ot a1.% nave carried cut en extensive infrared investi-
gations on a large number of zeolites over the frequency
range, 200-1300 em™l, These mithors estsblished an associa~-
tion between structursl group frequencies of the geolite
and the infrared bands. The fundamental vibrations of
T(81/4)-04 tetrahedra of the zeolite framework are observed
in the region 200-1300 ea™l. ibove 130C ca™l, bands
corresponding to the adsorbate moleecules and hydroxyl groups
(of framework) are present. The region below 1300 om "t
gives information regarding the structural aspects of the
zeolite framework itself. while the region above 1300 em™}
is useful in studying the adsorbate~adsorbent interaction
and nature snd variation in scidie properties of zeolites.



4b

Below 1300 en”l, the spectra can be grouped into
two classes, those due to intermal vibrations of !‘0‘ consist~-
ing of asymmetric stretch (1280-980 em™)), symmetric stretch
(720680 ea™!) and T-0 bend (500-420 eu”l) due to external
vibrations of to‘ consisting of asymmetric stretch bands
vhich ocour as a shoulder (1280-1050 em™)), symmetric stretch
(820780 em™l), doudble ring (660-8500 em™l) and pore opening
(420-300 ca"l) bands.

Pig. 8 shows typical IR spectra of NaY and Pe®*
exchanged Y zeclites. The infra-red spectral data of NaY
and pe™ exchanged zeolites are summarised in Table-13.
The IR spectra of FeNaY zeolites have the general features
of original NaY gzeolite with gome additional details of the
characteristic bands showving the specific influence of the
polyvalent counter cstion. with the increase of Fe>
exchange the peaks are brosdened which may be attributed
to the strong h” framework interaction. The spectra does
not indicate any breakdown in the structure of the ferric
exchanged zeolite samples. However, the band corresponding
to double ring at ~ 560 em » 1s affected. In case of NaY,
PeNaY(44), PeNaY(75) and FeNaY(82), the double ring bands
are observed at 561.80, 561.80, 558.66 and 565,56 cm *
respectively. At higher degree of ferric exchange, the Fe
ions occupy sites I or I', thereby interacting strongly
with double ring. we can therefore conclude from IR data
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that the basiec Y zeolitie structure is preserved during
ferric ion exchange.

2,38 Visible spectra

If the cations in zeolites are exchanged by transi-
tion metal ions, the zeolite may be coloured. This colour
will vary with the degree of hydration and the nature and
percent cation exchange. Some interesting examples of
colour changes due to cation hydration (solvation) have
25¢  \hen the silver exchanged form of zeolite
type A wvhich is initially wvhite is dehydrated, the colour
changes to a deep yellow-red and ultimately to a bright
yellow. Nickel exchanged A zeolitel”’ changes in colour
from green to pink upon dehydration. Cobalt cation form
changes from pink to blue colour upon dehydration. The
colour changes in zeolites have been used as an indication
for the presence of water vapour. |

been reported.

Ferric exchanged Y zeolites are found to be yellowish
in colour. With increase in iron content, the colour changes
from yellow to yellowish-brown. All the FeNaY samples show
a broad band at about 3850 nm. The absorbance increases with
the increase in iron content in the zeolite samples.
Therefore, every iron ion is contributing to the absorbance
at 350 nm. Only FeNaY(82) shows additional bands at 210 nm
and 280 nm. The increase in absorbance with respect to
percent ferric exchange is represented in Fig. 9.
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The nature of hydration of Fe® fons in aqueous
solution 1is well established by magnetic susceptibility and
spectral studles.}9%167 Tne shgorbance maximum at about
240 nm was ascribed to solvated Fe® lons and the band at
350 nm to the products of hydrolysis of solvated Fe>* ions.

The yellow calmr of partially hydrolised cation e.g.
[mom(n,o),] » 18 due to the charge transfer tailing
into the visible region vhich is observed in case of all
the ferric exchanged zeolite samples.

2,3F Electrical conductivity

Attempts have been made to investigate the mobility
of exchangeable cations in zeolites by electrical
conductivity.®® Beatt16}7%71%0 yyegtigated the electri-
eal conductivity of dehydrated analcites and chabazite.
Freeman and Stanires’>' found a purely lonic conduction
with a strong dependence of the activation energies on the
nature of the zeolite and the type of cation, in A, X and
Y zeolites. From the difference in activation energy
between X and Y, Preeman and Stamires'" concluded that at
least two types of cation sites exist in lattice. In the
X type, the lower activation energies were explained by the
population of the less energetic sites. The decrease of
the activation energy in X and Y geolites with increasing
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monovalent cationic redius was in contrast with the results
found for gnaleite and indicated the openness of the
zgeolitic framework in X and Y zeolites.

Mass transfer during the conduction process was
dc-uutrntzzl from actual cation transfer in Ag exchanged X
zeolite. In case of Ag-X gzeolite, after 12 hours at 110 V de,
1 wt. % zine fon was found adjacent to a zine electrode and
2 wt.% silver metal was found adjacent to the opposite gold
electrode. The observed mass transfer in the conduction
process eliminates cation vacancies as the charge carriers.
The measured conductivity is the bulk conductivity because
there vas no dependence on initial crystallite size.

Sehoonheydt and Uytterhoeven'®? also attributed the
electrical conductivity of dehydrated X and Y zeolites
to the migration of the exchangeable cations in the super-
Gages. A dipole absorption process was observed at low
temperatures. Following the hypothesis advanced by Barrer
and Saxon-Napier’™3, this dipole absorption was ascribed
to the amigration of the cations. Jansen and 3choonheydt
studied the effect of various adsorbed molecules on the
electrical conductivity of X and Y seolites. Morrisi®®
reported a dielectric study of SA zeolite in the presence
of various adsorbed molecules.

184,185



Fig. 10 shows the plots of specific conductivity
against temperature for NaY and Fe®* exchanged Y zeolites.
The trend in eonductivity values is NaY,> FeNaY(37)y FeNaY(44) )
FeNaY(82). at 25°C, conduetivity values are 76 x 100,

8.9 x107°, 5.8 x 10™° and 0.06¢ x 10”% ohm"l en") respecti-
vely. The conductivity decreases with the increase in
percent ferric exchange but not linegrly. It is utdulhcfl
that the electrical conductivity in gzeolites is due to the
cations present in the supercages. 3odium ions form eationie
aqueous solutions in supercages while ferric fons form
hydrolysis products of hexa~aquo complexes. The mobility

of Na* fons 1s more than the bulky ferric complexes which
supports the trend in specific conductivity of NaY and S el
exchanged samples.

In case of NaY, conductivity decreases with increase
of temperature and reaches a minimum value at about 280°C,
It is found from the thermogravimetric snalysis that upto
250°¢C, 22,7 £ water 1s desorbed from the zeolite cavity.
The hydration energy stabilises cations in supercages in
preference to the cationic sites in sodalite and hexagonal
prisms. As the water molecules surrounding the cations
are remved, the cations tend to interact with the framework
occupying electrostatically favourable sites. The increase
in cation-framework interaction decreases the mobility of
cations. Above 250°C, the conductivity of Na* fons increases.
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Fig. 11 shows the plots of log ¢ against (1/T). The plots
are linear in a partislar temperature range. NaY, between
400°-600°C shows a linesr Arrhenius plot which is governed
by thermal conduction of Na* lons. The activation energy
for the conduction is 5.56 Xecals/mole.

PeNaY(37) and PeNaY(44), bdoth ghow similar trend in
the conductivity with temperature. This indicates that
the exchanged Pe> lons oceupy sites of only one type. In
lower temperature region, the cation-framework interaction
inereases vith increase of dehydration and thereby decreas-
ing the conductivity. Above 260°C, the eonductivity increases
again due to thermagl mobility of cationa. FeNaY(82) ghows
very low conductivity vhich is almost constant between
25°-300°C. This observation suggests that the major contri-
bution to the conductivity is due to Na' fons in supercages
and ro" ions are highly localised.

In the temperature range of 250°-450°C, the Arrhenius
plot for Pe°' exchanged zeolites are linear. Thermal snalysis
shows that in this temperature range, the dehydration and
dehydroxylation of [_h(ﬂl)(ﬂgo)a, oceurs at 290°C and 400°C
respectively. The increase in conductivity may therefore
be attributed to the increased mobility of Fe”' fons due to
the removal of coordinated water molesules. The increase
in the eonductivity of PeNaY(82) is not due to Na' lons
because in the same temperature range (280°-400%C) the
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conductivity remains almost constant for NaY. The activation
energies of conduction in PeNaY(37), FeNaY(44) and PeNaY(82)
are 2,78, 3.78 and 6.76 Kcals/mole respectively, in the
temperature range of 250°-400°C. The energy of conduction
is the energy required to make the cation available for

the conduction in supercages. The steric hindrance due to
aquocomplexes increases with the increase of na’ ions in
supercages thereby reducing the conductivity due to Fe”'
ions with ferric exchange. In the temperature range of
400°-625°C, the activation energles of conduction for
FeNaY(37), PeNaY(44) and PeNaY(82) are 5.56, 9.54 and 9.54
respectively. The increase in the activation energy is
attridbuted to the strong cation-framework interaction.

From the conductivity measurements, we may conclude
that sodium ions are mobile in supercages of hydrated
zeolites. While aquo-complexes of ferric ions are localised
end may not move from one supercage to another due to steric
hindrence. At temperatures above 400°C, thermsl cationic
conduction 1s observed. The data supports that the Fe" -
framework interaction is stronger than Na'~framework
interact ion.

2.30 X-ray photoelectron spectroscopy

The X-ray photoelectron spectroscopy (XP3) 1s one of
the most useful techniques which provides information on the
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chemical states of transition metal cations and is quanti-
tative enocugh to compare the catalytic properties. The
XPS studiesi®7"1%° ;. ve been shown to be very powerful
aids to understand the oxidation processes, intrinsie
surface states, formation of thin overlayers and chemi-
sorption. The application of XP3 has been extensively
revieved, 190194

Recently transition metal cation exchanged zeolites
have been studied by xP3.)%® pormation of intermediate
states of N1 and Cu by reduction with CO has been reported.
Using XP3, Vedrine et al.'?® found Pa(1) formation in Pay
zeolite reduced with Hy. 3imilarly the formation of RRh(I)
np“lul" in RhY zeolite as a stable intermediate during
the reduction of Rh( III) to RN metal by heat treatment in
vacuum has been detected by XPS. XPS has been used to
investigatel®® 20 tne gxternal layers of some zeolite
surfaces. It has been shown that 5i/Al ratio of the
external surface is roughly twice that of the bulk,

The typical x-ray photoelectron spectra for NaY
and FeNaY zeolites are shown in Figs. 12-14.

The orbital binding energies for Na, Al, 81, Fe
and oxygen are summarized in Tables-14 and 15, The
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parent NaY geolite shows two Na ls peaks at 1068 and 1076.4 eV
and two Na 28 peaks at 65.4 and 68.4 eV. Since the difference
between the peaks 1s 8.4 eV, the peaks camot be attributed
to tetrahedral and octshedral coordination of Na' in the
seolite. Moreover, the chemical analysis of the parent NaY
sample showed 60 Na® (unwashed) amd 57 aA2* ions per unit

cell while washing the sample with digtilled water, Na' content
reduced to 57 Na'/unit cell. Besides the water treatment

of the zeolite reduced the pH from 10 to 8.5. It appears
therefore that parent zeolite contains excess of Na' (trapped
NaOH) and the second Na ls peak is probably due to the

trapped NaOH. This was further confirmed by the absence

of second Na ls peak in PeNaY(46) zeolite.

Effect of lon exchange

Ion exchange of NaY with ferric ions does not affect
the binding energies evaluated from the XP3 except for the
decrease in the height of Na lines. The binding energies of
Al 23 and Al %p levels in NaY and FeNaY(82) zeolites are at
123.4, 124.4 eV and 78.5, 79.2 eV respectively, while that
for 0 1ls peak the binding energy remains unaltered at 535.9 eV.
Due to the introduction of pe™, the binding energies shift
to higher values. The unit cell composition of FeNaY(82)
shows ls ferric lons which occupy sites II, II', I and I'.



On account of strong electrostatic interaction of pe™ with
the framework Al atoms, the electron density around Al 1s
distorted towards Fe®), theredy reducing the electron-electron
repulsion experienced by s and 2p electrons. The electrical
conductivity measurements discussed in Chapter 2.3F also
support a strong h”----rrmrk interact ion.

1it P [ it

During the process of ferric ion exchange, dealumina-
tion of the zeolite did not ocecur and the bulk silicon-
alumima ratio (S!/Al). for all the sasples was 2.37. The
silicon-aluminum composition of the external layers in the
sodium and ferric exchanged Y zeolites can be calculated
from the relative intensities of 2 peaks in the XPS using
the following oqnnuoal'az

I m M 4
_x'];" ng . NP "3’5"‘%' —'"'Ex.nj

where I = grea under the curve including satellites.

A e mean free path or the photoelectrons of
kinetic energy E

8 = transmission factor of the spectrometer
for an energy factor Ey-

6 = effective ionigation cross section.

n = gtomic conecentration of the elemants
studied.



For the given elements, the ratic in the square bracket
is a constant which is called a "relative spectrometer
intensity factor" and is designated as 21’9.

The (31/A1) ratios for the zeoclite samples investi-
gated by XP3S are given in Table~lé. These ratios denoted
by (SUA:I.)B and (SUAI). refer to the bulk composition
determined by chemical analysis and estimated by XP3 respe-
etively. The surface (31/il)  ratios are higher than
(31/Al.)n bulk gnd show a small increase with percent ferric
exchange. This indicstes that the external zeolite surface
1s alumirum deficient. Tempere st al. % gtudted the
(81/4Al1) composition of zeolites with varying (31/4l1) ratio
and showed a partial dealumination of the surface of the

geolites A, X and Y.

In order to examine the effect of thermal activation,
PeNaY(82) zeolite was heated at 500°C for 5 hours before
recording the X-ray photoelectron spectra. The surface
(31/41), ratio was found to decrease from 4.48 to 2,51
after thermal treatment. The heat treatment of FeNaY(82)
may cause dehydroxylation of framework hydroxyl groups and
during simltaneous dealumination, bulk aluminum may migrate
to the surface thereby decreasing the surface (51/41) ratio.
The Table-14 shows that the energies of 2p and 23 of Al and
81 decrease by 0.8 eV and 1.6 oV respectively. The surface
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migration of aluminum on activation may be represented as

l!orr( 201) has discussed the mechanism of dealumination of
geolites in detall.

Cat t

In eatalytic dehydrogenation of ethyl benzene to
styrene, PelNaY(46) zeolite showed decrease in dealkylation
activity after three hours due to coke formation. The
examination of coked sample by XPS revealed that the binding
energies of Al 2s, 2p decrease by about 3.2 eV. The 51 2g
level showed three peaks at 1“.3,“‘1‘?.1 and 165.7, the
difference between two neunivo,(boin. 5.8 eV. On the
other hand, the 31 2p level showed only one peak at 103.1 eV.

Two peaks are observed for O ls and 527.8 and 537.0 eV
(Pig. 14), one corresponding to the framework oxygen on
vhich coke is deposited and the other free from coke. This
may be due to the strong chemical interaction of coke with
framevork oxygens.



The above studies show that the XPS could be useful
in the trapped and surface impurities present in the zeolites.
The analysis of XPS data revealed aluminum deficient surface
in fresh samples and increased alumimum content on thermsl
activation. The XP3 analysis of coked catalyst revealed
two distinet 0 1ls peaks, corresponding to two types of
framework oxygens.

e



CHAPTER = II1 &  ADSORPTION AND DIFFUSION 3TUDImS




54

3.1 INTRODUCTION

Acidic centres of zeolites are characterised by
infrared spectroscopy, titration method using Hammett
indicators or adsorption and desorption of basic molecules
like ammonia, n-butylamine or pyridine. Ammonia molecules
enter into sodalite and supercages, while n-butylamine and
pyridine do not enter into sodalite cages. Attempts 0. 00
have been made to determine the number and strength of
acidiec centres through measurements of base adsorption.

The adsorption of n-butylamine (NBA) is useful in determin-
ing the mumber snd strength of acidie centres in supercages

of geolites where the catalytic reactions occur,

From the measureaents of adsorption of COp and lma
on various modified geolites Coughlan and co\orm-m"'ms
calculated the chemical potential, enthalpy and entropy
and established the sequence in the strength of adsorbate~
adsorbent interaction. Steinburg et n.m’ measured
integral heats of adsorption of some basic molecules on
ion-exchanged zeolites by calorimetric method.

Nishin ot al.”® peported adsorption isotherms snd
heat of adsorption of NBA on desluminized Y type zeolites.
They concluded that the silanol groups formed during
dealumination are not strong acid centres, and the mumber
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of adsorption centres (cations and protonated centres) is
reduced due to dealumination.

Adsorption isotherms

The investigation of asdsorption isotherms is a
valuable aid in obtaining information concerning the nature
of the adsorption process. From the isotherm and its
temperature dependence various thermodynamic parameters are
evaluated. The comparison of experimental sorption isotherus
and theoretical model, 1f valid, and the thermodynasic
quantities like heat of adsorption help in the understanding
the nature of adsorbate-adsorbent interaction and the
nature of the catalyst.

Several .ttmtn””m-au have been made to develop

adsorption isotherm equations. Langmiir made the first
attempt to develop adsorption isotherm equation, Langmir
equation is represented as follows:

BP
6 = -;-— = -—f—;—ﬁ- eesee (1)

vhere x = gquantity adsorbed in the solid,

= antity adsorbed at the completion
:} monomolecular layer,

B = constant at constant temperature,
P = pressure of adsorbate.



61

Langmir model assumes that, (1) the energy of adsorption
is constant 1.e. no energetic heterogeneity exists, (2) the
adsorption is on localised sites, (3) the maximum adsorption
capacity corresponds to complete monomolecular layer.

At very low pressures, the term "BP" may be neglected
in comparison to unity and the equation simplifies to

x = x, BP ceeee (2

This means that the adsorption is proportional to pressure
vhich is Henry's law. it high pressures, the value of BP

is very large relative to one and the equation reduces to
x= x.. The isotherm contour rises steeply aend then becomes
horigontal at high pressures.

The Langmiir equation (1) may be rewritten in the

form

— = - > —_ (3
x x}' & L

The value of (P/x) plotted against P ylelds a straight line
vith a slope of (1/x,). Another method 1s to plot the
Langmir coefficient, B, against the adsorption expressed

e LR R RN ] ‘
* Fa-e) .
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If the Langmuir isotherm applies, the constant B dces not
vary with the level of coverage or adsorption.

The BET (Brunauer, Emmett and Teller) equation is

expressed as
P - 1 " Cc=1 P ceeee (B)
¥ P'- P) VaC v.c P.

vhere Py is the saturation vapour pressure, Va 18 the volume
adsorbed at the monomoleeular layer and C is a econstant.
The plot of (-—-P——-—-) against (—?—-) gives a straight

eq}). V( P'-P) P.
line 1if nxrku applicable. The BET equation was developed
for maltilagyer adsorption. It is the modiffcation of
Langmir eoncepts of adsorption for miltilayer formation

and is not applicable to gzeolites.

In the Polanyi theory, the characteristic curve is
the relationship between the work of adsorption, A, and the
filled volume of the adsorption space, v.

A = RT ln—,';L- TR (6)

and w = av* eesss (7)

where a = the amount of adsorbate in millimoles per gm. at
temperature T and equilidbrium pressure P, v* is the molar
volume of the adsorbate and Pg 1s the saturation vapour
pressure.
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Polanyi theory was modified by Dubinin and
Radushkevich™® to apply to microporous adsorption and void
filling. The equation takes the form of

Klg
v = 'o exp -~ —p;— vecee (8)

vhere w, = constant and represents the volume of
the adsorption space or pore volume,

P- affinity coefficient which is constant.

Substituting for A, work function, equation (8) ecan
be rewritten as:

2
v = w, exp "F%"(rln-l;l-) = av®
LE R RN (9)

The equation (9) can be expressed as.

B Pg 2
cesee (10)

Py 2
or 10‘ a=C~-D (h‘ '-P_') eveve (11)

vhere B = g constant vhich is independent of
temperature and is characteristic of
the adsorbent porous structure,

C = log —a—
0.434 BT®

D-_-PT—
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A plot of (log a) versus (log -’-;-l-) should be linear if
the equation is applicsble.

The constant >, the affinity coefficient, indicates
the strength of adsorbate-adsorbent interaction; w gives
the void volume. In the region of volume-filling, Dubinin
equation 1s of great use in the understanding of adsorption

process.
@ L t

All adsorption processes involving physical adsorption
are exothermic. For the adsorption to take place the free
energy change mist be negative. From the thermodynamic
relation,

AG = AH - TAS

vhere AH = heat of adsorption,
AG = free energy change for adsorption,
A3 = entropy change for adsorption.

The adsorbate molecules are arranged in ordered form
in adsorbed state, so AS 1s expected to be negative. The
heat of adsorption is the true measure of the strength of
the adsorbate~adsorbent interaction, while A3 suggests
the trend in the loc:lisation of adsorbed molecules.



There are three terms referring to the heat of
adsorption, These are :

(1) The isothermal integral heat of adsorption is the total
heat involved in the adsorption process from gzero
adsorbate loading to some final adsorbate loading at a
econstant temperature.

(2) The differential heat of adsorption (AH) 1is the
change in integral heat of adsorption with a change
in adsorbate losding. It may be defined by the
following equat ion:

AR = (ﬁ—a‘)

where n‘ is the molar enthalpy of the adsorbate gas
and T 1s the partial molar enthalpy of the adsorbate.
The differential heat of adsorption is dependent upon
pressure, temperature and adsorbate coverage or
loading.

(3) The isosteric heat of adsorption, AH, is derived
from adsorption isosteres. It is obtained from a
plot of the log P vs (1/T), at constant adsorbate
loading, using the Clausius~Clapeyron equation,

-AH 1
log P = o osn T “
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From pairs of isotherms, AH may be calmulated from

AH = =qu = R(-r—:l%l—') ln—:f-
The isosteric heat 1s related to the differential heat of
adsorption by = q, =Af. Isosteric adsorption hests which
are obtained from a family of adsorption isosteres are
plotted as a function of the adsorbate loading and by
subsequent graphical integration the isothermal integral
heat of adsorption is evaluated.

Batropy of sdsorption

The differential entropy of adsorption is determined
from the logarithmic plots since it is equal to the product
of the absolute temperature and the isosteric heat of
adsorption. The differential molar entropy is obtained as,

(] -

wvhere s: = molar entropy of the gas at standard pressure P°,
The molar entropy varies with the amount sorbed.

Attempts have been ldo“k to relate heat of adsorpt-

ion, AH. to several component interaction energies. At 0°K,
AW 1s given by,



AW = By 4 By + Py + Bpg
#, = dispersion energy = (=ar®
'Il = repulsion energy = (B/rn)

-oXc?
#p = polarisation energy = —E:T- - -52—

ﬂ,_q = electrostatic quadrupole energy = (cq/lra)

wvhere A, B and C are constants and r is the distance of
separation, oX1is the polarizedbility, F is the fleld
strength, Methods of estimating constants and energy terms
have been given by Barrer and Gibbons.Z?17»218

2.2 EXPERIMENTAL

The iron zeolites were prepared by treating Linde NaY
geolite (3X-40, Lot No. 968085000) supplied by Union Carbide,
U.5.A., vith aqueous solutions of ferric acetate-acetic acid
at sbout 4.0 pH at 27°-30°C. After exchange all samples
were washed with hot distilled water until the washings were
free from acid, oven dried at 120°C overnight and stored
in a constant humidity atmosphere over a saturated solution
of ammoniuz chloride. The ferric exchanged samples are
yellov in colour, with brownish tinge at higher exchanges.
The X~ray diffraction patterns of all the samples showed
erystalline nature of the Fd3m symmetry. The chemical
compositions of the samples were determined by the conventional
gravimetric analysis and sodium by flame photometric method.
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Apparatus and procedure

Isotherns for the sorption of water and NBA on NaY
and ferric exchanged samples were measured in the temperature
range of 100°-380°¢c by the gravimetric method using a
calibrated silica spring balance. The sample bucket was
suspended from the hook on the silica spring. The bdalance
case vas connected to high vacuum system consisting of
rotary pump, mercury diffusion pump, eold traps and Mcleod
gauge for measuring the pressure. With this arrangement
ultimate vacuum of sbout 10 ° torr was obtained. The
adsorbate liquid wvas made free of air by freeze-thaw
technique and was kept in a thermostat at constant temperature.
Hanometer was used for the measurement of the equilibrium
pressure. The schematic diasgram of the apparatus is shown
in Pig. 15,

Approximately 100 milligrams of the zeolite powder
wvas pressed into a pellet and weighed accurately in the
aluminium bucket. The bucket was attached to the spring
and the glase case was fixed to the assembly. The ecathoto-
meter was focussed on the reference point and the system
vas evacuated. The temperature of the sample was increased
slovly and maintained at 3850°C for four hours till a constant
veight was obtained. The sample was brought to the desired
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temperature and exposed to the adsorbate vapour at a desired
pressure. The sorption readings were obtained from the
change in niﬁt of the sample after equilibrium was obtained.
The adsorption isotherms were obtained by progressive
increase of the vapour pressure and noting the asdsorption.
The reproducibility was checked in some experiments. Jjor
each temperature, after finishing adsorption isotheras, the
amount of sdsorbate irreversibly retained under high vacuum

( ~10™® ma) vas also noted.

2.3 RESULTS WD DISCU3SION
3.34 Sorption of n-butyleuine on seolites

Typical families of isotherms for NBA on a series of
ferric exchanged Y zeolites are presented in Figares 16 and
17. At 350°C, the tremd of the mumber of NBA molecules
adsorbed per unit cell is

NaY ) PeNaY(46) > FeNaY(37) > PeNaY(82) > FeNaY(6l) > FeNaY(75)-

NBA molecules are chemisorbed on cations and acidie
protons in supercages. Infra-red studies™® showed tnst
NBA molecules interact strongly with Na® fons in Y zeolite.
X*ray diffractograms show the loss of erystallinity at
higher percent ifon-exchanges. FeNaY(6l) and FeNaY(735)
adsorbs leas mumber of NBA molecules because of distortion
of framework structure. Due to Na'-NBA interaction, NaY
zeolite adsorbs larger amount of NBA.
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FIG,16. ADSORPTION ISOTHERMS FOR n BUTYLAMINE ON (1) NaY
(2) FeNaY(37), (3) FeNaY (46), (4)FeNaY (75)



Figs. 18 and 19 show irreversible adsorption of NBA
(at 10°° torr) as a function of temperature and lon-exchange.
This data gives the trend in the strength of interaction
with different samples at various temperatures. It may be
concluded that above 200°C, the strength of acidic centres
of catalysts follows the sequence

PeNaY(46) > FeNaY(82) > PeNaY( 37) > FeNaY(6l) > PeNaY(75) >NaY.

This indicates that the interaction of NBA is stronger with
Fe™ ions or H* ions then with Na' lons. The strongest
acidiec centres are present in FeNaY(46) and weakest acidie
centres are in NaY among the #ix samples. Though The maumber
of interacting centres are more in PeNaY(46) and NaY compare
to other samples.

To observe the effect of heat treatment, PFelaY(46)
vas heated at 500°C for five hours in air. The rate of NBA
adsorption and sdsorption isotherms for thermally treated
sample designated by FeNaY (46, 8500, 5) were found to be
similar to those for FeNaY(46) untreated. However, irreversi-
ble adsorption for FeNaY(46, 8500, 5) showed that the inter~
action of NBA with catalyst was veaker than that for FeNaY(4e).
This 1s likely to be due to the loss of acidie protons
during thermal treatment by dehydroxylation process and the
migration of Fe' ions into sodalite cages occupying sites
inaccessible to NBA molecules.



30

n
o
i

Molecules per uy.c.
o
1

d | | |
300 400 500 600

Tem|/°K e

FIG.I18. RETENTION OF ADSORBED n -BUTYLAMINE UNDER HIGH
VACUUM ON (1) NaY,(2) FeNaY, (37); (3) FeNaY (46) ;

(4) FeNgY (61); (5) FeNaY (75); (6)FeNaY ( 82 ;
(7)FeNaY (46, 500,5) .
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FIG.19! IRREVERSIBLE n-BUTYLAMINE ADSORPTION WITH RESPECT
TO PERCENT FERRIC EXCHANGE AT TEMPERATURES (1) 100°cC,
2) 150°C ,(3) 200°C, (4) 250, (5)300°C (6)350°C-
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Adsorption isotherms

The sdsorption isotherms of NBA on ferric exchanged
Y zeolites show typical Langmair pattern. Plots of (P/a)
~ ¥vs P are linear (7ig. 20). The concept of monolayer forma-
tion is applicable bDecause e¢ach NBA molecule is chemisorbed
on one active centre only i.e, on cation or acidie proton.
Pig.20 ghows a typical Langmuir plots for PeNaY(4eé).

Chenical affinity of the adsorbed phase

The chemical potential (4 /() decreases vhen a gas
is transferred reversibly and isothermally from the gas
phase at a standard pressure P, (taken as 760 ma of Hg) into
an infinite amount of sorbate-sorbent mixture over which
equilibrius pressure is P. The value of “Ap is a measure
of affinity of the sorbate for the sorbent. The change in
chemical potential is given by,

¢ = An = nrn-%—

Fig. 21 shows the plot of -A)a values against the
molecules of NBA per unit cell. The affinity sequence in
general is NaY ) FeNaY(46) > PeNaY(46, 8500, 5) > PeNa¥(37) >
PeNaY(82) ) FeNaY(6l) > PeNaY(75). The affinity sequence
is similar throughout the entire coverage range and that for
equilibrium adsorption capacity of catalysts. This suggests
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that the percent cation-exchange affects the free energy of
the gas/zeolite system.

Igsosteric heat of unnuon

For all NBi/ecatalyst systemss there was a temperature
coefficient in heat of adsorption qz¢. Consequently, the
plots of InP against the nuamber of molecules adsorbed were
not linear. The ferric exchanged Y gzeolites are expected
t> have heterogeneous potentisl surface for the adsorption
of NBA. The isosteric heats of sorption were obtained by
application of the Clausius-Clapeyron equation,

T, T P
2 2
- =T g

Table-17 shows the values of Qe ( Xeals/mole) as a funection
of NBA molecules adsorbed per unit cell.

In case of NaY, at coverage of 20 molecules per unit
cell, the heat of NBA adsorption is 21.4 Tecals/mole, which
decreases to 10 ¥Yeals/mole at 35 molecules per unit cell.

Due to strong interaction between Na' ions snd NH, groups

of NBA, the heat of adsorption of NBA is higher as compared
to those for other hydrocarbons.10»28% oon penav(am),
FeNaY(468) and peNaY(82) at lower coverages (15-20 molecules
per unit cell), the heat of adsorption is sbove 40 Xeals/mole,
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which is mich higher than that for NaY. This indicates that
the strength of NBA-cation interaction is higher in case of
ferric exchanged Y geolites. The adsorption data and low
heat of adsorption values seem to indiecate that in case of
FelaY(6l) and PeNaY(78) the structure is distorted to a great
extent and 1s also shown by X-ray diffrsction. The heat of
adsorption for FeNaY(46) at coverage of 20 molecules per
unit cell reaches a maximum value of 44.8 Xealymole.

In case of thermally treated FeNaY (46, 500, 5) sample,
the heat of adsorption is 18-20 Xeals/mole at 15-25 molecules
per unit cell, which gradually reduces to 12.4 Xoslae/mole at
30 molecules per unit cell. pue to thermal treatment,
Bronsted acidic centres are destroyed snd pe” sations migrate
into sodalite cages or hexagonal prismg, the sites whieh are
inaccessible to NBA molecules. The heats of adsorption of
NaY and PeNaY (46, 800, 5) are comparable because in both
the cases NBA molecules are interacting only with Na* lons
in supercages. Though adsorption isotherms and chemical
potential values for FeNaY(46) and PeNaY (46, 500, 5) are
approximately same; the U values and irreversible
adsorption (Fig. 18) indicate that PeNaY(46) has stronger
acidic centres. It is worth to note here that even after
rehydration, peNaY(46, 500, 5) ghowed lower acidity. The
migration of Pe* ions to sodalite snd hexegonal prisa is
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probably an irreversible process and n”-o-rca’ nay be
existing in sodalite cages.

E'o(n,m;ls’ —_— Eo(om(sgo)a:lz‘o H

The dissociation of water may not take place in case of
FeNaY(46, 500, 5) after thermal treatment. some of the
Bronsted acidic centres are destroyed during thermsl treat-
ment by dehydroxylation process as confirmed by the TG
analysis of the samples. As a result (H' fons) Bronsted
acidic centres are present in less number thereby reducing
the acidity. DTA also does not give any support for the
existence of aqua-complex of ferric~-ion after thermal
trutunt} ¥hile x;r’a data h~lps in proposing the presence
of EQ(ON)(H,O)E in supercages in case of FeNaY(46)
untreated. Thus, adsorption of n-butylamine, not only helps
in understanding the comparative strength and nmumber of
acidic centres in the parent and thermall treated catalyst
samples but also the cation site distribution.

Basic molecules like n-butylamine are adsorbed on
eations (Fe3* or Na* ifons) and acidic protons in supercages
of Y zeolites. The equilibrium sorption values and chemical
affinity sequence show direct proportionality to nauber of
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interacting centres including acidiec protons, while irreversi-
ble adsorption and heats of adsorption indicate the trend

in the strength of sorbate-sorbent interactions, Among the
ferric exchanged Y zeolites, FeNaY(46) has maximum number

of strong acidic centres and is thermally stable and is
therefore a better catalyst. The irreversidle adsorption

and heats of sorption support the Fe®* ion migration into
sodalite cages and reduced ascidity after heating FeNaY(46)
sample at 500°C for 5 hours in atr.

3.38 3Jorption of water on geolites

Fig. 23 shows adsorption isotherms of wster vapour
on NaY, PeNaY(46), FeNaY(6l) and PeNa¥(82) zeolites. The
adsorption isotherms show two regions in which two different
phenomena govern the adsorption,sbove 200°C the interaction
of water with cations and gzeolitic framework and below 200°C
volume~filling phenomenon, dominate the adsorption pattern.

At 300°C and 20 mm vapour pressure, NaY and PeNa¥(82)
adsord 13 and 18,3 molecules per unit cell respectively.
PelaY(82) adsordbs larger mumber of water molecules on sccount
of stronger interaction of water with pe ifons. At 60°C
and 20 mm pressure, NaY, PeNaY(46), PeNaY(6l) and PeNaY(82)
adsord 208, 166, 143 and 123 molecules of HgO per unit cell.
Pe™ tons in supercages form hexa-aquo complexes of the type

Ero(omm,o), 2’. These iron complexes sterically hinder
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the incoming water molecules thereby reducing the mamber of
adsorbed molecules.

Pig. 22 ghows adsorption isotherms of water vapour on
thermally treated and coked samples. PeNaY(46) was heated at
800°C for five hours in air and 1s designated as FeNa¥(46,500,5).
The TG and DTA data showed dehydroxylation at 400°C in air
followed by Fe®* fon migration into sodalite cages. At 300°C
and 20 mm pressure, PFeNaY(46) and peNaY(46, 500, 8) adsord
15 and 8.5 molecules por unit cell respectively. As the PFe
ions migrate into sodalite cages due to thermal treataent,
- the mauber of water molecules adsorbed at higher temperatures
is reduced, At 60°C and 20 mm pressure, FeNaY(46) and
FeNaY(46, 500, 5) adsord 166 and 172.5 molecules per unit ecell.
The EMOH)(H,O)Q e complexes do not exist in supercages in
case of FeNaY(46, 500, 5). The hindrance to incoming water
molecules therefore decreases and adsorption inereases. The
adsorption data also suggest that FeNaY(46) zeolite is
thermally stable.

3

At 300°C, PeNaY(82) and PeNaY(82, 500, 5) adsorbs
18.3 and 12.2 molecules of water per unit cell and st 60°C
123 and 106.7 molecules per unit cell respectively. These
observations suggest that the crystal structure of
FeNaY(82, 500, 5) 1s distorted or damaged due to thermsl
treataent and is confirmed from X-ray studies.
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The adsorption of water vapour on PeNaY(46, coked)
vhich shows catalyst aging during the oxidative dehydrogena-
tion of ethyl benzene and on FeNaY(46, RA), a catalyst
sample after removal of coke, was carried out. In case of
coked sample, adsorption was drastically reduced as large
volumes of the cavities were occupied by (rvdmn:; deficient)
polymerie coke material itself. Fig. 23 shows that FeNa¥(46, RA)
adsord approximately the same mumber of water molecules as
the parent FeNaY(46) zeolite. The adsorption studies thus
confira that after reactivation, FeNaY(46) retains its
erystal structure and can be reused for the catalytic reaction.

Fig. 24 shows the adsorption of water vapour on
different samples as a function of time. The trend in the
saturation adsorption capacity supports the sbove predictions.

Fig. 25 shows the number of water molecules irreversibly
adsorbed by zeolites under high vacuusm ( ~ 1079 torr) at
different temperatures. The nusber of water molecules
retained per unit cell follows the sequence FeNaY(82)>
FelaY(46) > NaY > PeNaY(46, RA) > FeliaY(46, coked). This
trend indicates the strength of adsorbate-sdsorbent interaction.

Adsorption isotherss

At aoo°c, Langmir equation is applicable but Dubinin
equation is not. At higher temperatures, only chemisorbed
vater is retained on zeolites. Particularly cations
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(Pe® or Na' lons) interact with vater molecules directly.
As there is no volume filling, Dubinin plot is not linear,
vhile Langmir plot is linesr. FHowever, at 60°C, Dubinin
conecept of volume filling appears to be valid as plots of
log (a) ys log (Pg/ l’)g are linear. These results confirm
that wvater is sorbed in different steps.

Chemical affinity of the adsorbed phase

The decrease in free energy during adsorption is
also termed as chemical potential between adsorbate and
adsorbent and is denoted by AR The free energy is a
function of pressure and teuperature. At a particular
pressure and temperature, Ax, the chemical potential ecan
be a measure of the adsorbate-adsorbent interaction and is
caleculated from the relation,

G = An = Rl'ln?/?o

Fig. 26 shows the plots of -A)a against the mazber of
vater molecules adsorbed per unit cell. at 300°C, the
chemical affinity for water-zeolite system follows the trend:

FeNaY(82) ° pPeNaY(46) FelaY(6l) > NaY

at a coverage of 12 molecules per unit cell. The strength
of Hy0-----Pe>* interaction is higher than Hy0-----Na'
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because of the high polarizability of Fe>' ion. This is
supported by the chemical affinity sequence. At 100°C,
the affinity sequence is,

NaY ) PeNa¥(46) > PeNaY(6l) > FeNaY(82)

wvhich supports the volume-filling concept. MNaY geolite forms
cationic agqueocus solutions in its cages without any steriec
hindrance which is experienced in ferriec exchanged samples
due to hexa~aqua complexes of iron. This change in affinity
sequence at 200°C is shown in Pig. 26.

Isosteric heats of adsorption (qu)_

The heat of adsorption is a true measure of adsorbate~
adsorbent interaction. The plots of 1ln P against coverage
are not linear because of the dependence of Qe OB t-”ntun'.
The isosteric heats of adsorption are calculated by using
Clausius-Clapeyron equation are given in Table-18:

T, T P

12 2
Qg = «AH = Rm( - ) In "

T. 11 ’1

The experimental value of gt for water vapour on NaY
is 19.7 Kecals per mole at a coverage of 15 molecules per
unit cell. The litersture velue " of q , 1s 19.7 reals per
mole, At coverages more than 24 molecules per unit cell,
the e decreases to approximately 12 Keals/mwole. For
untreated FeNaY geolite samples, q,, 1s 17-21 Xeals/mole at
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coverage of 8 to 15 molecules per unit cell. Invarisbly, for
FeNaY sanples e is 15 Yeals/mole at coverage of 45 molecules
per unit cell. For NaY, L PR is 11 Yeals/mole at the same
coverage. In FeNaY zeolite surface potential is higher due
to Fe® lon, even in sodalite cages, therefore q,, 1is higher
than that for Na¥. As expected, at low coverages there
exists strong interaction between water molecules and the
catalytic active centres particularly cstions (Fe>*, Na*, H'
ions) and therefore q, 1is htMﬁSQ higher coverages wvhen
volume~£illing phenomenon dominates.

The process of water adsorption can be visualised as
follows. At low coverages, adsorbed water molecules interact
strongly with Pe®* lons in supercages to form (hexa~) aqua
complexes of iron as confirmed by thermal analysis studies.
with the increase in uptake of water, some of water molecules
enter into sodalite cavities at coverage of 46 molecules per
unit cell and interact with ferriec ions therein. In case of
Na¥, the interaction of water molecules at low coverage,

15 molecules per unit cell, is stronger while at a coverage
of 24 molecules per unit cell onwvards, Qy¢ Femains constant
till about 75 molecules per unit cell, indicating not much of
variation in surface potential.

In case of FelaY samples, DTA studies support the
dehydroxylation at 400°¢,
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E’O( 0!):] + ® -—&—{;%-’ P. + H0
In all experiments, the activation tempersture vas w"c. Ve
expect that '[:ro(onﬂ" may exist even after activation st
350°C. 30 the dissocistion of water takes place to a lesser
extent. The volume filling phenomenon dominates above the
coverage of 75 molecules per unit cell. The adsorption
studies support different mechanisms in the uptake of water
in ferric exchanged Y gzeolites indicating heterogeneity in
surface potential.

We may conclude that the hexa-aqua complexes of iron
decrease the total adsorption capacity. The cheamiecal affinity
sequence shows that Pe¥ -----H,0 interaction 1is stronger
than Na"--=--H0 interaction. Below 200°C the volume-filling
phenomenon dominates. 3odium ions fora cationiec aqueous
solution in supercages while ferric ions fora more localised
hexa~aqua complexes. Therefore, zeolite NaY shows more
affinity for water in volume-filling region. The analysis
of isosteric heats of adsorption suggests that the water
adsorption 1s a mltistep process, due to heterogeneity in
surface potential.



3.3C Rates of sorption studies
of aromatic compounds
The rates of sorption were measured gravimetrically
using the gravimetric unit as described in the Chapter 3.2.
The solvent buldb was kept at “°C. The vapour pressures
of benzene, toluene, etlyl benzene and styrene wvere 85, 25,
8 and 6 mn of Hg respectively.

Dif ai

The rate of sorption of ethyl benzene (EB) of NaY
and PeNaY(c< ) zeolites are presented in Pig. 27. The sorption
is initially fast snd reaches equilibrium value within 5 to
10 mimates. The equilibrium sorption value for ethyl benzene
is found to decrease with increasing ferric content in the
zeolite, for instance the mumber of ethyl benzene molecules
sorbed per unit cell decreases from 31 to 22 for NaY and
FeNaY(82)., The sorption on ferric ifons in the supercages
appears to be directional and localized. The irreversible
adsorption of ethyl benzene on the zeolites at different
temperatures presented in Fig. 29 ghows that FeNaY(46) retains
more ethyl benzene above 200°C thsn NaY zeolite. This
result suggests a stronger interaction in the former sauple.
This observation is also valid for the ferric Y zeolite in
the pelleted form.
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In order to check the stability of the catalyst used
for the dehydrogenat ion of ethyl benzene to styrene, the
zeclites were activated at 500°C for 5 hours in air. Sinee
the reaction products contain bengzene, toluene and styrene,
the sorption data for these systems were examined at 24°,
100°, 200° and 300°C. The data were presented in Pig. 28,
It is seen that the sorption of styrene was slowv as compared
to benzene, toluene and ethyl bengene in the activated
catalyst PeNaY(46, 500, 8). The equilibrium sorption value
for styrene did not s'ow remarkable change between 24° and
300°C. On the other hand, the equilibrium sorption eapaeity
shows a fall with the inerease in the side c¢hain on the
bengene ring, for ingtance at 24°C the uptake of benzene,
toluene and ethyl benzene was 42, 30 and 29 molecules per unit
cell respectively.

Typical curves for the equilibrium sorption of ethyl
benzene on zeolite NaY, PeNaY(46) and FeNaY(82) upto 200°¢c
are shown in Pig. 293, and those for bengene, toluene and
ethyl benzene on rPeNaY(46) are compared in Fig. 29D. The
irreversible sorption data for the above systems are presented
in Pig. 294 and 29C respectively. The amount of sorbent
retained irreversidbly shows the sequence benzene > toluene >
ethyl benzene at 24°C end above 200°C the trend 1s EB ST >B
(Pig. 29). In contrast to the sorption of benzene, toluene and
othyl benzene, styrene shows entirely different behaviour.
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Styrene 1s strongly and irreversibly held on the zeolite.
At 200°C, out of 238 molecules of styrene sorbed per unit
cell, only one molecule eould be pumped out under high

S torr). It 1s likely that styrene gets
polymerized under the experimental conditions and strongly
held in the pores of the zeolite.

vacuua ( ~ 10~

Diffusion coefficient

an’a has discussed the various aspects of diffu-
sion in gzeolites. The following equation 1s widely used to
caloulate diffusion coefficient "D" from the rate measure-

ments of sorption at constant pressure,

“"% % .<D.t >*
e~ % v L

vhere Qe Q0 and Qe are the amounts of the gorbates adsorbed

at time t, zero and at saturation (oc) respectively. "A"

is the external surface area and "V" is the void volume of

the zeolite.

The external surface area, A, ¢an be determined by
several vays. The absolute value of "™ may vary with the
method of caleculation of "A"., "A"™ may be deterained by
the adsorption on water-filled crystals, so that Ny or Kr
sorption is limited to external areas. Barrer and Brook’ o0



suggested a simple method to calculate "A". IHven when "D"
depends upon concentration, .(t)* lav may be observed
experimentally :

% "G = Yy, + At}

vhere "X" is a rate coefficient, "Q.“' is the amount
sorbed upon external surfaces. The external surface area
was calculated using this equation for water and ethyl
benzene as adsorbates.

The cross-sectional area for water™ is 10.6 4Z.

The value of "A" is 25.3 n"/gn. The void volume (V) cen
be determined by

1.66 = - 1.66 (u:»cop_

4= =3 1 ve

where M 1s the formula weight of the framevork of the
zeolite, x and y are the nuambers of (4105) and (sto.) per
unit cell and v* s the unit eell volume in 4°. Here, we
have used void volume of 6700 A® per unit cell (0.32 co/gnm)
corresponding to argon adsorption (eliminating void volume
of sodalite cages), vhich is effective volume in the
sorption of aromatic molecules. While the total void
volume corresponds to the adsorption of water and is equal
to 7908 4% (0.38 co/gn).
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The diffusion coefficient is determined from the plot
of (g‘i—:—g’;’) against (t)t. The slcpe of the straight line '3’
is [zf . (%) ]. By knowing A and V, the value of "D" is
calculated using the relation

s?v¥y
42
The energy of activation for diffusion was calculated using
the equation,

D

D = D, exp. - BE/RT.

The values of diffusion ecefficients in the temperature
range of 240-3)006. the temperature-independent diffusion
coelficients, Dy, ancd energies of activation of diffusion for
benzene, toluene, ethyl benrene and styrene on FeNa¥(46, 800, 5)
are tabulated in Table-19. The diffusion coefficients decreased
with the increase of temperature. The D, values for benzene,
toluene, ethyl benzene end styrene sre 7.3 x 10 13,

6.4 x 10723, 3.2 x 10713 ang 1.2 x 10723 cu? gee”! respectively.
The energles of activation for the diffusion ere 320, 366, 732
and 1236 cals. per mole. The experimentsl dsta suggest that
the mass transport of benzene and toluene is much faster and
mgy not be rate-governing step in the reactions on this
catalyst. while styrene which 1s strongly adsorbed in the
supercages shows comparatively higher energy of activation

for diffusion, the desorption of styrene may be rate-
eontrolling step.

LA LR L
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CHAPTER -~ IV : DEHYDROGENATION OF ETHYL BEN Z2ENE




4.1 INTRODUCTION

The reactions catalysed by acidiec ecentres have been
extensively stud1ea'®® 111 yging zeclites. However, the
activity of geolites, having basically oxide structure, has
not been explored in depth for oxidative dehydrogenation
reactions even in case of industrially important reactions.

The oxidation of hexane and cyclohexane is catalysed
by seolites.?™ e complete oxidation of the lower Cp=Cy
hydrocarbons to CO, COp and Hg0 1s also promoted on these
ntdnh.m Bengene was obtained as one of the
products in the oxidation of qchhuo.m Acrolein vas
obtained from the partial oxidation of propylene on Cu-~
containing Y zeolites in presence of water vw.m However,
the activity of ferric exchanged gzeoclite for oxidative
dehydrogenation of ethylbenzene to styrene has not been
reported.

The industrial catalysts used for the dehydrogenation
of ethyl benzene to styrene contain iron oxide along with
Co/Mo oxides and a promoter like X,0. Russo and coworkerd > -o
studied the activity of 7 -alumina, molybdena-alumina snd
various transition metal oxides supported on </ ~alumina as
catalysts for the oxidehydrogenation of ethyl benzene. They
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reported the conversion from 23% to 45% and selectivity to
styrene from 60§ to 87%. Minachev and coworkers-0»23l
investigated the activity of sodium form of faujasite,
chabazite, erionite snd mordenite in ddvcmgngtmoictlvl
bengene.

Iron with redox behaviour end oxygen-carrier proper-
ties may be considered for this reaction as the first choice
among the trensition metals. Doudart and coworkers:®>
proposed the existence of Fe*—u0®" — Pe® linkeges in Y
zeolites by infra-red and Mossbauer spectroscopy, while
our nnlto"’ helped in characterising the hydration proper-
ties and site ocoupanay of ferriec fons with respect to tempe-
rature in Y zeolite. In this chapter, we report the catalytic
activity of ferric exchanged Y zeolite in dehydrogenation
of ethyl benzene.

.2 EXPERIMENTAL
Catalyst

The unit cell composition of the exchanged zeolite used
for catalytic activity is PegNagy(4l0p)5y.(310p) 45.( 270H0),
and (the zeolite) is designated as PeNaY(46). The X-ray
diffraction pattern confirmed the crystallinity of the
catalyst. For catalytic studies, the zeolite was mixed with
16% ferric exchanged bentonite, on hydrous basis, end extruded
in (1/16") dia pellet form.



Apparatus and procedure

The experiments were carried out in a down flow tubular
reactor at atmogpheric pressure. The reactor congisted of a
fused silica tube, 2 ems. in diameter and 30 cas. in length.
The reactor was heated by a well-insulated metal block
furnace. The top section of the reactor wvhich functioned
as a vapouriger and preheater was packed with inert porecelein
beads. The schematic diagram of the aspparatus is shown in
Fig. 0.

Reagent grade ethyl benzene wvas fed by a calibrated
syringe pump at a constant feed rate, vapouriged and passed
through the catalyst zone. Oxygen or air wvas used as a
carrier gas. The flow of oxygen/air was controlled by a
needle valve and measured by a calibrated flow-meter. The
reaction products were condensed and samples collected
every hour wvere analysed by gas chromatography using SE-30
eolumn.

The weighed amount of catalyst was charged in the
reactor column, The temperature vas slowly raised to 500°C
or 580°C within a period of two hours end the catalyst was
further activated for three hours at the desired temperature
in the presence of oxygen or air. The activity of the
catalyst was tested for two activation temperatures, 500°C
and uo"c, and at five reaction temperatures varying from
300° to s80°c.
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4,3 RESULTS 4ND DISCUSSION

The catalytic conversion of ethyl benzene to styrene
was investigated on zeolite FeNaY(46) under three sets of
experimental conditions, namely the variation of (1) activa-
tion and reaction temperature, (11) feed rate, and (1i1) EB/Og
mole ratios. The product yield markedly varied with the
reaction time. The G.C. analysis of the reaction products
showed the presence of benzene, toluene, styrene and traces
of CO and COg.

The mole percent conversion is expressed as,

Moles of benzene (toluene or styrene)
Moles of etlyl benzene fed per hour

x 100

The percent conversion to bengzene, toluene and styrene are
presented in Pigs. 31-37. The results indicate that initially
the dealkylation of ethyl benzene to benzene and toluene is

a dominating process. The amounts of benzene and toluene
formed decrease while that of styrene increases with reaction
time. The percent conversion of ethyl benzene to bengene
sharply decreases to a minimum steady value after about two
hours especially at 580°C end EB/0, mole ratio of 5.6,

vhile st higher EB/O, mole ratio, the product distribution

indicates an convergion after 14 hours reaction.
sfeaay slali.
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Isble-20 : Hun data

Pig. :
Catalyst ]
Size 3
Binder !
Pellet size :
Total weight

eat. 3

Catalytic bed '
Volume !
Carrier gas H
Carrier gas flow :
Peed K
Feed rate $
EB/Og Mole ratio i

Eo cat.

31(ad

PelaY( 46)

200330 mesh

Pe¥* -Bentonite
~ 2 um diagmeter and 5 ma length.

(wt. = 0.01 '.O”m.t)
(Vol. = 0.016 ce/pellet).

5 gua.

1.5 om dia. and 6 em length.
Vol. = 10,6 ee.

O/ Alr

6 co/min.

Ethyl benzene (EB)

2 ee./hr. (1.74 gua./hr.)
1.1

gn. mole EB per hr.

. cat,
gu. EB per hr,
Activation temperatu
Reaction temperature
Density of pellet
Density of FeNaY(46)
(powder)

L-H3V

H 310
$ 2.9

r mo’c
s 800°%¢

: 0.64 “Q/..o
1.4 gn./cec.

b 5.3 »o-l
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Effect of reaction temperature

The experimental data on the effect of reaction tempe-
rature on the total conversion of ethyl benzene and selecti-~
vities to styrene are summarized in Table-21. The conversion
and selectivity to styrene formation increases exponentially
with increasing reaction temperature (Fig. 36). Since the
dehydrogenation of ethyl bengene is an endothermic reaction,
the conversion to styrene is favoured at higher temperatures.
nelow aw“c. only traces of styrene are formed, while at
580°C the total conversion of ethyl benzene and styrene
selectivity incresse to nearly 53f% and 63§ respectively.

The formation of bengzene and tolueme through dealkyla-~
tion depend on the number and strength of acidic centres on
the catalyst. During the course of reaction coke is formed
on the zeolite surface and the amount of coke is expected
to increase with time on stream and thus decrease in nuumber
of acidic centres responsible for dealkylation or eracking,
reducing the relative proportion of benzene and toluene in
the catalysate. The conversion of ethyl bengzene to styrene
increases with reaction time and generally attains a steady
state value after 3 hours (Fig. 31). The conversion to
styrene increases due to two major reasons, (i) the eracking
of ethyl benzene, parallel reaction is decreassed and (i1) the
decrease in aecidic centres reduces the polymerisation of
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styrene 1.e. desorption of styrene 1s incressed on the coked
surface.

The apparent activation energy caleculated from the
irrhenius plot (Fig. 3%b), in the temperature range of 380°C
to 580°C for the dehydrogenation of ethyl benzene on PeNaY(46)
catalyst wvas 2.7 Kecals/mole, as compared to the values
13-16 Keals/mole end 18-21 Keals/mole reported -
fanjasites and Na-chabazite respectively.

Effect of activation temperature and EB/Og ratio

The thermal analysis of the catalyst FeNaY(46) showed
that the catalyst 1s stable even after heat treatment at
800°C for 10 hours. This vas confirmed from the X-ray analysis.
The TG anslysis (see Chapter 2.3C) of thermally treated
semples of PeNaY(37) for 2, 5 and 10 hours at 500°C showed
progressive loss of framework OH groups due to dehydroxyla-
tion and therefore a decrease in the mumber of acidic centres
at higher activation temperstures. The data presented in
Fig. 34a and 34b at 550°C show higher conversion of ethyl
benzene to styrene. The mamber of strong acid centres in
the catalysts was determined by the NBA sorption measurements.
While the NBA uptake for thermally treated catalyst
FeNaY(46, 8500, 5) was almost the same as for the untreated
sample, the irreversidble adsorption of NBA for the former
was very mich lower than that for untreated catalyst. The
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heats of adesorption of NBA on the two catalysts at a coverage
of 18 molecules per unit cell were 19 Xeals/mole and 32
Keals/mole indicating the stronger interaction of NBA with
the latter. The NBA gorption studies therefore confirm

that the thermal treatment of FeNaY(46) zeoclite destroys
strong acidiec centres which are in turn responsidle for
dealkylation of ethylbenzene.

The effect of the variation of EB/Oy molar ratio is
indicated in Pig. 37. DBy increasing the ethyl benzene feed
the catalyst coking rate increased and therefore the benzene
and toluene content in the produet decreased and consequently
styrene yleld increased. At 5850°C, the comnversion of ethyl
bengene to styrene was higher for EB/Og = 1.1 than for 5.6,
While the selectivity values for styrene was 78 § and 61 %
respectively (Pig. 37). The increased selectivity to styrene
with increase of ethyl benzene concentration in the feed
(EB/0y wolar ratio = 5.6) may probably be due to the increase
in the musber of collisions between ethyl benzene wolecules
and the active centres responsidble for the dehydrogenation
reaction. Fig. 38 ghows the increase in percent conversion
and selectivity to styrene with the increase in contact times.

The following scheme for the dealkylation and dehydro-
genation of ethyl benzene is proposed on the basis of experi-
méntal observations:
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CefigCafly —> Cqgllg + Colly
nColly =2 (Cglly=x)y + COg + CO + Hg

Coflgafls —> Cgfig™y ¢ (10Hy)

B(1CHy) =B (CHy=x), + COp + CO + H,
‘i " N+ R

where (CgH,~x), represents the hydrogen deficient coke in
the zeolite pores.

CONCLUSIONS

(1) In the presence of air ethyl benzene undergoes
oxidation dehydrogenation on ferric exchanged Y zeolite.
(2) The zeolite FeNaY(46) shows initial high activity for
dealkylation to form benzene and toluene in the reaction
products. (3) with partial eoking of the zeclite catalyst
the strong acidiec centres responsible for cracking are
blocked and higher conversions to styrene eould be achieved.
(4) Incressing the activation and reaction temperatures upto
850°C inereases the yleld snd selectivity to styreme.
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SUMMARY

We have reported a systematic study of a series of
ferric exchanged Y gzeolites, their physico-chemical proper-
ties including adsorption and catalytiec activity for
oxidative dehydrogenation of ethyl benzene to styrene.

The ferric exchanged Y zeolites are characterised
by X-ray diffraction, thermal analysis, infrared, visible
spectroscopy, electrical conduectivity measurements end
X-ray photoelectron spectroscopy. The X-ray diffraction
patterns of all the samples showed Fd3m group. Considering
533 plane, which is intense and least affected by ion-
exshange, the decrease in the intensity in the X-ray patterns
with ion-exchange is attributed to the distortion of the
framework due to the presence of highly polarigzable ferric
fons and the loss of crystallinity. The lattice cell
parameters, a,, of all the samples are sbout 24.60 i.

On the basis of thermal analysis, the presence of
Fe Eom (H,O),]" in supercages for fresh samples is
proposed. The DTA curves for the ferric exchanged zeolites
show three endothermic peaks between 180°-480°C wnd emothermic
pesk at 840°-870°C. The first endothermic pesk with a
maximum at about 170°C ecorresponding to the desorption of
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water is a characteristic property of all the zeolites.

The second distinet peak at 290°C 1s attributed to the
desorption of water molecules associated with the ferric
fons. while the third endotherm at 400°C is attributed

to the dehydroxylation of hydroxyl groups attached to ferric
ions. From TG data, the mumber of hexa~aquo complexes in
supercages is determined and cations are distributed (at
different sites) accordingly. The order of dehydration

is found to be one. The values of apparent energy of
activation for the dehydration of PeNaY(B82) are 4.2, 11.9
and 13.1 Keals/mole calculated respectively by Coats-Redfern,
Kissinger and Ozawva methods., The thermal stability of

FelaY samples activated at 800°C for 2, 5 and 10 hours s
studied by X-ray diffraction and thermal analysis., FeNaY(37)
shows slmost no loss of crystallinity while FeNaY(82) shows
Gistortion of framework and loss of crystallinity. After
the heat trestment and subsequent hydration second and

third endothermic peaks im DTA corresponding to hexa~aquo
complexes of iron were sbsent. These obgervaticns confira
the catlon migration from supercage to the sodalite cage

or hexagonal prisms.

Infra-red analysis showed that the basic Y seolitic
structure is preserved during ferric ion exchange. All
the FeNaY samples shov a brogd band at sbout 350 nm. The
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absorbance increases linearly with the increase in iron
content in the zeolite samples. The band at 350 nm is
aseribed to the products of hydrolysis of sclvated ferric
ionas. The yellow colour of partially hydrelised cation

t.e. Eo(omm,o)_;]" is due to the charge transfor tailing
into the vigible region.

The specific conductivity decreases vwith the increase
in the percent ferric exchange but not linearly. The
wobility of sodium ions is more than the dulky ferrie
complexes in supercages which supports the trend in gpeeific
conductivity of the samples. Delow 400°C, the conductivity
is due to the cations in supercages and is affected by the
degree of dehydrstion and the extent of cation-framework
intersction. Above 400°C, thermal cationic conduction is
observed. The activation energy of conduction incresses
vith the increase of iron content. At higher percent
exchange, the cationiec sites in sodalite cage snd hexsgonal
prisa are ocaupied. The data indiecate that the ferriec-
franmework interaction is stronger than sodium-f{raaework
interaction.

The X-ray photoelectron spectroscopic studies revealed
the presence of impurities like NaOH in the zeolite NaY. We
have also reported XPS data with respect to ferric exchange,
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activation, 31/Al ratio and coke-formation. The surface
31/4A1 ratios ealeulated from XP3 indicate that the external
geolite surface is aluminum deficient. After thermal
treatment of FeNaY(82) at 500°C for 5 hours, the surface
(31/41) ; ratio 1s found to decrease from 4.48 to 2,51 which
may be attributed to the dealumination followed by aluminum
migration to the surface during heat treatment.

The examination of coked PeNaY(46) semple by XP3
showed two distinet 0 1s peaks, corresponding to the frame-
work oxygens on vhich coke is deposited and the others free
from coke.

The adsorption studies of n-butylamine (NBA) on NaY
and ferric exchanged zeolites in 100°-350°C temperature
range are discussed. The trend in the mumber of NBA mole-
cules adsorbed at equilibrium per unit cell is
NaY ) PeNaY(46) > FeNaY(37) > FeNaY(2R) D> FeNaY(6l) > PeNaY(78).
HBA molecules are chemlsorbed on cationa snd acidie protons
in supercages. The irreversidle sdsorption of NBi (at 1078
torr) as a function of tempersture snd ferric-exchange
gives the tremd in the strength of interaction. above 200°C,
the strength of acidic centres of catalysts follows the
sequence:

FeNaY(48) > FeNaY(82) > PeNaY(37))> Pela¥(6l) > FeNa¥(75)> NaY.
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The strongest acidie centres are present in FeNaY(46) and
weakest in NaY, amwong the six samples. The NBEA adsorption
isotherms for thermally treated sample, FeNaY(46, 500, 6)
were found to be similar to those for untreated FeNaY(46).
Hovever, irreversible sdsorption for FelaY(46, 500, 6)
showed that the interaction of NBA with catalyst was weaker
then that for PeNaY(46). This is due to the loss of ascidic
protons during thermal treatment by dehydroxylation process
and the nigration of ferric ions into sodalite cages
occupying sites inasccessible to NBA molecules. The Langmair
plots for all the samples are linear vhich suggest that
each NBA molecule is chemisorbed on one active centre only
i.e. on cation or acidic proten.

The affinity for the sorption of NBA follows the
sequence :

> FeNaY(61) > PeNa¥(78) -

In case of NaY, at coverage of 20 molecules per unit cell,
the isosteric heat of NBA adsorption (q “) is 21.4 mlecules
per unit cell. For FeNaY(37) and PeNaY(82), at low coverages
(15-20 molecules per unit cell), e is about 40 Keals per
mole and reaches a maximum value of 44.8 Xeals per mole

for FeNaY(46). This supports that the strength of NBi-cation
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intersction is higher in case of ferric exchanged Y zeolites.
In case of thermally treated FeNaY(46, 500, 5) sample, the
heat of adsorption 1s 18-20 Kcals per mole at a coOverage

of 16-80 svlecules per unit ocell which graduszlly decreuses
to ~ 12,4 Kcals per mole at 8 = 30 molecules par unit cell.
The data on the irreversible sdsorption and heats of
sorption gupport the ferric ion migration into sodalite
cages and reduced aeidity due to dehydroxylation after
thermal treatment. FeNaY(46) has maximum musber of strong
‘acidic centres and is thermally stable and therefore a better
catalyst.

The vater adsorption studies show two regions in
vhich tyo different phenomena goverm the adsorption. pbove
200°C, the Interaction of water with estionsz snd seolitic
framework and belov 200°C, volume-rilling phenomenon dominate
the adsorption pattern. The nuuber of sorbed weter molecules
below 200°C, decrcases with the increase of iron content.
This is due to the hexa“aquo complexes of iron which hinder
the incoming water molecules.

The equilibrium sorption of water shows that the
FeMaY(46, 500, B) is thermally stable while the structure
of PeNeY(82, 800, B5) 1s damaged due to heat treatment. In
case of FellaY(4€) coked sample, the weter adsorption is
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drastically reduced and FeNaY(46, RA) reactivated sample,
adsord approximately the same amount of water as the
parent FeNaY(46) sample. At higher temperatures (at 300°C)
Langmir equation 1s applicable and st lower temperatures
(60°C) Dubinin equation is applicsble. At 300°C, the
affinity sequence for water sorption is, FeNaY(BR) > PeNay(46) >
PeNaY(6l) > Ne¥. At 100°C, the affinity sequence is,

NaY > PelNaY(46) > PeNaY(6l) > PeNaY(82), supporting volume-
£illing concept. The analysis of isosteric heats of adsor-
ption suggests that the water adsorption is a -mltistep
process due to heterogeneity in surface potential.

The rates of sorption of benzene, toluene, ethyl
benzene and styrene on ferric exchanged Y geolites are
studied. The equilibrium sorption value for ethyl benszene
is found to decrease with increasing ferric content in the
geolite. The amount of irreversible adsorption of ethyl
benzene on FeNaY(46) 1s larger than that on NaY geolite.

The amount of sorbent retained irreversibly on
PellaY(46, 500, 5) shows the sequence, ethyl bengene> toluene >
benzene at 200°C. The apparent energies of activation for
the diffusion of benszene, toluene, ethyl benzene and styrene
are 370, 366, 732 and 1236 c¢als. per mole. The experimental
dats suggest that the mass transport of benzene and toluene
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is mach faster and may not be rate governing step in the
reactions on this estalyst. while styrene which is adsorbed
irreversibly in the supercages shows higher energy of
activation for diffusion, the desorption of styrene may be
rate-controlling step.

The study of the oxidative dehydrogenation of ethyl
benzene to styrene is reported. we have carried out the
reaction using FeNaY(46) zeolite as the catalyst with and
without binder (bentonite). PeNaY(46) shows strong acidie
centres as determined by n-butylamine sorption studies.
These acidic centres are responsidble for dealkylation and
coke formation. In order to destroy these strong acidic
centres higher activation temperature is favoured. The
reaction being endothermic, conversion and selectivity to
styrene increases with increase in the reaction temperature.
The optimum temperature for the activation and reaction was
found to be 580°C.

The selectivity to styrene was found to increase as
ethyl benzene to oxygen ratio was increased, however the
conversion decreased. The conversion to benzene and toluene
decreased with reaction time and attained approximately
constant value after about three hours. The dealkylation,
deep oxidation and oxidative dehydrogenation react ions ocour
simaltaneously on the catalyst. 3ince these are parallel
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reactions, the product distribution changes with the decrease
in acidic centres as a result of catalyst coking. The
conversion to gtyrene increased with decrease in dealkyla-~
tion products and remained constant for at least twelve
hours after steady state was achieved. we may therefore,
conclude that PeNaY can be used as an active catalyst for
oracking, alkylation reactions in the temperature range of
200-400°C. Above 400°C, it can be used for oxidation snd
oxidative dehydrogenation reactions, FeNaY(~ 46) being the

best choice.
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