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CHAPTER I
INTRODUCTION



INTRODUCTION

The rare earths have provided fascinating field
for chemists confronted with problems of their separation
and purification. The rare earths become available in
relatively pure form in recent years due to the development
of efficient separation methods, largely as a byproduct of
the atomic energy programmes of various countries. The
rare earths often called lanthanides from La (Z=57) to Lu
(Z=7l) display subtle variation of properties through the
series, while the differences become appreciable for the
elements that are farther apart.

Gradation in properties such as ionic radii,
ionization potential and oxidation potential of the
elements give rise to a corresponding gradual variation in
the properties of the compound. The development of the
technology and application of the rare earths has not
lagged behind. A symposium [1] on the subject has focussed
attention on their availability and application.

Hitherto the main applications were in polishing
and colouring of glass, as core material in carbon



electrodes and as 'mishmetal' for flints and alloys. More
recent applications are in fuel elements for atomic
reactors and materials for laser application.

Rare earth oxides of the type Ln 0 (Ln = a23'
lanthanide element) are formed by calcination of salts such
as hydroxides; carbonate, oxalate, nitrate and sulfate
among others. Basicity of the tripositive species Ln+3
decreases with increasing atomic number, while the order of
basicity for different oxidation states of a particular
element where they exist would be as follows:

Ln+2 > Ln+3 7 Ln+4

The rare earth sesquioxides Ln exist in three203

polymorphic forms: the hexagonal 'A' form, the monoclinic
'B' form and the cubic 'C' form.

Rare earth oxides have been classified as solid
base catalysts on the basis of the 0 binding energy study18

of the oxides [2]. A number of studies have been reported
in oxidative coupling of methane to C —hydrocarbons over2

rare earth oxides [3-9]. Otsuka 35 El examined the activity



of lanthanide oxides to catalyse the oxidative coupling of
methane to form ethylene and ethane. They reported that
Sm O which gave a C —selectivity of 75% was active in the2 3 2
production of C2—compounds [3]. All of the lanthanide
oxides studied except for Ce, Pr and Tb gave high C 2

selectivity.

Among the rare earth oxides studied the highest

C2—selectivity and C2-yield are shown by the La2O3
whereas the lowest selectivity and yield are observed for

catalyst

the CeO2 catalyst. The order of the La2O3, Sm2O3 and CeO2
for their activity/selectivity is consistent with that
observed by Camphell 35 al for hydrothermally treated rare
earth oxides [7]. The hydrothermal treatment given to
La2O3 and Sm2O3 may be responsible for the change in their
order for activity/selectivity. Korf et al have observed a
large drop in both activity and C2 selectivity of Sm2O3 at
higher activation temperature, due to a change in its
crystal structure from cubic to monoclinic [9].

Rare earth oxides exhibit activity as oxidation
catalysts and have low work functions. Taking advantage of
this property of rare earth oxides negative oxide ions can



be produced by negative surface ionization. J.E.Delmore

4

ions from rare earth oxide catalysed reaction of water with
observed the in situ formation of Reo and Reog gas phase

metallic rhenium using a surface ionization mass
spectrometer [10].

In selective formation of ethene from C0
hydrogenation reaction over In 0 —CeO , La2O3 and YZO32 3 2
mixed oxide catalysts, In2O3—CeO2 is highly active due to
reduction behaviour of CeO2. Thus the active centers for
hydrocarbon formation exist on cerium ions in In2O3-CeO2
[11].

when heated to high temperatures or treated in
reducing atmosphere ceriunn oxide is known to show large
deviation from its stoichiometry. However, subsequent
treatment with oxygen leads to rapid reestablishment of its
normal stoichiometry [12]. Ahmidov Leechir and V.Perrichon

have shown that these redox properties of CeO2 are utilised
in catalytic devices developed for the automotive post
combustion process, since the cerium oxide is a regulator
of the oxygen partial pressure over the catalyst [13].



A high oxygen storage capacity (OSC) of cerium
oxide is one of the reasons why they have been effectively
employed as a base component of automotive three way
catalysts [14,15].

Takita et al_ studied the effect of rare earth
3; Yb2O3 and La2O3) on the catalytic

properties of Rh-A1203 catalyst in the hydrogenation of
oxides (Dy2O3, Nd2O

carbon monoxide. They found that a linear relationship
exists between the carbon skeleton propagation of the
hydrocarbons formed and basicity of the rare earth oxide
[16].

The CO—H2 reaction in the presence of H20; formed
ketones and secondary alcohols over cerium oxide catalyst
around 653 K [17].

To investigate the relationship between structure
and catalytic behaviour of ceria and alumina supported
cerium oxides, the oxides were subjected to 'OSC'
measurements as well as kinetic studies for methane
oxidation. The highest 'OSC' was achieved in the finely
divided nonstoichiometric cerium oxides. Kinetic studies



for methane oxidation reaction is first order with respect
to oxygen in the cerium dioxide and cerium aluminate but in
finely divided nonstoichiometric cerium oxides half order
with respect to oxygen was obtained [18].

Bernal et al studied the dehydration of 2—butanol
on several 4f oxides. Among the sesqioxides studied the
highest percentage of l—butene corresponds to holmia and
ytterbia and lowest to lanthana [19]. Galway has reported
the existence of linear relationship between the activation
energy and the logarithm of the pre-exponential factor
corresponding to the dehydration of several butanols and
pentanols studied by Knozinger 35 al [20,21].

In the case of 4f oxides studied the temperature
has a little effect on the butene distribution, l—alkene
preference exists over a wide range of temperatures. This
would be related to higher pre-exponential factor for l
butene formation [19]. Siddhan suggests the existence of a
correlation between catalyst basicity and terminal alkene
formation. The comparison of the acid—base properties of
catalysts has also been carried out on the basis of the
selectivity data [22—24].



E.R.S. Winter examined the catalytic activity of
rare earth oxides for the decomposition of nitric oxide and

found that the reaction showed similarity to N20
decomposition and was first order with respect to pressure

[25]. Several studies have been made of the N20
decomposition on lanthanide oxides [26,27]. Winter
analysed the results for decomposition of N20 over
lanthanide oxides pre-treated with oxygen [28]. Read
extended the work of Winter to provide a detailed analysis
of the effect of pressure on kinetics of decomposition of

N20 on neodymium oxide, dysprosium oxide and erbium oxide
[29]. Read suggested that the surface of lanthanide oxides
contain a large number of anion vacancies and these centers
form the active site for the decomposition of nitrous
oxide.

Adsorbed species over heterogenous catalysts are
often regarded as reaction intermediates. The reactivity
and the stability of the adsorbed species under the
reaction conditions are the important factors in
elucidating the function of heterogenous catalysts. For
the synthesis of methanol from C0 and H and hydrocarbons2

from C0 and H2 and from methanol, methoxide is one of the



important surface intermediate species on the catalyst [30
34]. The reactivity of surface methoxides have been
studied over a series of lanthanide oxide catalysts by
in gitu IR spectroscopy and have observed C—D/C—H exchange

in surface methoxide species over Sm2O3 in hydrogen [35].
The results reflect the characteristic properties of the

Sm2O3 surface.

Samarium oxide is an active and selective
catalyst in the oxidative coupling of methane [3]. LiCl—

Sm2O3 was a selective catalyst in the synthesis of CZH6
from CH . The addition of LiCl to Sm O depresses the4 2 3
oxidation of CH4 and CZH6 to CO and CO2 [36].

A considerable interest in the use of lanthanide
compounds as reagent in organic transformations has been
developed in the last decades [37]. Among them low valent
lanthanide derivatives mainly Sm(II) compounds have been
used as promoters for various coupling reactions between
carbonyl compounds and organic halides. Sm(II) derivatives
have strong reducing properties and react as one electron
transfer reagents in the C-C bond forming reactions. In
these coupling reactions Sm(II) is transformed into Sm(III)
[38].
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The use of rare earths as promoters or supports
in catalytic reactions have been grown extensively due to
its interesting properties encountered in pollution control
by catalysis or syngas conversion [39]. In syngas
conversion both reducibility and basicity of rare earth
oxides have been invoked [40]. On rare earth oxide
supports the high selectivity of Pd or Al towards methanol
synthesis is explained by the easy decomposition of carbon
monoxide on basic sites of the support [41]. Normand 35 El
tested the influence of the support on the reactivity of
Pd/rare earth oxide catalysts [42]. According to the
results they classified oxides into three classes, (a)

which are unreducible, (b) CeO Ioxides of the type Re 2203

where anion vacancies can be created extrinsically by

reduction process, (c) Pr6O1l and Tb4O7 where anion
vacancies exist due to nonstoichiometric nature of these
oxides. In syngas conversion production of higher alcohols
is found to be favoured by the presence of intrinsic anion

vacancies on Pr6O1l and Tb4O7 supports.

The oxidative coupling of methane is commonly
accepted to proceed by dimerization of methyl radicals
produced at the surface as a catalyst, usually an oxide



ll

[43]. By supporting and/or mixing oxide systems, the
formation of new phases that either have improved
performances with respect to the pure oxides or are clearly
inactive is obtained. The oxidative dimerization of
methane has been studied over samarium oxide supported on
alumina as a function of the samarium loading and the
calcination temperature [44]. The structure of the
supported phase has been determined by Extended X-ray
Absorption Fine Structure (EXAFS). This result states that
all the samarium ions are present at the catalyst surface

for Sm2O3 contents lower than 20% w/w. At the higher
loadings crystalline phases containing Sm appear, their
structure depending upon the calcination temperature. The

activity/selectivity toward C2—compounds per exposed
samarium ion is higher for samples containing less than a
monolayer of samarium. Here the coordination polyhedron
around samarium ions points to a nonordered structure that
blocks highly reactive sites on the alumina surface. On
increasing the samarium loading two phases develop
depending upon the calcination temperature. At low
temperature an oxide like structure grows over the alumina
support, while at higher temperatures a perovskite like
phase evolves. For the same samarium loading the oxide
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like structure shows better selectivity towards C2
compounds than the SmAlO phase.3

The nitrogen oxides NOX are the major air
pollutants that cause photochemical smog and acid rain,
Iwamoto 35 al reported the catalytic reduction of nitrogen
oxides by using hydrocarbons as reductants in excess cf
oxygen over copper ion exchanged zeolite [45]. Misono
35 al reported that Ce—Zeolite was active for the reduction
of nitrogen monoxide by propene in presence of oxygen [46].
The activity was further increased by the addition of
alkaline earths or on increase of Ce doping [47]. They
have also obtained a good correlation between the
production of nitrogen and the cumbustion of hydrocarbons
[48].

In the oxidation of butene on a series of
lanthanide oxides a good correlation has been obtained
between the catalytic activity of lanthanide oxides and the
fourth ionization potential of the lanthanide elements,
which can be interpreted well by assuming that the rate
determining step is the oxidation of the trivalent ion to
the tetravalent ion [49]. The highest activity of cerium
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oxide is due to the least coulomb attraction energy and
also due to the change of the exchange energy being zero.
The second highest activity of terbium is due to the fact
that the latter is zero but the former is larger than
cerium ion. The decrease in the activity as the atomic
number increases from cerium to qadolinium and from terbium
to lutetium is due to the increase in both factors.

The conversion of methane and selectivity to

various products on the four catalysts studied ie., Sm2O3,
CeO2, La2O3 and Pr6Oll showed significant differences for
each of these solids in the absence and presence of carbon
tetrachloride [50]. Under the reaction conditions employedCeO2 2
with essentially all of the methane being converted to CO

is the least selective catalyst to C hydrocarbons

while La 0 is the most selective to the desiredand CO I 22

products.
3

Camphell et al [7] have indicated that the
abstraction of hydrogen atom from methane molecule to form
methyl radicals can best be related to basicity of the
oxides, the more basic oxides being more active. It seems

that the acid-base pair [M22 03;] on the surface is
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involved in the abstraction of H atom from adsorbed methane

molecule by its polarization followed by heterolytic C—H

3

the acid and base site respectively.
bond rupture. The resulting CH and H+ ions interact with

Although investigations on the catalytic
properties of rare earth sesquioxides have multipled in
recent years, the primary mode of surface interactions on
these materials remain largely undefined. So we have
carried out an investigation on the strength and
distribution of electron donor sites on the rare earth
oxide surfaces (Sm O2 3 and CeO2) by adsorption of some
electron acceptors.
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SURFACE ELECTRON PROPERTIES

2.1 ELECTRON DONOR-ACCEPTOR PROPERTIES

Acid-base interactions during the adsorption of
acidic and basic molecules on inorganic powders such as
iron oxide, silica and titania have been studied by Fowkes
33 El [1-3]. they have also extended the acid-base
interaction theory to polymer powder interfaces [4]. When
strong electron acceptors or donors are adsorbed on metal
oxides the corresponding radicals are formed as a result of
electron transfer between the adsorbate and the metal oxide

surface [S-8]. Flockhart gt al_ associated the electron
donor sites with unsolvated hydroxyl ions and defect
centers involving oxide ions [9]. Such electron donor
acceptor interactions at surfaces are quite important in
elucidating the adhesion forces at these interfaces.

During the past decades there has been much
discussion about the nature of the acid and base present on
the metal oxide surfaces, and their relevance in catalysis
has been extensively investigated. Spectroscopic studies
have established the existence of strong electrophilic
centers on the silica—alumina surface and formation of

22
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cation radical from hydrocarbons at the same centers [l0
l2]. The nature of site responsible for electron transfer
process is of wide interest [13].

The electron donor strength of metal oxide can be
defined as the conversion power of an electron acceptor
adsorbed on the metal oxide into its anion radical. If a
strong electron acceptor is adsorbed on the metal oxide,
the anion radical is formed at every donor site present on
the metal oxide surface. On the other hand, if a weak
electron acceptor is adsorbed the formation of anion
radical will be expected only at. the strong donor site.
Finally in the case of a very weak electron acceptor
adsorption its anion radical will not be formed even at the
strongest donor site. Therefore the electron donor
strength of a metal oxide can be defined as the limiting
electron affinity value of the electron acceptor at which
free anion radical formation of the corresponding electron
acceptor is not expected on the metal oxide surface [14].

It has been shown that dehydroxylation of a
silica surface reduces the extent and heat of adsorption of
aromatic and unsaturated hydrocarbons from the gas phase
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[15]. Dehydration of surfaces (silica gel, aerosil:
aerosilogel) is normally carried out at 900-lOO0°C.
Sintering of the wide porous silica gel and aerosilogel
does not occur at this temperature in vacuuo. The effect of
dehydroxylation of the silica surface on the state of the
adsorbate is clearly seen in its heat of adsorption [15]
and in the infrared spectra of silica surface on which
various molecules have been adsorbed [16,17].

Terephthalic acid adsorbed on to alumina from
alcohol solution was studied by using inelastic electron
tunnelling spectroscopy [18]. A comparison with tunnelling
spectrum of p—acetylbenzoic acid showed that terephthalic
acid is adsorbed predominantly as a monocarboxylate ion on
the alumina surface.

Flockhart et al [9] found that when catalytic
aluminas are heated to a high temperature, sites are
produced on the surface which are capable of oxidising
polynuclear aromatic hydrocarbons to corresponding ion
radical at room temperature provided 0 is present.2

Studies by Peri [19,20] have presented a clear
picture of the surface of partially dehydrated catalytic
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aluminas. During dehydration of alumina surface hydroxyl
ions combine to form water molecules which are then
desorbed leaving a surface lattice containing both hydroxyl
and oxide ions. For each molecule of water formed one
oxide ion is left in the top layer and one aluminium ion is
left in an octahedral site in the next lower layer. The
surface lattice develops in such a way as dehydration
proceeds, that there are separate domains in each of which
the oxide ions are regularly arranged. Remaining hydroxyl
ions tend to concentrate in boundaries between these
domains and isolated hydroxyl ions may occur within them.

Further dehydration of the surface results in the
formation of two kinds of defects at domain boundaries. At

one of these two or more immediately adjoining vacancies in
the surface layer results in an abnormally exposed
aluminium ion (site (a) in the Fig.1). The resultant

Fig.1 Electron acceptor defect site (a) and electron donor
defect site (b) on the surface of alumina dehydrated
above 500" .
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localised positive charge makes this site an electron
acceptor and gives its oxidising character. At the second
type of active site two or more oxide ions occupy
immediately adjoining surface sites and a potential
electron donor site is created.

The type of defect which may be regarded as an
abnormally exposed Al3+ ion with resultant localised
positive charge possesses the character of Lewis acid. The
experiment in which an electron rich hydrocarbon is
adsorbed on alumina surface, the potentially active
adsorption site is clearly the defect which is electron
deficient [6,l2]. Interest in the nature of catalytic
aluminas has centered mainly on the electron deficient
sites on the alumina surface.

Flockhart 35 al described a detailed investi
gation of the reduction of tetracyanoethylene (TCNE) on the
surface of alumina and silica-alumina catalysts [9]. They
found that in the dehydration of catalytic aluminas, sites
are formed on the surface which are capable of reducing
TCNE to corresponding anion radical. Two different surface
sites are responsible for reducing properties. One formed
during dehydration at low temperatures (<350°C) may be
associated with the presence on the surface of unsolvated
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hydroxyl ions. At higher temperature (7500°C) a different
site is produced which is believed to be a defect centre
involving oxide ions

Fomin 35 al have shown that electron transfer
from the hydroxyl ions can and does occur in certain
solvent systems provided a suitable acceptor molecule is
present [21]. The steep fall in radical forming activity
between 250 and 350°C corresponds to a reduction in the
number of hydroxyl ions on the surface as dehydration
proceeds. Above 500°C dehydration of the surface results
in formation of two types of defects. As a result of oxide
ion defect described by Peri [19] a potential electron
donor site is created and this is mainly responsible for
TCNE anion radical in the temperature range 500-l0OO°C.

A.J.Tench and R.L.Nelson studied the adsorption
of nitro compounds on the surface of magnesium oxide powder

by ESR and reflectance spectroscopy [7].

On studying the adsorption of TCNE on alumina,
silica and silica—alumina it was observed that the electron

donating sites decreased initially when silica was added to
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alumina and passed through a minimum at about 50% silica
[22]. It is interesting to note that the amount of
electron donating sites present in silica-alumina is less
than silica or alumina and are in the following sequence:

alumina >. silica :> silica — alumina.

H.Hosaka, T.Fujiwara and K.Meguro investigated
the electron donor properties of metal oxides such as
magnesia, alumina, silica, titania, zinc oxide and nickel
oxide by 7,7,8,8-tetracyanoquinodimethane (TCNQ) adsorption
[8]. They found that when TCNQ was adsorbed, the surface
of metal oxides acquired the colouration characteristic of
each electron acceptor. The colouration was caused by
formation of TCNQ anion radicals on metal oxide surfaces.
The order of radical forming activity determined by ESR
spectroscopy was magnesia > zinc oxide > alumina >
titania > silica > nickel oxide. Hosaka 35 El
suggested that electron donor property of metal oxide
surfaces depend on the nature of semiconductors and surface
hydroxyl ions.

M.Che, C.Naccache and B.Imelik [23] investigated
the electron donor properties of titanium dioxide and
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magnesium oxide. They found that electron donor centers
are associated with hydroxyl groups present on the surfaces
of solids activated at low temperature ( <.300°C), at
higher temperatures weakly coordinated oxide ions are
formed on their surfaces and these are responsible for the
reducing property of these solids.

K.Meguro and K.Esumi have reported the adsorption
of some electron acceptors having different electron
affinity on alumina [24]. For this they employed electron
acceptors such as 7,7,8,8—tetracyanoquinodimethane (TCNQ),

2,5-dichlorobenzoquinone (DCQ), p—dinitrobenzene (PDNB) and

m—dinitrobenzene (MDNB). They found that when electron
acceptors are adsorbed from solutions in acetonitrile,
alumina surface showed remarkable colouration
characteristic with the kind of acceptor. They suggested
the possibility of its participation of an oxidation
reduction process which is of the type:

where A is an electron acceptor.
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M.A.Enriquez and J.P.Fraissard carried out a
comparative study of variation of surface properties and

catalytic activity of TiO2 samples with pretreatment
temperature in vacuuo [25]. The results showed that active
sites are electron donor centres, number of which has been

determined by adsorption of tetracyanoethylene and
trinitrobenzene. These centers are Ti3+ ions and O-Ti-OH
groups for high and low pretreatment temperatures
respectively.

It has been shown that silica has stronger
electron acceptor properties for phenothiazine than alumina
[26]. Electron donor properties of these substances
measured by the formation of anion radicals of tetracyano
ethylene and 7,7,8,8—tetracyanoquinodimethane decreases in
the opposite sequence.

K.Esumi and K.Meguro described an investigation
of strength and distribution of electron donor sites on
alumina, titania and zirconia—titania by adsorption of
electron acceptors such as 7,7,8,8—tetracyanoquino—
dimethane (TCNQ), 2,5-dichloro p—benzoquinone (DCQ), p
dinitrobenzene (PDNB) and m-dinitrobenzene (MDNB) by means
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of an ESR spectrophotometer [27]. They suggested that the
electron donor sites of alumina, titania and zirconia
titania are mainly associated with surface hydroxyl ions.

The electronic state of adsorbed species was
studied by UV—Visible spectroscopy in addition to ESR
spectroscopy [8,l4,24]. The observed bands near 600 nm
were related to the dimeric TCNQ anion radical which
absorbs light at 643 nm [28]. This tentative attribution
was supported by the characteristic features that neutral
TCNQ absorbs only at 395 nm. TCNQ has a high electron
affinity and TCNQ anion radicals are stable even at room
temperature [29-32]. ESR and electronic spectra provided
evidence that TCNQ anion radicals are formed as a result of
electron transfer from metal oxide surface to adsorbed
TCNQ.

On studying the adsorption of electron acceptors
with electron affinities varying from 2.84 eV to 1.26 ev on
the surface of titania Esumi and Meguro have shown that the
limiting radical concentration decreases with decreasing
electron affinity of the electron acceptor and steeply
between PDNB and MDNB [33]. This suggests that adsorption
sites of titania act as electron donor to the adsorbed
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molecule with electron affinity larger than 1.77 ev but not
to those smaller than 1.26 ev. Accordingly the limit of
electron transfer from electron donor sites of titania to
electron acceptor molecule is located between 1.77 and 1.26
eV in the electron affinity of the electron acceptor.

On comparing the model of Lewis acidity or
basicity of a surface with surface state model Morrison
suggested that basic centers can in many cases be
coincident with sites providing surface state [34].
D.Cordishi and V.Indovina investigated the electron donor

properties of CaO, Mgo, Zno, A1203 and SiO2—Al2O3 activated
in vacuuo at temperatures upto 1200 K using ESR of adsorbed
nitro radicals as a probe [35]. The results indicated the
existence of a correlation between electron donor activity
of oxides and their Lewis base strength.

Ishikawa 35 al have shown that there are two
kinds of irreversible adsorption site for CO2 on non
stoichiometric strontium—calcium hydroxy apatites (SrCa
HAP) [36]. Irreversible adsorption of CO on these samples2

depends on the nonstoichiometry.
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The study of the adsorption of anion radical
salts on metal oxides can provide useful information
concerning the interaction between anion radical salts and
metal oxide surfaces [37]. Esumi and Meguro reported the
adsorption of TCNQ anion radical salts such as Li+ TCNQ,
Na+ TCNQ“ and K+ TCNQ‘ on alumina from a solution in
acetonitrile by measuring the adsorption isotherms and the
ESR and electronic spectra of these adsorbed TCNQ anion
radical salts. They found that TCNQ anion radicals were
adsorbed at electron deficient sites on the alumina
surface.

Recently plasma treatment has become attractive
as a method for surface treatment, probably because it is a
dry process at low temperatures with a relatively low
pressure gas [38]. Esumi 35 al have studied the surface
modification of meso carbon microbeads [39—4l] by various
plasma treatments and found that oxygen plasma treatment
renders the surface more acidic owing to the formation of
carbonyl groups, whereas nitrogen or ammonia plasma
treatment renders the surface more basic owing to the
formation of amino groups. The interaction of plasma
treated metal oxide with TCNQ in acetonitrile solution was
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studied by measuring their adsorption intensity of TCNQ in
acetonitrile solution [42]. The electron donicity is
increased by the ammonia and nitrogen plasma treatments.

Fowkes 33 El [2,4] have studied the interaction
between inorganic solids and basic adsorbates by using the
Drago correlations of the heats of acid-base interactions,
and have determined the Drago parameters for several solids

such as silica, rutile and magnetite. Esumi 33 El when
studied the adsorption of tetrachloro—p—benzoquinone from
various solvents on metal oxides, interpreted their
adsorption results in terms of acid-base theory [43]. For
this they employed the Drago equation [44],

where E and C are the Drago constants for the acidic
compound (A) and the basic compound (B). They suggested
that a useful approach for relating interfacial
interactions quantitatively has been the Drago equation of
enthalpy in acid-base complexation.

K.Esumi, K.Miyata and K.Meguro examined the
electron donor—acceptor interactions on metal oxides by
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means of 7,7,8,8—tetracyanoquinodimethane (TCNQ) adsorption

from various solvents [45]. They found that amount of TCNQ
adsorbed on metal oxides decreased with an increase in
acid—base interaction between TCNQ and basic solvents.

Skourtis gt al have shown that electron transfer
(ET) reactions play a significant role in biology [46].
They constitute important steps in processes such as
photosynthesis and oxidative phosphorylation. Biological
ET reactions are also important from a physico-chemical
point of view, because they involve the tunnelling of an
electron over a long distance.

2.2 SOLID ACIDS AND BASES

The acidic and basic properties of oxide
catalysts are very important for the development of
scientific criteria in catalyst application. The methods
for determination of’ surface acidity were critically
reviewed [47] by H.A.Benesi and B.H.C.Winquist. Surface
acidic and basic sites of oxides are involved in the
catalytic activity for various reactions such as cracking,
isomerization and polymerization [48].
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The microcalorimetric measurements of the heats

of adsorption of ammonia and carbon dioxide have been used
to elucidate the acidic and basic properties of a number of
oxides [49]. The results showed that greater the degree of
covalency of the oxide expressed by higher value of
charge/radius ratio, the more likely is the acidity to be
observed. An oxide with a low value of charge/radius ratio
is more ionic in nature and present more basic sites.

The aqueous methods for the determination of
acidity consists of direct titration of an aqueous
suspension of the sample of powdered solid with a dilute
base to a neutral end point. Webb 35 El gave a method of
measuring the amount of acid sites by the extent to which
they neutralise a solution of KOH as revealed by subsequent
titration with HCl using phenolphthalien as indicator [50].
This method is least suitable because the state of the
surface of the solid catalyst in a water suspension is
radically different from its state during use as an acidic
catalyst.

Non—aqueous methods for the determination of
surface acidity represent a considerable improvement over
aqueous methods, because the solvents used (eg., benzene.
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iso—octane) do not react with catalyst surface. Of the
available non-aqueous methods [48,51,52] simplest is that
employing adsorbed indicators.

Following Walling [53] the acid-strength of a
solid surface can be defined as its proton donating
ability, quantitatively expressed by Hammett and Deyrup's

HO function [54,55].

El: II —log ao H+ fB/fBH+

pKa + log[B]/[BH+]II‘. II

where aH+ is the proton activity, [B] and [BH+] are the
concentration of the neutral base and its conjugate acid,

fB and fBH+ are the corresponding activity coefficients.
If the reaction takes place by electron pair transfer from

adsorbate to the surface, H0 is expressed by

III‘.
II

-log aAfB/fAB

H
O pKa + log[B]/[AB].

where aA is the activity of the Lewis acid or electron pair
acceptor.
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The basic strength of a solid surface is defined
as the ability of the surface to convert an adsorbed
electrically neutral acid indicator to its conjugate base,
the ability of the surface to donate an electron pair to an
adsorbed acid.

When an electrically neutral acid indicator is
adsorbed on.a solid base from a nonpolar solvent, the base
strength is determined from the colour changes of the
indicator over a range of pKa values. For the reaction of
an indicator AH with a solid base B

H = pKa + log[A_]/[AH]

where [AH] is the concentration of the acidic form of the
indicator and [A_], that of the basic form.

The initial colour change and the subsequent

change in the intensity are observed at values of pKail.
If we assume that the intermediate colour appears when the
basic form reaches 50% ie., when [A-1/[AH] = l, we have

HO = pKa.
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Solid acids and bases are characterized by
amount, strength and nature of acid and base centers. The
characterization not only depend upon the purity of the
materials and the method of preparation but also upon the
heat treatment, compression and irradiation,

The amount of base (basic sites) or acid (acidic
sites) on a solid is usually expressed as the number (or
mmol) of basic sites per unit weight or unit surface area
of the solid.

Wail Malherbe and Weiss was the first to note
that weakly basic indicators adsorbed on clays gave some
colours as those formed when such indicators were added to

concentrated sulfuric acid [56]. Walling [53] suggested
that such colour tests could be used to measure acid
strength of solid surfaces in terms of Hammett acidity
function. This approach was extended by Benesi [57].

The indicator method is by far the easiest and
quickest way of screening surface acidities of solid
catalysts, but it has two drawbacks. First of all, the
number of suitable indicator is limited, because of the
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visual requirement that the colour of the acid form mask
that of the basic form. Secondly the acid colour of many
of the Hammett indicators can be produced by processes
other than simple proton addition.

After the acid strength of a catalyst surface has
been bracketed by means of colours of adsorbed indicator:
the next step in the determination of surface acidity is
the measurement of number of acid groups. This is
generally done by titrating a suspension of the catalyst
with a solution of a suitable indicator in an inert
solvent.

Amine titration method, one of the several
methods used to determine acidity was reported first by
Benesi [57] and is based on O.Johnson's experiment [58],
and has been subsequently modified [59,60]. The acid
amount measured is the sum of Bronsted and Lewis acid
sites.

The amine titration method is obviously limited
to white or light coloured surfaces. Titration of dark
coloured solids can be carried out by adding a small amount
of white solid acid [61]. The end point of the titration
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is taken when the colour change is observed on white solid
and a correction is made for the amount of n—buty1 amine
used for the added white material. Using this method both
acid amount and acid strength have been measured for
titanium trichloride by employing silica—alumina as the
white material.

There are many methods for the measurements of
acid strength like visual colour change method [62],
spectrophotometric method using fluorescent indicators
[63], and gaseous adsorption method [50]. For basic
strength, method using indicators [64], phenol vapour
adsorption method [65] and temperature programmed
desorption technique [66] are generally employed.

The very significant work of Hirschler has shed
some light on acid strength distribution of cracking
catalysts [62]. The use of a series of substituted aryl
cerbinols gave an acid strength distribution curve which is
in keeping with the heterogenous distribution of energy
sites determined by other physical studies. The formation
of coloured carbonium ion led to the conclusion that acid
sites on the surface of the catalyst is protonic
(Bronsted) [67].
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Parry showed that adsorption of pyridine on
silica involved association through surface hydrogen bonds

[68]. Basila gt al have gone one step further and have
proposed that primary sites on silica-alumina are of the
Lewis type (centered on aluminium atoms) and that
appreciably Bronsted sites are produced by a second order
interaction between the molecule chemisorbed on a Lewis
site and nearby surface hydroxyl group [69].

To evaluate the catalytic activity of zeolite it
is necessary to determine the nature, strength and
distribution of acid sites. Zeolite acidity can be
determined by n—butyl amine titration [70]. UV
spectrophotometry has been applied for measurement of acid
strength of silica-alumina catalysts using 4—benzene
azodiphenylamine, 4-nitroaniline and 2,4-dinitroquinoline
[71].

Quantitative information on the base strength
distribution of solid base surfaces are essential for
studies of solid base catalysts. The relative base strength
of solid bases such as MgO and CaO was determined from the
adsorption power for phenol vapour [72].
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T.Yamanaka and K.Tanabe determined the basicity
of a series of oxides and found that basicity at basic
strength (Ho>1.5) has the order, Zn0>TiO2 > )’Al2o

> MgSO4 7’ M003

3

> B O > ZrO2 3;- BaO > activated A120 23

[73].

The amount of basic sites can be determined by
titrating a suspension of a solid in benzene on which an
indicator has been adsorbed on its conjugate base form with
benzoic acid dissolved in benzene [48]. The benzoic acid
titres are a measure of the amount of basic sites having

basic strength corresponding to the pKa value of the
indicator. Malinowski and Sczepanska have devised
titration methods for use with aqueous solution and with
anhydrous acetic acid [64].

J.Take, N.Kikuchi and Y.Yoneda developed a method

for the determination of basic strength of solid surfaces
which consists of titration of solids suspended in
cyclohexane with benzoic acid usimg a series of Hammett
indicators [74]. They found that base strength of alkaline
earth oxides increased remarkably upon heat treatment in
vacuuo and basicity decreased in the order SrO = Cao > Mgo.
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T.Itzuka, K.Ogasawara and K.Tanabe examined the acid

strength of Nbzo .nH2O by indicator adsorption method [75].5

The surface of Nb2O5.nH2O showed strong acidic character
which disappears on heat treatment at higher temperature.
P.A.Burke and E.I.Ko also observed that acidity of niobia
diminishes with increase in calcination temperature [76].

A method of determining the basicity at various
base strength by titrating a solid suspended in benzene
with trichloroacetic acid using a series of Hammett
indicators was proposed by K.Tanabe and Y.Yamanaka [73].
The method makes it possible to determine the basic
strength expressed by a Hammett acidity function and hence
the acid base strength distribution of solid surface on a
common scale. This method permits the determination of
basicity at relatively weak basic strength which was not
previously proposed.

It is necessary to distinguish between Bronsted
and Lewis acid sites for the catalytic action of solid
acids. The number of Bronsted sites on a solid surface may
be derived from the number of free protons in aqueous
solution arising from the exchange of proton or hydrogen
atom. Malinowski and Sczepanska measured the amount of
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Bronsted acid by potentiometric titration of solid acid in
anhydrous picoline with O.lN solution of sodium methoxide
[64]. Leftin and Hall reported that the amount of Lewis
acid can be determined from the amount of triphenyl
carbonium ion formed, when the solid acid abstract a
hydride ion from triphenyl methane as shown below [77].

Ph3CH +  —? Ph3C+ + U
Lewis acid

In an infra red study of pyridine chemisorbed on
silica-alumina catalysts of varying silica content, schwarz
described a new nmthod for the measurement of Lewis and

Bronsted acid sites [78]. Gay and Liang have investigated
the surface acidities of silica, alumina and silica-alumina
by 13C NMR spectra of a variety of aliphatic and aromatic
amines adsorbed on these solids [79]. In the case of
silica, only weak interactions of amines with surface
hydroxyl groups are observed. Much stronger interactions
are observed in the case of alumina. In silica-alumina
chemical shift due to protonation is observed. Yoshizumi
35 El determined acid strength distribution on silica
alumina catalyst calorimetrically by measuring the heat of
adsorption of n—butylamine from benzene solution [80].
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Silica—magnesia is an important binary oxide
because of the potential utility as a matrix in zeolite
containing cracking catalysts [81]. An infra red study by
Kermarec gt al shows that the surface acidity of silica
magnesia appears to be more complex than that of silica
alumina [82]. From infra red spectra of pyridine and 2,6
dimethyl pyridine chemisorbed on silica-magnesia, they
deduce that Bronsted and Lewis acid sites are present.

Shibata and Kiyoura measured surface acidities by

the gfbutylamine titration method of the TiO2—ZrO2 system
as a function of composition and method of preparation.

Highest titer of strong acid sites [Ho$.5.6] was obtained
at a composition of 50% m (mole %) Zro [83].2

Surface acidities of A12O3—TiO2, SiO2—TiO2 and

TiO2-ZrO2 preparations heated at various temperatures have
been reported by Walvekar and Halgeri [84]. Butylamine
titers of each binary oxide increase as calcination
temperature is increased, go through maximum value and
finally decrease.

Tanabe 35 al found that silica—titania is highly
acidic and has high catalytic activity for phenol amination
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with ammonia and for double bond isomerization in butenes

[85,86]. The highest acidity per unit weight of catalyst

was obtained when TiO2-SiO2 (l:l molar ratio) was heated at
500°C.

Silica is an ideal host oxide with high
electronegativity and the oxygen coordination is two which
leads to the existence of coordinatively unsaturated dopant
cations on the surface [87]. For two—cations in similar
coordination and bonding sites the cation with higher
electronegativity to be a stronger Lewis acid site [87].
Microcalorimetric measurement of the differential heat of
pyridine adsorption were used to probe the distribution of
acid strength on a series of silica supported oxide
catalysts [88]. Depositing oxides of the following cations

2+ 2+nie., Ga , Z e3+ 2+ 2+I Al3+, F Fe Mg and Sc2+ on to
silica increased the acid strength of the catalyst.
Gallium oxide is the most electronegative oxide and when it
is added to silica strong acid sites are generated and that
both Lewis and Bronsted acid sites are present on the
surface [89,90].
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According to Tanabe the acid—base properties of
mixed metal oxides can be varied by choosing different
metal oxide composition at different concentrations and by
changing the treatment of the sample [91].

Infra red spectroscopic studies of benzene
adsorbed on several KH Pzeolites where the extent of
potassium exchange K/Al (%) varied fron1 O to 88.32%
have been undertaken under different conditions. The

bands of adsorbed benzene on KH fgzeolites is in the range
2050-1700 cm‘1 [92]. KB fgzeolite exhibits basicity when
K/Al 5 88.32% where its basicity is stronger and acidity is
weaker. The order of stability of various adsorbed benzene
species on the samples is as follows:

0- (benzene)‘> H+ (benzene) > K+ benzene )- benzene.

V.R.Choudhary and V.H.Rane have showed that rare

earth oxide catalysts differ widely in their acidity and
basicity and in the site energy distribution of both the
acid and basic sites [65]. The acid and basic sites on then+ . 2- .cations and O anions oncatalysts are the accessible MLc Lc
the oxide surface and the site energy distributions of acid

and base sites is mostly attributed to the ME: and OE; ions
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in different coordination, the lower coordinated ion site
being responsible for the stronger acid-base sites.

2.3 CATALYTIC ACTIVITY

Although the fundamental catalytic and surface
properties of alkali, alkaline earth and other basic oxides
have been extensively studied [48], equivalent information
about the series of basic rare earth oxides is much less.
Empirical studies have demonstrated that following
appropriate pretreatment, rare earth oxides are active
catalysts for a number of reactions.

Taylor and Diamond have shown that paramagnetic

oxides Gd2O3 and Nd2O3 are more active in catalysing ortho
para hydrogen conversion [93]. Minachev compared the
catalytic activity in oxidation of hydrogen and propylene
with that in the isotopic exchange of oxygen and suggested
that the catalytic activity depends on the binding energy
of oxygen with the surface and on the valence of lanthanide
ions [94].

Hopkins and Taebel have measured the catalytic
activity of rare earths for oxidation, hydrogenation,
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decomposition and synthesis of organic compounds [95].
Oxidation-reduction reactions are important in organic

chemistry. Rare earth oxides like La2O3 and Dy2O3 are
effective in Meerwein—Ponndorf—Verley type reduction of
ketones [96,97].

The reduction of multiple bonds using an organic
molecule as a hydrogen donor in place of hydrogen gas or
metal hydride is known as hydrogen transfer reaction [98].
Reduction of carbonyl groups is one of the most fundamental
operations in organic chemistry. This is called Meerwein
Ponndorf-Verley reduction. It was discovered in 1925 and
has been used successfully in a number of instances [99].

Aluminium isopropoxide has been found to be the
best reagent for this reaction. This method calls for both
addition of at least lOO—200% excess aluminium isopropoxide

and neutralisation of alkoxide salt with strong acid.
Heterogenous catalysts for the reduction reaction are known
[lO0]. The mechanism of the reduction reaction involves a
hydride transfer from aluminium isopropoxide to the
carbonyl carbon of the ketone. Kibby and Keithhall have
reported on hydrogen transfer reaction over hydroxy apatite
catalyst and proposed a mechanism similar to that of the
Meerwein—Ponndorf—Verley reduction [lOl].
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M.Shibagaki gt El studied the liquid phase
reduction of aldehydes and ketones with 2-propanol over
hydrous zirconium oxide [lO2]. Kinetic experiments have
indicated that the reaction rate is of first order
dependence (N1 each of the concentration of the carbonyl
compound, 2-propanol and the catalyst. An observation of
the primary isotope effect has suggested that a step of
hydride transfer from adsorbed 2-propanol to adsorbed
carbonyl compound constitute the rate determining step for
the reduction. Tin(IV) oxide is an effective catalyst in
the vapour phase reduction of carboxylic acid with 2
propanol [lO3]. Tin(IV) oxide is analogous to hydrous
zirconium(IV) oxide regarding its characteristic
reactivity. The reverse reaction which is known as
Oppenauer oxidation has been used for the oxidation of
alcohols.

In 1937 Oppenauer showed that unsolvated steroid
alcohols could be oxidised to the corresponding ketone in
excellent yields through the use of aluminium t—butoxide in
the presence of a large amount of acetone, that compound
functioning as the hydrogen acceptor and the large excess
serving to shift the equilibrium in the desired direction
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[lO4]. In view of the reversible nature of the reaction;
many statements as to the mechanism of the Meerwein
Ponndorf—Verley reduction [99] are equally applicable to
the Oppenauer oxidation. Activation of the alcoholic
hydrogen atom by the aluminium resulting in hydrogen
bonding has also been proposed [105] by Woodward 33 El.

The Oppenauer oxidation has not been used as a
preparative method for the oxidation of primary alcohols to
aldehydes because the aldehydes condensed with the hydrogen
acceptor. Schinz and Lauehensuer have developed a general
preparative method for the Oppenauer oxidation of low
molecular weight primary alcohols to aldehydes. The
procedure is essentially a reversal of the MPV reduction
but does not require an excess of alcohol [106].

The three most common catalysts in the Oppenauer
oxidation are aluminium t—butoxide, isopropoxide and
phenoxide. Aluminium isopropoxide and in particular
phenoxide is easier to prepare. Aluminium isopropoxide is
the most powerful oxidising agent [lO7]. In the modified
Oppenauer oxidation benzophenone was found to be
satisfactory oxidising agent [108] since it cannot undergo
condensation in the presence of a strongly basic catalyst.
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According to Oppenauer a solvent is necessary for
the oxidation of alcohols [lO5]. Toluene is employed
occasionally [lO9]. Time and temperature can be varied
over a wide range, depending upon the alcohol to be
oxidised, although the choice of solvent and hydrogen
acceptor naturally controls the maximum temperature that
can be reached. This method has several disadvantages such
as need for tedious purification and unreusability of the
catalyst.

Heterogenous catalysts for the oxidation are
known. Silica, Mgo and A120 have been reported to be3

successful catalysts [llO,lll]. This process has several
advantages in the isolation of products and require a high
reaction temperature.

Kuno et al have shown that liquid phase oxidation
of primary and secondary alcohols proceeds efficiently
using benzophenone as the hydrogen acceptor [ll2,ll3].

Correlation between acid—base properties and catalytic
activity

Rare earth oxides have been recognized as solid
base catalysts. The solid acids and bases have been
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usefully employed as catalysts in various acid—base
catalysed reactions. A parallel has been found between the
base strength of various solids as measured by the phenol
vapour adsorption method and that the catalytic activity
for the dehydrogenation of isopropyl alcohol [ll4].

The dehydration of isopropyl alcohol to propylene
is a measure of the acidity of the catalyst [ll5,ll6], and
the (dehydrogenation rate/dehydration rate) ratio is a
measure of the basicity [ll7]. The dehydration is
catalysed at acidic sites and the dehydrogenation is
catalysed at both acidic and basic sites.

It has been reported by several workers [ll8—l20]
that a large part of the basic sites determined by the
adsorption of acidic substances consist of surface lattice
oxygen, 02‘ ions. Keulks and Wragg 35 al have reported
that the active oxygen species available for oxidation is
lattice oxygen 02- ions. The acidic sites contribute to
the activation of electron donor type reactants such as
olefins and are connected with the oxidising sites
[J21-122].
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Fukuda gt El studied the decomposition of
4—hydroxy-4—methyl 2—pentanone over La2O3;
[123]. It was found that maximum activity was obtained by

YZO3 and CeO2

203 and at 700°C for YZO3.

the case of La2O3 variation on the activity with the
pretreatment at 500°C for La In
pretreatment temperature was similar to that of the
basicity. The activities of three oxides for the
decomposition reaction are in the following order. La2O3
> Y2O3 > CeO2.

Good correlation have been found in many cases
between the total amount of acid (Bronsted plus Lewis type
usually measured by the amine titration method) and the
catalytic activities of solid acids. The rates of both the
catalytic decomposition of cumene and the polymerization of
propylene over sio —Al 0 catalysts were found to increase2 2 3
with increasing acid amount at strength Hos +3.3 [l25,l26].

Catalytic activity of alumina in a range of
reactions such as isomerization of hydrocarbons,
polymerization of olefins have all been attributed to the
acidic properties of the surface [l27].

Minachev et al studied the hydrogenation of
ethylene at low temperature as part of a study of catalytic
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activity of rare earth oxides [l28]. They found that La2O3
is highly active for hydrogenation when pretreated at high
temperatures. They also correlated basicity with catalytic
activity.

The catalytic activity of lanthanide sesquioxides
for the double bond isomerization of n—butenes has been
studied in the temperature range O-50°C [129]. Activity
increases with increasing pretreatment temperature due to
removal of surface hydroxyls and then decreases with
increase in pretreatment temperature due to decrease of
surface anion disorder. Rosynek gt al reported that basic
sites in La 0 were essential for the isomerization of2 3
butenes [l30].

As a measure of the base strength of metal oxide
catalysts Davis suggested the alcohol conversion
selectivity [l3l]. The amount of alkene produced by the
water elimination depends (N1 the base strength. It was
found that Zno is a stronger base than CaO and Mgo, and the
oxides of Zr, In, Th and Y are stronger base than Zno
[132]. Vapour phase conversion of cyclohexanol to
cyclohexanone in the presence of different basic catalysts
showed that some of them are able to activate dehydration
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and dehydrogenation simultaneously. The dehydrogenation
activity is related to the existence of basic sites
originating from the oxygen in the oxide lattice.

The catalytic isomerization of butenes over
samarium oxide has been investigated in view of acid-base
catalysis [l33]. The ratio cis/trans 2-butenes formed from
l—butene isomerization was 22.2. The reaction profile of
the butene isomerization obtained from the relative rate
constant was of the cis-convex type. The basic sites on
the oxide surface have been revealed by the benzoic acid
titration method.

The adsorption and mechanism of surface reactions
of 2-propanol on ceria calcined at different temperatures
is known to change the surface species on the oxide and
remove surface bound OH groups with Bronsted type acidity
at high temperatures with the formation of new sites of
Lewis acidity from exposed metal cations [l34]. Upon
calcination dehydration activity of ceria increases.
According to the mechanism proposed for this reaction it is

4+suggested that exposed couples of Ce and 02- ions are
active sites.



58

Zhang 35 al have investigated the aldol addition
of butyraldehyde on alkaline earth oxides, zirconium oxide
and lanthanum oxide, to compare the active site and
mechanism with those for aldol addition of acetone [l35].
It is found that active site is the surface 02- and the
rate determining step is the o(—H abstraction.

Catalytic properties of chromium oxide are very
sensitive to its method of preparation. Dyne et al have
found an increase in activation energy and specific
activity for hydrogenolysis and" polymerization of
cyclopropane after recrystallization of an amorphous sample
[l36]. L.Nondek and M.Kraus have found that catalytic
properties of chromium oxide depends mainly on its
temperature of calcination which governs the surface
concentration of hydroxyl groups and the state of

3+coordination of surface Cr ions [l37].

The surface of Nb2O5.nH2O showed considerably
strong acidic character and rather weak basic property.
The acidic sites on these catalyst surface are thought to
be the isolated OH groups as Bronsted acid sites and
exposed metal ions as heavier acid sites; both of which
appear after vigorous heat treatment [75].
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Selectivity of butenes produced from 2—butanol is
very sensitive to the surface acidic and basic property
[l38]. The oxide catalysts which have both acidic and
basic sites such as ThO2 and ZrO2 produces l—butene
dominantly [l39]. Polymerization of propylene proceeds on

Bronsted acid sites on Nb2O5.nH2O pretreated at low
temperatures: but Lewis acid sites become main active sites
after treatment at lower temperatures [75].

Usually the reactions which are catalysed by
solid bases are polymerization, isomerization, alkylation,
condensation, addition and dehydrohalogenation. The
oxides, carbonates and hydroxides of alkali metals and
alkaline earth metals (MgO, Cao, Sro, Na2CO3, CaCO3, SrCO3,

NaOH, Ca(OH)2) have been found active in the high
polymerization of formaldehyde, ethylene oxide, propylene
oxide and propiolactone [l40—l43].

A first order rate constant for the formation of
benzyl benzoate from benzaldehyde over calcium oxide
calcined at various temperatures is found to change in
parallel with the change in catalyst basicity. There is a
good correlation between catalytic activity and amount of
base per unit surface area [l44].
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Hydrous zirconium oxide is an amorphous solid and
has several catalytic activity [l45]. The oxide was
changed to crystalline zirconium by calcination at high
temperature and the catalytic activities were lowered. The
correlation between surface property and catalytic activity
was investigated on hydrous zirconium oxide calcined at
several temperatures, the best activity was obtained on the
oxide calcined at 300°C. The quantity of surface acid or
basic sites was measured by the butylamine or trichloro
acetic acid titration method respectively using various
Hammett indicators.

Investigations are carried out to have a
systematic comparison of the acidic properties and
catalytic activities of single oxides SiO2, TiO2, A1203
etc.’ their binary oxides and the ternary oxide TiO2—SiO2—
A120 [l46]. The acidity distribution is measured by using3

butylamine titration technique and the reaction selected
for the catalytic activity measurements are alkylation of
toluene with 2—propano1 and dehydration of 2—propano1. on

comparing acid properties with catalytic activity it
appears that the isopropylation of toluene requires acid
sites of strength Hog + 1.5.
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Mizuno 35 El carried out olefin polymerization
over silica-alumina and found that strong Lewis acid sites
are active ix) this reaction [l47]. Binary metal oxides
such as S102-A1203, S1O2—MgO, S1O2—ZrO2 and Al2O3—B2O3 have
been used as solid acid catalysts; since their surface
acidic properties are well known [148]. Many other
combinations such as TiO2—Al2O3 [l49], TiO2-ZnO [l50]:
sio -ZnO [l5l], SiO —TiO [85 J and Al O -MgO [152] have2 2 2 2 3
been found to show remarkable acid properties and catalytic
activities in various acid catalysed reactions.

The acidity and basicity of the ternary system

M003-Bi2O3-P205 catalysts have been studied by adsorption
of acidic and basic compounds in the gas phase. Catalytic
activity for oxidation and olefin isomerization have also
been studied and established the concept that the catalytic
activity and selectivity in mild oxidation can be well
interpreted in terms of the acid and base properties
between the catalyst and the reactant [l53].

M.Ai used static and pulse methods to study
acidity and basicity of a series of TiO2—V2O5—P2O5 system
by the adsorption of acidic and basic molecules in the gas
phase [l54]. The vapour phase oxidation of electron donor
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type reactants such as butadiene, l—butene and that of
acetic acid as an acidic reactant was carried out and the
relationship between the catalytic behaviour and the acid
base properties was investigated. The acid—base properties
of the catalyst and oxygen mobilities are responsible for
the catalytic action. The acidic sites (probably
consisting of metal ions with a high electron affinity)
play a role in electron transfer from the reactant sites
resulting in the formation of a cationic intermediates and
a reduced metal ion [155] ie., the acidic sites contribute
to the activation of the reactant.

The basic sites owing to their ability to donate
electrons to oxygen contribute to adsorb and activate the
gaseous oxygen and also reoxidise the reduced metal ions.
ie., basic sites are connected with the oxidising site,
probably consisting of lattice oxygen 02- [l56]. The
combination of the metal oxides contribute to the
modification of both the acidic and basic properties of the
catalyst.
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EXPERIMENTAL

3.1 MATERIALS

3.1.1 Single Oxides

The rare earth oxides (Sm2O3 and CeO2) were
prepared by hydroxide method [1] from nitrate salt (purity
99.9%) obtained from Indian Rare Earths Ltd., Udyogamandal:
Kerala.

Hydroxide method

Nitrate solution of the sample (250 ml)
containing 0.5 g of rare earth oxide was heated to boiling
and 1:1 ammonium hydroxide solution was added dropwise with

stirring until the precipitation was complete. Concentrated
ammonium hydroxide solution (an amount equal to one tenth
of volume of solution) was then added with stirring. It was
then allowed to digest on a steam bath until precipitate
was flocculated and settled. The precipitate was filtered
on a Whatmann No.41 filter paper and washed Vdith small
portions of an aqueous solution containing 1 g of ammonium
nitrate and 10 ml of concentrated ammonium hydroxide in 100

ml, until the precipitate was free from NO§- The
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precipitate was kept in an air oven at 100°C for overnight
and was ignited in a china dish at 300-400°C for 2 hrs.

3.1.2 Mixed Oxides

Mixed oxides of rare earths and aluminium were
prepared by co-precipitation method [2] from their nitrate
solution.

10% Mixed oxide

Aqueous ammonia (5%) solution was added to an
aqueous solution (250 ml) containing rare earth nitrate
(2.50 g) and aluminium nitrate (66.15 g, SQ grade obtained
from Qualigens Fine Chemicals), until the precipitation was
complete. The precipitate was washed with distilled water,
dried by keeping overnight at 110°C and then calcined at
500°C for 3 hrs.

Using the same method mixed oxides of samarium
(5, 10. 15, 20, 40 and 75% by wt. of rare earth oxide )
with aluminium and mixed oxides of cerium (10, 20, 40, 60
and 80% by wt. of rare earth oxide) with aluminium were
prepared from the required amount of aluminium nitrate and
rare earth nitrate.
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3.1.3 Electron acceptors

Electron acceptors employed for the study are
7,7,8,8—tetracyanoquinodimethane (TCNQ): 2,3,5,6-tetra
chloro-p—benzoquinone (Chloranil), p—dinitrobenzene (PDNB)
and m—dinitrobenzene (MDNB).

TCNQ was obtained from Merck Schuchandt and was

purified by repeated recrystallisation from acetonitrile
[3].

Chloranil was obtained from Sisco Research
Laboratories Pvt. Ltd., and was purified by
recrystallisation from benzene [4].

p-Dinitrobenzene was supplied by Koch-Light
Laboratories Ltd. and was purified by recrystallisation
from chloroform [5].

m-Dinitrobenzene was obtained from Loba—Chemie

Industrial Company and was purified by recrystallisation

from CCl4 [6].
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3.1.4 Solvents
Acetonitrile

SQ grade acetonitrile obtained from Qualigens
Fine Chemicals was first dried by passing through a column
filled with silica gel (60—12O mesh) activated at 110°C for
2 hrs. It was then distilled with anhydrous phosphorus
pentoxide and the fraction between 79—82°C was collected
[7].

1,4-Dioxane

SQ grade 1,4-dioxane was obtained from Qualigens
Fine Chemicals. It was dried by keeping over potassium
hydroxide pellets for 2-3 days, filtered and refluxed with
sodium metal for 6-7 hours till the surface of sodium metal

got shining appearance. The refluxed solvent was then
distilled and the fraction at 101°C was collected [8].

Ethyl acetate

SQ grade ethyl acetate was obtained from
Qualigens Fine Chemicals. A mixture of 1 litre of ethyl
acetate, 100 ml of acetic anhydride and 10 drops of
concentrated sulphuric acid was heated under reflux for 4
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hours and was then fractionated using an efficient column.
The distillate was then shaken with 20-30 g of anhydrous
potassium carbonate. filtered and redistilled. The
fraction boiling at 77°C was collected [9].

3.1.5 Reagents for acidity/basicity measurements
Benzene

Benzene used for the acidity and basicity
measurements was purified by the following procedure [10].

SQ grade benzene obtained from Qualigens Fine
Chemicals was shaken repeatedly with about 15% of the
volume of concentrated sulphuric acid in a stoppered
separating funnel until the acid layer is colourless on
standing. After shaking, the mixture is allowed to settle
and lower layer was drawn off. It was then washed twice
with water to remove most of the acid, then with 10% sodium

carbonate solution, and finally with water. It was dried
with anhydrous CaCl2. It was filtered and distilled and
the distillate was kept over sodium wire for 1 day. It was
then distilled and fraction boiling at 80°C was collected.

Hammett Indicators

Hammett indicators used for the study are the
following:
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Methyl red (E.Merck India Pvt. Ltd.)
Dimethyl Yellow (Loba Chemie Industrial Company)

Crystal violet (Romali)
Neutral red (Romali)

Bromothymol blue (Qualigens Fine Chemicals)

Thymol blue (Qualigens Fine Chemicals)
4—Nitroaniline (Indian Drug and Pharmaceuticals Ltd.)

Trichloro acetic acid (SQ grade) obtained from
Qualigens Fine Chemicals and nfbutylamine (S.d—Fine
Chemicals Pvt. Ltd.) were used without further
purification.

3.1.6 Reagents used for activity measurements
Cyclohexanone

Commercial cyclohexanone obtained from BDH was

purified through the bisulphite method [11]. A saturated
solution of sodium bisulphite was prepared from 40 g of
finely powdered sodium bisulphite. The volume of the
resulting solution was measured and it was treated with 70%
of its volume of rectified spirit. Sufficient water was
added to dissolve the precipitate which is separated. 20 g
of cyclohexanone was introduced into the aqueous alcoholic
bisulphite solution with stirring and the mixture was
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allowed to stand for 30 minutes. The crystalline
bisulphite compound was filtered off at the pump and washed
it with a little rectified spirit.

The bisulphite compound was transferred to a
separating funnel and decomposed with 80 ml of 10% NaOH
solution. The liberated cyclohexanone was removed. The
aqueous solution layer was saturated with salt and
extracted it with 30 ml of ether. The ether extract was
combined with the ketone layer and dried with 5 g of
anhydrous magnesium sulphate. The dried etherial solution
was filtered into a 50 ml distilling flask, attached with a
condenser and distilled off the ether using a water bath.
The resultant cyclohexanone was distilled and the fraction
at 153°C was collected.

Acetophenone

Extra pure quality acetophenone obtained from
Sisco Research Laboratories Pvt. Ltd. was used as such.

Benzophenone

Benzophenone was supplied by Sisco Research
Laboratories Pvt. Ltd. and was purified by
recrystallisation from ethanol [12].
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2-Propanol

LR grade reagent obtained from Merck was further
purified by adding about 200 g of quick lime to 1 litre of
2-propanol. It was kept for 3-4 days, refluxed for 4 hours
and distilled. The fraction distilling at 82°C was
collected [13].

xylene

Extra pure quality xylene obtained from Merck was
used as such.

Cyclohexanol

Cyclohexanol obtained from Merck was refluxed
with freshly ignited CaO and then fractionally distilled.
The fraction distilling at l6l.l°C was collected [14].

Toluene

SQ grade toluene obtained from Qualigens Fine

Chemicals was shaken twice with cold concentrated H2804
(100 ml of acid for 1 litre of toluene). then with water,

aq. 5% NaHCO3 and again with water. Then it was dried
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successively with CaSO4 and P205, distilled and fraction
distilling at 110°C was collected [15].

n—Decane

LR grade reagent obtained from S.d—Fine Chemicals

Pvt. Ltd. was further purified by shaking with conc. H2804.
It was washed with water and aq. NaHC03. Finally it was
washed with more water. Then it was dried with MgSO4,
refluxed with sodium and distilled. The fraction
distilling at 174°C was collected [16].

3.2 METHODS

3.2.1 Adsorption studies [17]

The oxides were activated at a particular
temperature for 2 hrs prior to each experiment. The oxide
(0.5 g) was placed in a 25 ml test tube and outgassed at
10-5 Torr for 1 hour. Into the test tube which was fitted
with a mercury sealed stirrer, 20 ml of a solution of an
electron acceptor in organic solvent was then poured in.
After the solution had subsequently been stirred for 3 hrs
at 25°C in a thermostated bath, the oxide was collected by
centrifuging the solution and dried at room temperature in
vacuuo. The reflectance spectra of the dried samples were
recorded on a Hitachi 200-20 UV—Visible spectrophotometer
with a 200-0531 reflectance attachment.
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The ESR spectra were measured at room temperature

using Varian E-112 X/Q band ESR spectrophotometer. Radical
concentrations were calculated by comparison of area
obtained by double integration of the first derivative
curve for the sample and standard solution of 1,1-diphenyl—
2-picryl-hydrazyl in benzene. The amount of electron
acceptor adsorbed was determined from the difference in
concentration before and after adsorption. The absorbance
of electron acceptors was measured by means of a UV-Vis

spectrophotometer (Hitachi 200-20) at the )\max of the
electron acceptor in the solvent. Thejkmax of chloranil was
288 nm in acetonitrile, 287 nm in ethyl acetate and 286 nm

in l,4—dioxane, while the fimmx for TCNQ was 393.5 nm in
acetonitrile, 393 nm in ethyl acetate and 403 nm in 1,4

dioxane. The }hax of PDNB and MDNB in acetonitrile were
262 nm and 237 nm and in l,4—dioxane 261 nm and 218 nm

respectively.

Infra red spectra of oxides were taken on a
Perkin Elmer PE-983 infra red spectrophotometer.

The specific surface area of the oxides were
determined using Carlo—Erba Strumentazione Sorptomatic
series 1800. The values in m2g—l are given in Tables 1 and
2. Data print out from the instrument are also attached (pages 94-109),
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Table 1 Surface area of Sm2O3 and CeO2 activated at
different temperatures

Activation temperature (°c) Surface area (m2g'l)

Sm2O3 CeO2

300 65.84 66.42
500 47.97 200.35
800 30.20 210.17
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Table 2: Surface area of Sm 0 /A1 0 and Ce02/A120 for2 3 2 3 3
various compositions (activation temperature
500°C).

Cogpositign Surface area Cogpositifin Surface area% y weig t 2 -1 % y weig t 2 -1
of Sm2O3 Sm 2 7A1 o of C902 Ceg 7A1 o2 3 2 3 2 2 3
0 193.91 0 193.915 195.64 10 217.0510 219.68 20 216.9515 193.70 40 160.1420 186.30 60 143.7040 130.00 80 125.2475 77.74 100 66.42100 47.97
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IMMMMHMMMMMMMMHMMMMHMMMHMMMHHMMMHMHHMHMHMMMMMMMMMHMMHHHMMMMMMMHMMMMMHMMMMMMHMM'

IMMMHMMMMMMHMMHHHMMHMMHHHMHMMMHHHHHHHMHHMMMMMHMMMMMMMMMMHHHHH;: Carlo Erba Strumentazione Microstructure Lab. :: MI. Le. S. TO. NB. 1 0 0 :
HMMMMMMMMMMMMMHMMHMMMMMMMHMMMMMHMMMMMMMHMHMMMMMHMMHMMHHMMMMMM(

Calculation parameters of Sorptomatic
In In 90 '0 ‘I In 00

9. o. u. o. o. s

.‘ Comment    C  activated at 300°C_ :'; Date (mm/dd/yy) 05-22-1992 3
: Honolayer thickness (a): 4.3 Total introduction : 9 3: Satur/Limit pressure (torr): 760 Reduced introduction 2 9 :: Mo1.mass. gas ads. (9/mol): 28 Reduction factor : .5 :: Gas ads. density (g/cm3): .808 Constant bur.(cm3/torr): .1139 :: Burette temperature (c): -195.82 Sample weight (9): 1.01755 :: Operating pressure (torr): 800 Sample Density (9/mm3): .9255 :
HMHMMMHMMMMMMMMMMMMMMMMHMMMMMHMMMMMHMMMMHHMHMMMMMHMMMMMMMMMMMMHMMMMMMMMMMMMMMM(

Initial point (P/P0) for linear regression of B.E.T. region 0
Final point (P/P0) for linear regression of B.E.T. region .3
Correlation factor = .9998779
Monolayer Volume (CM3/G) = 15.06948

Specific surface area (M2/G) = 65.84814

Corrected Burette Constant = .1087965

Adsorption values

P.ADS (Torr) P/P0 ADS VI (CH3) V.ADS(CM3/G) T(A) P/(P0-P)Va/Q0.0 0.0000 7.86 7.73 3.3 0.00000000010.0 0.0132 15.73 14.38 4.5 0.00092689960.7 0.0799 23.59 16.69 5.4 0.005200445119.4 0.1571 31.45 18.14 6.0 0.010273865178.3 0.2346 39.31 19.57 6.5 0.015661405236.1 0.3107 47.18 21.12 7.0 0.021339558293.2 0.3858 55.04 22.74 7.5 0.027620768352.6 0.4639 62.90 24.12 8.0406.0 0.5342 70.76 26.13 8.6
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IlfllllltfliiflllfillfifliitlflfiltiIliltliilflltiflllfilfltflilflflfiiilltififiitfl

SAMPLE WEIGHT
BULK DENSITY
DUT GAS TEMPERATURE.

DATA POINTS

EEIPIECZJIIPCECZ E3IJF{E?IXCZE3 IXFKIEJK

CATALYSIS DIVISION
DEPARTMENT OF CHEMISTRY

I.I.T.,MADRAS 600 036

SSIJIKEEIXCZIE ZXIKISIX IXDJIXIJEFEEJIEE

o_42315 g Sm2O3 activated at 500°C.0p7026 g/cc
120 C,20microns

P/Po P/(Po—P)*N*2B
0.13803 24.13880.16136 27.00460.19408 30.70460.22585 33.96350.24469 35.92250.26463 37.80620.28490 39.7966

-4'7 €9'7 53:1 -rn/’g:
IililiiilfififiiIfiliiiiiillttlihtilIIIIIItfiiitfiiilifiliilllifiititltit
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(‘ATAI-YSTH DTVTSTON

DEPARTMENT OF CHEMISTRY
T T 'T' MAHRAS 500 036

F\F?"F f3IIF?F’Z\(TFC Z\F2FCZ\ Z8FJZ\I;\?F=TTS§

SAMPLE WEIGHT 1 1775 G 5% Sm2O3/A1203 activated atBULK DENSITY 0.9772 Q/PP °
ou'r GAS TEMPFIRATIIRR: 120 r Téfimirrrnn 500 C‘

DATA POINTS P/Pn P/(Pn-P)*N*28
0.00141 0 045210.02646 0.44111
0.11161 1.R10R60 19762 2.667260.22609 1.042960.24423 1 267160.26667 1.406110.27617 1.66170

SPECTPTC RURPAPW AREA — 195 64 sq-m/g
Iiliiiiiittiifiiiiiktifitiiiiiiiiiltiikittitititikiklltfiliitttiititi
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FATALYSTS DTVTSTON

DEPARTMENT OF CHRHTSTRY
T T T ,MAnRAS 600 035

F3F?7P 5§ITF?F7I\C3F? 2\F?F?Z\ l\DJZ\T.\?$§T'S§

SAMPLE WEIGHT 0.20298 q 10% Sm2O3/A1203 activatedBULK DENSITY 0 9219 0/00 at 500°C
OUT GAS TEMPERATURE: 120 F Q0miCrnn

DATA POINTS P/Pn P/(Po-P)*N*2B
0.09053 7.221110.15925 11 91010.19732 14.11820.23462 19.9029
0.34359 16 QKRA0.26034 17 97090.27119 13.5517

SPFZCTPTC :qIn=21='7\r'F: z'.\1=2F:z\ = $219 68 s;q.m/g
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ittkiittititktittittiititiiiitttikxtittihttiitittiitiiiiititttiit

C7-\'T'AT.VSTS DIVTRION
nF'.P1‘.R'T'HF3N'T' OF CHEMISTRY

T T T ,MADRAS 600 035

E%F?WT F§IIF?F?2x(TFW ZXFEFWZK ZXPJFXIJHKEEJTEE

SAMPLE WEIGHT n_Q75q g 15% Sm2O3/A1203 activated
BULK DENSITY 0.9469 G/CC at 5Qo°C_
OUT GAS TEMPERATURE: 120 C Qnmicrnn

DATA POINTS P/Pn P/(P0-P)*N*28
0.06581 4 120060.14079 0 981610.19702 11.90910.22971 11.14710.24810 11 902%0.25544 14.12470.26120 14.72AR0.27020 16.0004

SPECTPTC snRPArm AREA = 193 7 fiq m/Q
fifiiikfitiiiiiititttiittliiihlklriiiiiittiiztttiiilthtiiiiitikiiklikt
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ittiitiiiitixitiitkitiitInitAititiiiitiitiniziifittttiiiiiiitttittilxk
FRTALYSTS DTVTSTON

DEPARTMENT OF FHRMTSTRY
T T 'T' ,MAnRAS 500

sAMPiJE"wEIGH'r 0.1011-sq 20% Sm2O3/A1203 activatedBULK DENSITY 0.39175 g/an at 500°COUT GAS TEMPERATURE: 120 C, 20miCron ’
DATA POINTS

P/Pn P/(Pn—P)*N*28
0.06608 4.501860.11911 8.527170.1R112 10.71240.20701 12 49710 22490 11.24940.21821 -11.8719
0.215167 14.64170 27100 15 1714

F:E>Efic1JfE*‘r<~ $:trF2rr7\(*r2 z\F2¥22: == 1 9:6; 73 5:61 -rn,/53
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IHMMHMWMMMMMMMMMMMMHHMHMMMHMMHHHMHMMHMMMWMMMMMMMHMMMMMMMMMMWMMMHMMMMHMMMMMMMMM
: IMMMMMMHMMMMMMMMHMMMHMMMHMMMMMMMMMNHHHHMHMMMHMMMMMMMMMMHMMHMM;Carlo Erba Strumentazione Hicrostructure Lab. :: HI. Le. S. TO. NE. 1 0 O :HmmmmmMmmmmm mm (

Calculation parameters of Sorptomatic

u ‘r In '0 On On '1

- C°mme"t °UTGA55ED'AT 120 C 40% Sm2O3/A1203 activated at 500°C
: Date (mm/dd/yy) 01-21-1993

Honolayer thickness (a): 4.3 Total introduction : 20
Satur/Limit pressure (torr): 760 Reduced introduction : 20Mo1.mass. gas ads. (9/mo1): 28 Reduction factor r .25
Gas ads. density (Q/cm3): .808 Constant bur.(cm3/torr): .112
Burette temperature (c): -195.82 Sample weight (9): 1.486

: Operating pressure (torr): 800 Sample Density (g/mm3): 1.169
AMMHMHMHMMMMMHMMMHMMMMMHHHMMMHMMHMMHHHMMMMMMMMMMMMMMMHHMMMMMMMHMMMHMHHHMMMMMHM1

Initial point (P/P0) for linear regression of B.E.T. region .05
Final point (P/P0) for linear regression of B.E.T. region .33
Correlation factor = .9997464
Monolayer Volume (CH3/G) = 29.88684
Specific surface area (H2/G) = 130.5946

‘Corrected Burette Constant = .1060994

Adsorption values

'P.ADS (Torr) P/P0 ADS v1 (CH3) V.ADS(CM3/G) T(A) P/(P0—P)Va/Q0.0 0.0000 3.97 2.67 3.3 0 0000000000.0 0.0000 7.94 5.34 3.3 0.0000000000.3 0.0004 11.91 7.99 3.7 0.0000494220.3 0.0011 15.37 10.63 3.9 0.0000991751.3 0.0017 19.34 13.26 4.0 0 0001292212.1 0.0023 23.31 15.37 4.1 0.0o01745534.7 0.0062 27.73 13.36 4.3 0.0003339606.8 0.0039 31.75 20.33 4.4 0.00043240814.7 0.0193 35.72 22.99 4.7 0.00085809835.7 0.0333 39.63 24.37 4.9 0.00140726938.2 0.0503 43.65 26.65 5.1 0.00198598054.2 0.0713 47.62 23.13 5.3 0.00272539463.9 0.0907 51.59 29.30 5.5 0.00334573433.5 0.1164 55.56 31.07 5.7 0.004242041105.6 0.1339 59.53 32.52 5.9 0.004962413124.4 0.1637 63.49 33.35 6.0 0.005732597141.2 0.1353 67.46 35.32 6.2 0.006460919160.1 0.2107 71.43 36.64 6.3 0.007234062176.8 0.2326 75.40 33.12 6.5 0.007953324201 0 0.2645 79.37 39.06 6.7 0.009205732
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IHMHHMMHMHHMHMMHHMMHMMHMMWMMHHHHHMHHHHMHMHHMMHMMHHHMMMHMMHHMMMMHHHMMHMHMHMHHHM
IHHMMMMMMMMMMMMMMMMHMMMHHHHHMHHHHHHHMHMMMHHMMMMHMHMHHHHHHHHHH;: Carlo Erba Strumentazione Hicrostructure Lab. :: HI. Le. 5. TO. NE. 1 O 0 :
HMMHMMHMMHMMMMMMMHMMMHMMHHMMHMMMMMHMMMHMHMMMMHMMMMHHMMMMMHMMH(

Calculation parameters of SorptomaticIn on ‘o lo 0

': H 9. In G: H '0 I9 ‘Comment OUTGASSED AT 120 C 75% Sm2O3/A1203 activatedDate (mm/dd/yy) 04-15-1993 at 500°C’ .
Honolayer thickness (a): 4.3 Total introduction 16
Satur/Limit pressure (torr): 760 Reduced introduction 16Ho1.mass. gas ads. (9/mol): 28 Reduction factor : .25

: Gas ads. density (9/cm3): .808 Constant bur.(cm3/torr): .1644: Burette temperature (C): -195.82 Sample weight (9): 1.415
: Operating pressure (torr): 800 Sample Density (g/mm3): 1.3455
HHMHMMHMHMHMMMMMMMMHMMHHMHMMMHHHMMMMHHHHMHHHHMMMHHHHMHMMMHMMHHHHMHMHMMMHHHHMHM(

Initial point (P/PO) for linear regression of B.E.T. region .05
Final point (P/P0) for linear regression of B.E.T. region .33
Correlation factor = .9999961
Honolayer Volume (CH3/G) = 17.83759
Specific surface area (H2/G) = 77.94376

Corrected Burette Constant = .1595184

Adsorption values

P.ADS (Torr) P/PO ADS VI (CH3) V.ADS(CM3/G) T(A) P/(P0-P)Va/Q0.2 0.0003 3.97 2.78 3.6 0.0000946180.6 0.0008 7.94 5.54 3.8 0.000l425801.2 0.0016 11.91 8.28 3.9 0.0001910342.7 0.0036 15.87 10.91 4.1 0.0003266797.6 0.0100 19.84 13.17 4.4 0.00076721017.5 0.0230 23.81 14.85 4.7 0.00158667331.4 0.0413 27.78 16.09 5.0 0.00267814047.4 0.0624 31.75 17.09 5.2 0.00389154564.6 0.0850 35.72 17.96 5.4 0.00517291182.3 0.1083 39.68 18.77 5.6 0.006470823100.5 0.1322 43.65 19.52 5.8 0.007806722118.6 0.1561 47.62 20.28 6.0 0.009115877136 8 0.1800 51.59 21.04 6.1 0.01C434602155.3 0.2043 55.56 21.76 6.3 0.011304682173 4 0.2282 59.53 22.52 6.5 0.013126212191.4 0.2518 63.49 23.30 6.6 0.014é49977
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I17}fffffflflfffilflffffflfff{F1513};{]fflfi]f1FfFIfIFIfi!!!?lflfflfif"3!‘If’?ill*"l7!1f}Il72!fi{fIfilflllfiffilf'FIfIP!fi[f[P[flfIIIlfffil}!}ffIfi}If1flIfI}II1ffF1}1;
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Cnrln Frhn Sfrnmrn1n"innr' HI. Le. S. T0. NE. 1 0 0Hirrnsfrnrtnrn Lab.

AWHHHHMHHMHHHHHHHMHMMNMMMMHMHMHMMHHHHMMMHMHHHMHHHHHHMHMMHHHHH1

Calculation parameters of Sorptomatic

Conu-nent OUTGASSED AT 120 C CeO2 activated at 300°C.
Date (mm/dd/yy) 07-27-1993

Honolayer thickness (a): 4.3 Total introduction 10
Satur/Limit pressure (torr): 750 Reduced introduction 10
Ho1.mass. gas ads. (q/mol): 28 Reduction factor .25
Gas ads. density (g/cm1): .808 Constant bur.(cm3/torr): .112825
Burette temperature (C): -195.82 Sample weight (9): 1.012
Operating pressure (torr): 800 Sample Density (q/mm3): 1.69

HMIIMMHMHMMHHIIMHMMHMPIHMMMMMI{NHHMHMHN)‘1M)‘!HMHMM!‘!MHl‘IMMM!!l‘IMMMMMl'!MMMMMHMHMMHMHHHHHHHH 1’

Initial point (P/P0) for linear regression of B.E.T. region

Final point (P/P0) for linear regression of B.E.T. region

Correlation factor 9998415
Monolayer Volume (CH1/G) = 19.20129

Specific surfaee area (H3/G) = %6?l21T37

C value of B. B. T equation 146.1541

Pore specific vnlumr (CH1/G)

Total Volume introduced (CH1) 10.62416
Cnrrnctcd Burvrtc Cnnsfant = 1100454

ndnnyprinn values

P.ADS (Torr) P/P0 ADS VT (CH3) V ADS(CM1/G) T(A)0.5 0.0007 1.97 1.R7 1.30.5 0.0007 7 94 7 79 1.34.5 0.0089 11 Q1 11.27 4 121.4 0 0108 15 37 ll 14 4.944.7 0 0528 19.34 14 7% 5 272.2 n 0990 21 21 IR ER 9 R99 0 0 ]l01 27 78 16 63 9 R126 1 0 1699 ll 75 17 R6 6 0]55.0 0 2019 15 72 19 A4 6 1180.2 0 2171 19.68 19.62 0.5

.05

.33

P/(PO—P)Va/9

3333333-DOD

.0O0170243

.0000R4527

.00052R239

.0O2417456

.0042l7R16

.00fi695907

.00R97fi917

.01126S111

.0l1R9§5l3

.015R4‘
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IflMMHMMMMMMMMHMHHMMMMMMHMHMMMMMMHMHHMHMHMHMMMMMMMHMHMMMMHHMMMHMHMHMMMHMHMHT

IMMMHMHMHHHHMMHHMMHHHHHHHHHHHHMHHMMMHHHHHMMHHMMHMMMMMMHHHHHMM;Carlo Erba Strumentazione Microstructure Lab. :: MI. Le. S. T0. NE. 1 0 0 :
HMMMMMMMMMMHMMMMMMMMHMMMHMMMMMMHMMMMHMMMMMMMMMMMMMMHHMMMMMMMM(

Calculation parameters of Sorptomatic

Comment 120 C OUTEASING C602 activated at 500°C
Date (mm/dd/yy) 05-27-1993

Monolayer thickness (a): 4.3 Total introduction 8Satur/Limit pressure (torr): 760 Reduced introduction 0Mol.mass. gas ads. (9/mol): 28 Reduction factor : 1
Gas ads. density (g/cm3): .808 Constant bur.(cm3/torr): .116049
Burette temperature (C): -195.82 Sample weight (9): 1.099Operating pressure (torr) 800 Sample Density (9/mm3): 1.57

HMHMMMHMMMMMMMMMHMMHHMMMMHMHMMHHHHMHHHMMMMMMMMMHMHMHMMHMHMMMMMHMHHMMMHMMMMH

Initial point (P/P0) for linear regression of B.E.T. region .05
Final point (P/P0) for linear regression of B.E.T. region .33
Correlation factor = .9997123
Monolayer Volume (CM3/G) = 45.85192
Specific surface area (M2/G) = 200.3562
C value of B. E. T equation = 47 34838
Pore specific volume (CH3/G) =
Total volume introduced (CH3) = 126.7

Corrected Burette Constant = .1127997

Adsorption values

P.ADS (Torr) P/P0 ADS v1 (CH3) V.ADS(CM3/G) T(A) P/(P0-P)Va/g0.1 0.0001 15.34 14.40 3.5 0.0000091333.4 0 0045 31.63 23.47 4.2 o.00015732348.0 0 0632 47.51 33.31 5.2 0.001759933103.5 0.1423 63.35 46.51 5.9 0.003580936163.2 0.2213 79.19 54.79 6.4 0.005137366229.7 0.3022 95.03 62.39 6.9 0.006337556289.6 0.3311 110.36 71.15 7.4 0.003652536343 7 0.4533 126.70 79.50 3.0
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IHHMHMMMHMHMHHHMMMHMMMMHMMMHMMMMHMMMHHHMMHHHMMMMHMMHMMHMMMMHHHHMMHMHMMMHHM7

: IMHHMMHHMMMMMHHHMHMHMHHHMHMMHMMMMHHMMHMMMMMMMMMMHMHHMMMMMMMMM;

MI.
. Carlo Erba Strumentazione

Le. 5. T0. NE.
Microstructure Lab. :1 0 0 °

HHMHMHHHHHMMHMHMHMHHHHHHHMHMHMMHHMHHMMMHMMMMMMMHMMMMMMMMMHMHM;

Calculation parameters of Sorptomatic

Date (mm/dd/YY)

Monolayer thickness
Satur/Limit pressure
Mol.mass.
Gas ads.

gas ads.
density

Burette temperature
ureOperating press

_ CeO205-27-1993

(a) 4.3
(torr): 760

(g/mol) 28
(g/cm3): .808

(C) -195.32
(torr): 800

activated at 800°C.

Total introduction 9
Reduced introduction : 0Reduction factor : 1
Constant bur.(cm3/torr): .159031
Sample weight (g): 1.009
Sample Density (g/mm3): 1.44

HHHHHHMHHMMMHMHMHMMHHMMHMMMHHHMHHHMMMHHHMHHHMMHMHMHMMMHHHMMHHMHHMMHMHHMMHMT

Initial point (P/P0) for linear regression of B.E.T. region .05
Final point (P/P0) for linear regression of B.E.T. region .33
Correlation factor = .9983606
Monolayer Volume (CH3/G) = 48.09901
Specific surface area (M2/G) = 210.1752
C value of B. E. T equation = 15.53291
Pore specific volume (CM3/G) =
Total volume introduced (CH3) = 142.5375

Corrected Burette Constant = .l557785

Adsorption values

P.ADS (Torr) P/P0 ADS VI (CH3) V.ADS(CH3/G) T(A) P/(P0-P)Va/00.3 0.0004 15.84 15.65 3.7 0.00002523330.1 0.0396 31.68 26.75 5.0 0.00154189477.6 0.1021 47.51 35.11 5.6 0.00323903l128.6 0.1692 63.35 42.93 6.1 0.004744279176.1 0.2317 79.19 51.29 6.5 0.005879771223.9 0.2946 95.03 59.61 6.9 0.007006339270.1 0.3554 110.86 68.17 7.3 0.008087300317.8 0.4182 126.70 76.51 7.7365.9 0.4814 142.54 84.78 8.2



105
IHHHHHHHHHHHHHHHHHHHHHHHHHHNHHHHNHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHI

Comment : OUTGASSED AT 120
Operator : A.NARAYANAN
Date (mm/dd/yy)

Honolayer thickness (a):
Satur/Limit pressure (torr):
Hol.mass. gas ads. (g/mo1):
Gas ads. density (9/cm3):
Burette temperature (c):
Operating pressure (torr):

07-27-1993

Le. 5. TO. NE.

c 10% CeO2/A1203 activated at
500°C.

4.3 Total introduction 17
760 Reduced introduction 1728 Reduction factor : .25
.808 Constant bur.(cm3/torr): .112155

-195.82 Sample weight (9): .991
800 Sample Density (9/mm3): 1.101

IHHHHHHHHHHHHHHHHHHHNHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHI

: Carlo Erba Strumentazione: HI.
HHHHHHHHHfiHHHHHHNHHHHMHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH

Calculation parameters of Sorptomatic
(

Hicrostructure Lab. .
1 0 0

0HMHHHHMHHHMHHHNHMMMMMHHHHHHHHHMHMHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH(

Initial point

_a

(P/P0) for linear regression of B.E.T. region

P/(P0—P)Va/g

Final point (P/P0) for linear regression of B.E.T. region
Correlation factor = .9997838
Honolayer Volume (CH3/G) = 49.66534

Specific surface area (H2/G) = 217.0194

C value of B. E. T equation = 99.7342

Pore specific volume (CH3/G) =

Total volume introduced (CH3) 67.46306
Adsorption values

P.ADS (Torr) P/P0 ADS VI (CH3) V.ADS(CH3/G)0.3 0.0004 3.97 3.970.3 0.0004 7.94 7.980.5 0.0007 11.91 11.960.5 0.0007 15.87 15.960.5 0.0007 19.84 19.970.5 0.0007 23.81 23.972.1 0.0029 27 78 27.303.9 0.0051 3] 75 31.616.8 0.0089 38.72 35.1014.7 0.0193 39.68 38.4425.0 0.0329 43.65 41.3335.7 0.0470 47,62 44,1642.9 0.0641 51.59 46.7165.2 0.0858 55.56 48.9682 0 0.1079 59.53 51 1399.0 0 1301 £3.49 51.28114.3 0 1504 67.46 55.62

. . . 0 . A

'-D‘®-3'\ub.-IF-"O~InhtsJt-'CD@@CD‘1~lF
DOOODO-GOOD-O-OOOOOO

.05

.33

.000099425

.000049509

.0OO055049

.000041240

.000032969

.000027462

.00O099661

.0O0163174

.000255761

.0005l3063

.000823074

.001116052

.0O1471578

.00l9l6730

.002365314

.0028l0820

.00l182509
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fiflHHHHHHHHHHHHHHHHHHHHHHHHMHHHHHHHHHHHHHHMHHHHHMHHHHHHHHHHHHHHHHHHHHHHHHHMHHH7
: IHHHMHHHHHHHHHNHHHHHHHHHHHHHHHHHHHHWWHHHHHHHHHHHHHHHHHHHMHHHH; :: : Carlo Erba strumentazione Hicrostructure Lab. : :: : HI. Le. 8. T0. NE. 1 0 0 : :
: EHHNHHHHHHHMHHHHHHHHHHHHHHHHHNHHHWHHHHHHHHHHHHHHHHHHHHHHHHHHH( :: Calculation parameters of Sorptomatic :
Z‘ Comment OUTGASSED AT 120 C 20% C602/A1203 aCtiVated at :
.'Date (mm/dd/yy) o9~2o-1993 500 C‘ :
: Honolayer thickness (a): 4.3 Total introduction : 16 :
: Satur/Limit pressure (torr): 760 Reduced introduction : 16 :: Hol.nass. gas ads. (g/mol): 28 Reduction factor : .25 :
: Gas ads. density (g/cm3): .808 Constant bur.(cm3/torr): .l14l479 :
: Burette temperature (c): -195.82 Sample weight (9): .813 :
: Operating pressure (torr): 800 Sample Density (g/nm3): 1.05 :
HHHHHHHHHHHHHHHHNHHNHHHHHHHHHHHHHHHHHMHHMHHHHHHHMHHHHHHHNHHMHHHHHHHHHHHHHHHHHH(

Initial point (P/P0) for linear regression of B.E.T. region .05
Final point (P/PO) for linear regression of B.E.T. region .33
Correlation factor = .9997095
Honolayer Volume (CH3/G) = 49.62867

Specific surfacc area (H2/G) = 91658598

C value of B. E. T equation = 69.97832

Pore specific volume (CH3/G) =\

Total volume introduced (CH3) = 63.49464
Corrected Burette Constant = .1105538

Adsorption value"

P.ADS (Torr) P/P0 ADS VI (CH3) V.ADS(CH3/G) T(A) P/(P0-P)Va/g0.3 0.0004 3.97 4.84 3.7 0.0000815830.3 0.0004 7.94 9.72 3.7 0.0000406200.3 0.0004 11.91 14.60 3.7 0.0000270420.5 0.0007 15.87 19.46 3.8 0.0000338351.6 0.0021 19.84 24.19 4.0 0.0000872204.2 0.0055 23.81 28.72 4.2 0.0001935167.7 0.0101 27.78 33.12 4.4 0.00030902416.4 0.0216 31.75 36.82 4.7 0.00059900028.1 0.0370 35.72 40.11 4.9 0.00095720642.2 0.0555 39.68 43.07 5.2 0.00136489258.3 0.0767 43.65 45.77 5.4 0.00181543073.7 0.0970 47.62 48.55 5.5 0.00221178093.6 0.1232 51.59 50.73 5.7 0.002768830110.6 0.1455 55.56 53.30 5.9 0.003195502128.6 0.1692 59.53 55.73 6.1 0.003654622145.3 0.1912 63.49 58.34 6.2 0.004051623
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IHHWHHHHHHHHHHHHHHHHHMHHHNHMHHNHHMHHHHNHWWWWHHNHHHHNHHHHHHHNWWHHHHHNHWHNHHHHNH?

: IHHHHHHHHHHNHHHHHNHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH7
: Carlo Erba Strumentazione

HI. Le. 3. T0. NE. 1 0 0
Hicrostructure Lab. :

8HHHHHMHHHMHHHHHHMHNMHHHHMHMHHWHWMMHHHHHHHHHHHHHHHHHHHHHHHHHHt

Calculation parameters of Sorptomatic

Q. -. n. -,

HHHHHHHHHHHHHHMHMHHHNHHHHHHHHMMHMHHHHHMHMHHHHHHHHHMMHHWHNHHHWHHHHHHMHHHHHHHHHH

Comment OUTGASSED AT 120 C 40% CeO2/A1203 aCtiVated at
: Date (mm/dd/YY) 09-16-1993 500 C.

3 Honolayer thickness (a): 4.3 Total introduction : 12
: Satur/Limit pressure (torr): 760 Reduced introduction : 12
: Ho1.nass. gas ads. (g/mol): 28 Reduction factor : .25
: Gas ads. density (Q/cm3): .808 Constant bur.(cm3/torr): .114148
: Burette temperature (c): -195.82 Sample weight (9): .435
: Operating pressure (torr): 800 Sample Density (9/um3): 1.4

Initial point (P/P0) for linear regression of B.E.T. region .05

Final’ point (P/P0) for linear regression of B.E.T. region .33
Correlation factor = .9996635
Honolayer Volume (CH3/G) = 36.69608
Specific surface area: {H2/c) = 160.3485!

C value of B. E. T equation = 104.0673

Pore specific volume (CH3/G) =

Total volume introduced (CH3) = 47.62099

Corrected Burette Constant = .1127057

Adsorption values

P.ADS (Torr) P/P0 ADS VI (CH3) V.ADS(CM3/G) T(A) P/(P0-P)Va/90.5 0.0007 3.97 3.99 3.3 o.oooo732o21.1 0.0014 7.94 17.96 3.9 0.0000807037.2 0.0095 11.91 25.50 4.4 0.00037502725.5 0.0336 15.87 29.88 4.9 0.00116173044.8 0.0589 19.84 34.01 5.2 0.00184199169.7 0.0917 23.81 36.68 5.5 0.00275289695.5 0.1257 27.78 39.12 5.8 0.003674113
122.8 0.1616 31.75 41.17 6.0 i0.004681526145.3 0.1912 35.72 44.46 6.2 0.005316724174.5 0.2296 39.68 46.02 6.5 0.006476772198.9 0.2617 43.65 48.82 6.7 0.007261447226.7 0.2983 47.62 50.74 6.9 0.008378282

(
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IHHHHMHM)‘{HMHMHMHHHMHHI‘IHHHHHHHHMHHMHHHHHHHHHHHHHHMMHHHHHMMMMHHHHHHHHHHM
IHWflflVHMWHflflWHMMWflflflflWHMWflflflflWMME00flflflWMHHMIHflflflWVMMWflflflVM%flflfl%HHTflflfl¥

Carlo Erba Strumentazione
HI. Le. 5. TO. NE.

Hicrostructure Lab.
1 0 0

HHHHHHHMMHHHHHHHHHHHHHMHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHMHHH(

Calculation parameters of Sorptomatic

Comment
Operator : A.NARAYANAN
Date (mm/dd/yy)

Honolayer thirkness

10-21-1991

(a):
Satur/Limit pressure (torr):
Hol.mass. gas ads. (g/mo1):
Gas ads. density (g/nm1):
Burette temperature (C):
Operating pressure (torrl

OUTGASSED AT 120 C 60% CeO2/A1203 activated at
500°C.

4.3 Total introduction 9
760 Reduced introduction 928 Reduction factor .25
.808 Constant bur.(em1/tort): .11l12

-195.82 Sample weight (9): .468
800 Sample Density (g/cm1): 1.3

HHNHNNHHHMNHHHHNHNHNMNMNHNHHNHHHMNNHMHMMHHMHHHHHHMNHHHHHNMHHMHHHMHHMMMHHHHHHHH(

Initial point (P/P0) for linear regression of B.E.T. region

Final point (P/PO) for linrar regression of B.E.T. region
Correlation factor = .9997021
Hono1aycr Volume (CH1/G) = 32.88797

Specific surface area (M2/G) 143_'7o35

C va1nn of B. E. T equation = 64.185

POTC sperifir volume (CH1/G} =

Tnta1 vnlnmu introduced (CH11 = 15.71574

corrected Rnrrtre Constant = .1099111
Adsorption values

P.ADS (Torr) P/P0 ADS VT (CH1) V.ADS(CH3/G) T(A)0.5 0.0007 1.97 3.16 3.31.0 0.0011 7.94 16.72 3.99.4 0 0124 11.91 21.21 4.513.1 0.0422 15.37 26.18 5.055.9 0.071E 19.34 29.27 5.177 1 0.1014 21.31 12.77 5.6105.1 0.1185 27 78 14.63 5.9111.2 0.1726 1.75 17.02 6.1152.1 0.2090 15.72 19.18 6.1

.05

.33

P/(P0-P)Va/g

DDDDDOOOO

.O00078728

.000O7878O

.00053908O

.O01671753

.002712490

.001445238

.004fi44952

.005635715

.00fi701321
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I 5‘! ,-"I ‘f I f .7"! 7'! -'- f E I .-‘I 31' .‘.f.'_4 M H ,7 I 1'-I .-'1' _:"1'.:'1'.7-I J!’ .7 f .74 I1’ .1‘-l';‘.IZ"1' '1' '13"! .7 I .-‘.1'.A‘.I' .:‘!'h'.-‘.f:".f.-‘I -‘L1!’ '1' -' .".f !‘ff*f;‘f.Pf.:'-I'.7'1'.a"fI‘f}'fl‘fI‘fl‘fl'.f A‘f:‘.f.7'fN:‘fMH.‘I:"f:‘f:"fHH .‘fl'f."fHH,‘

TFIFIPIPIEII/Fl. .!}!F/3i‘f.../FIEIFII/[!i1[!i!I!}ff!E!!{fi!3fD1J!i!Pf!IfIF1Pflffilflff(P1?IPlF1P1P1fff1)1PfP1P1PlP1f!F(Diff;

Carla Erba Srruncnrazinne Hicrostructnre Lab.
HI. Le. S. TO. ME. 1 0 0

Fifflffiffiffiffiffififfifif'i'fiiEIIfIi‘i'ifffiffffffiffiffifffkififfiffffifffffiffiffifPflffifffEJ111111fflflflffffffffiffffifff51311111 (

Calnnlarinn parameters of Snrpromatic

Cnmmant OUTGA$fim AT lM1C 80% CeO2/A1203 activated at
Oprrarnr A.NARAY:HAN 500°Cnar :nm.’dd/yy) '.n—31—:-an '

Hannlnynr rhirknbns (3: 4,1 Tnral inrrnduation 11
Sarnr/Limit prgnanrn irnrri 760 Rrdunnd introduction 11
Hn1.nass. gas adn_ g/mnl 28 Rsdurtinn factor .25
G15 ads. d nsify igfCm1} .808 Cnnsrant bur.(Cm1/tort): .1126]
Enr.rrn famporarnrn -195,82 Sample weight (0): .582
0p raring pr azure (tnrri 800 Sample Density (g/cm1): 1.3

H.-”f-"I-'1'}!-'.T7-I ‘ I F! .‘-I’ If H ..‘-.1‘?! Ff -‘ f .‘~.f..‘I' ‘-.I'.'-iii '-.i..‘-.1’ A‘-I-'-1'.‘-f -‘-I‘ ‘I’ -' .I'..‘.r'.'-.r‘ if-'1'.‘IG'-J'.‘1'.‘1‘.Ff,’'f-‘!-‘1'.‘f-‘i 3! .14.-‘I M.a‘f.‘.f F1’ .'4‘.»‘.1'.:‘~.1'.‘1'.:‘f«'1';‘-_f r“.v'!‘1'.»'4!tf:"fM.:‘f.)‘f .-‘f."f.‘1'H:'fHHHMHHH -'

Tnirial pninr (P:POl for l€n;ar rsgrrssinn nf B.E.T rnginn .05

Finul pninr {P!P0) for 1 near ragrossinn nf B.E.T. region .11
Cnrrclarinn favrnr : 9994514
Honolayer Volume {CH1/G} = 28.66132

Specificsurfacearea(H2/G) 125.2417
F :.1n¢ nf 3. 3. T nquirinn 53.10911

FOL‘ :‘.p:'«‘1f1'r‘ ‘Jr)1Hm.‘ :'C1-11/C1

Tnr '.‘-.\1nn;: inrr :dm‘.:‘:d {C111} 41.65257

Correcfed Bnrefte Constant = .1l1129l

Adsorption values

P.ADS (Torr) P/P0 ADS VI (CH1) V.ADS(CH1/G) T(A) P/(P0—P)Va/g0.1 0.0001 1.97 6.80 1.5 0.0000191540.1 0.0004 7.94 11.58 3.7 0.0000290796.8 0.0089 11.91 19.16 4.4 0.00047126125.6 0.0117 15.87 22.19 4.9 0.001557l1947.1 0.0622 19.84 25.06 5.2 0.00264820171.1 0.0916 21.81 27.14 5.5 0.00177561497.7 0.1286 27.78 29.07 5.8 0.005071661121.9 0.1610 11.75 10.89 6.0 0.006105466148.2 0.1950 15.72 11.07 6.2 0.007125075171.5 0.2281 19.68 15.06 6.5 0.008418302197 1 0.2596 41.65 17.11 6.7 0.009192421
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3.2.2 Acidity/basicity measurements

The oxides were sieved to prepare powders of 100
200 mesh size and then activated at a particular
temperature for 2 hours prior to each experiment.

The acidity at various acid strengths of a solid
was measured by titrating 0.1 g of solid suspended in 5 ml
of benzene with a 0.lN solution of n—buty1amine in benzene.
At the end point basic colour of indicators appeared [18].

The basicity was measured by titrating 0.1 g of
solid suspended in 5 ml of benzene with a 0.lN solution of
trichloroacetic acid in benzene using the same indicators
as those for acidity measurement. The colours of
indicators on the surface at the end point of the titration
were the same as the colours which appeared by adsorption
of respective indicators on the acid sites. The colour of
the benzene solution was the basic colour of the indicator
at the end point but it turned to be the acidic colour by
adding an excess of the acid. As the results for a
titration lasting ]. hour were the same as those for a
titration lasting 20 hrs, 1 hr was taken for titration.
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3.2.3 Magnetic susceptibility measurements

Magnetic moments of the oxides before and after
the adsorption of electron acceptors: were determined by
magnetic susceptibility measurements.

The magnetic susceptibility measurements were
done at room temperature on a simple Guoy type balance. The

Guoy tube was standardised using (Hg[Co(CNS)4]) as
recommended by Figgis and Nyholm [19]. The effective
magnetic moment was calculated using the equation

= 2 8 (-xcorr T)%/“eff ' ' M

where T is the absolute temperature and jKM is the molar
susceptibility [20].

3.2.4 Catalytic activity measurements
a) Oxidation of the alcohol [21]

In a round bottomed flask (20 cm3) equipped with
a reflux condenser were placed catalyst (lOO—2OO mesh, 0.5
g), 11) cm3 of a toluene solution of cyclohexanol (0.25
mmol), benzophenone (14.6 mmol) and Q-decane (0.20 mmol) as
an internal standard. The contents were heated under
gentle reflux for 2 hours at 110°C.
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b) Reduction of the ketones [22]

To 1 gm of the catalyst placed in a round
bottomed flask (20 cm3) equipped with a reflux condenser; 5
mmol of ketone, 10 cm3 of 2—propanol and 0.5 mmol of xylene

were added. The contents were heated under gentle reflux.

The reaction was followed by product analysis by
means of a CHEMITO—85l0 Gas Chromatograph, by comparison of

its retention time with authentic samples. From the peak
area of the product the concentration of the product formed
was calculated with reference to that of the internal
standard.
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RESULTS AND DISCUSSION

Though rare earth oxides are widely used as
catalysts in various types of industries, no effort so far
has been made to understand the surface electron properties
of many of the rare earth oxides. Among rare earth oxides
samarium oxide is the most active and selective catalyst in

the formation of C2-—compounds [1] (selectivity 93%).
Cerium oxide is a complete oxidation catalyst and is active
in the direct formation of secondary alcohols and ketones

from C0 and H2 [2]. These characteristics make the two
oxides industrially important. So in this work we have
attempted to study the surface electron properties and
acidity/basicity of samaria and ceria. Mixed oxides and
alumina supported metal oxides are quite often used as
catalysts for reactions such as polymerization, carbon
monoxide hydrogenation etc. [3,4]. Studies were carried
out on binary oxides of samaria with alumina and ceria with
alumina. The data have been correlated with their
catalytic activity towards reactions such as oxidation
(Oppenauer oxidation) and reduction (Meerwein—Ponndorf
Verley reduction).

117
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The surface electron properties of metal oxide
depend on the activation temperature. Hence the effect of
activation temperature on electron donating capacity is
also studied. In the case of paramagnetic metal oxides the
extent of electron transfer from metal oxide during
chemisorption can be measured as the change in the magnetic
moment of the metal oxide. Hence the magnetic properties
of metal oxide as a function of equilibrium concentration
of the electron acceptor is studied. Another property that
is directly related to the electron transfer between
adsorbent and the electron acceptor is the surface acidity
and basicity of the metal oxides. Hence the surface acidic
and basic properties of the oxides are studied using a
series of Hammett indicators. In order to correlate
electron donating and acid—base properties with the
catalytic activity the activity of the oxides have studied
for the oxidation/reduction reactions.

The electron donor properties obviously depend on
the basicity of the solvent. These properties are studied
as a function of the basicity of the solvents, using three
solvents, acetonitrile, ethyl acetate and 1,4-dioxane, in
the order of increasing basicity. On the surface of metal
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oxides the electron donor sites are distributed from low
electron affinity to a high electron affinity. The surface
electron properties of some of the rare earth oxides have
been reported [S-8]. To study the distribution of electron
donor sites adsorption of electron acceptors of various
electron affinity are studied. They are listed in Table 3.

Table 3: Electron acceptors used

Electron acceptors Eflectnx1affhfity(eV)

7;7,8:8-tetracyano quino—dimethane (TCNQ) 2.84
2,3,5,6—tetrachlorol,4—benzoquinone (Chloranil) 2.40
p—dinitrobenzene (PDNB) 1.77
m-dinitrobenzene (MDNB) 1.26

Both Sm2O3 and CeO2 were prepared by hydroxide
method from the respective nitrate solution. They were
activated by heating in air for 2 hrs at various
temperatures; viz.’ 300: 500 and 800°C.

The adsorption of PDNB and MDNB on theseoxides

were so negligible that the amount adsorbed could not be
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measured. The adsorption isotherms of TCNQ and chloranil
from these solvents may be classified as Langmuir type. It

1S verified by the linear plot of Ceq/Cads against Ceq
where Ce is the equilibrium concentration in mol dm-3 and
C is the amount adsorbed in mol m-2 of the electronads
acceptor (Fig.2). The limiting amount of electron acceptor
adsorbed is determined from the Langmuir plots (Figs.3 and
4). Data are given in Tables 4-30. when electron
acceptors were adsorbed the surface of the oxide they
showed characteristic colouration due to the interaction
between the electron acceptor adsorbed and the oxide
surface [9]. Chloranil gave light pink colour and TCNQ
gave green colour to the oxide surface. To study nature of
interaction reflectance spectra (Fig.5) of adsorbed sample
are measured. The bands appearing below 400 nm correspond
to physically adsorbed state of neutral TCNQ radical which
has the adsorption band at 395 nm [10]. The bands near 600
nm is attributed to the dimeric TCNQ radical which absorbs
light at 643 nm [11]. The broad band extending upto 700 nm
corresponds to chloranil anion radical [12].

The electronic state of adsorbed species was
studied by ESR Spectroscopy in addition to Electronic
Spectroscopy. Fig.6 shows the ESR of the sample adsorbed
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Fig.2 Linear form of Langmuir isotherm obtained for
adsorption of TCNQ and chloranil in acetonitrile
on Sm2O3 activated at 800°C
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Fig.3 Adsorption isotherms on Sm2O3
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Table 4: Adsorption of Chloranil on Sm O2 3

Activation temperature: 300°C Solvent: Acetonitrile

Initial Equilibrium Amountconcentration concentration adsorbed
1o'3mo1 dm‘3 10-3mol dm’3 10-Smol m'2

0.057 0.016 0.1110.248 0.117 0.3920.496 0.295 0.5810.795 0.544 0.6131.732 1.402 0.9812.473 2.132 0.990

Table 5: Adsorption of TCNQ on Sm2O3

Activation temperature: 300°C Solvent: Acetonitrile

Initial Equilibrium Amountconcentration concentration adsorbed
1o'3mo1 dm-3 10—3m01 dm-3 1o'5mo1 m-2

0.044 0.023 0.0410.195 0.114 0.2220.386 0.235 0.4310.764 0.463 0.9202.033 1.353 1.4612.541 2.051 1.462
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Table 6: Adsorption of Chloranil on Sm O32

Activation temperature: 300°C Solvent: 1,4—dioxane

Initial Equilibrium Amountconcentration concentration adsorbed
1o‘3mo1 dm-3 1o'3mo1 dm'3 1o'5mo1 m‘2

0.044 0.013 0.1110.093 0.023 0.2020.201 0.050 0.4610.701 0.531 0.5400.812 0.575 0.7211.211 0.980 0.722

Table 7: Adsorption of TCNQ on Sm O2 3

Activation temperature: 300°C Solvent: 1,4—dioxane

Initial Equilibrium Amountconcentration concentration adsorbed
1o‘3mo1 dm-3 1o'3mo1 dm’3 10-5mo1 m-2

0.250 0.170 0.2210.491 0.362 0.3920.732 0.571 0.4931.721 1.440 0.8302.450 2.180 0.831
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Table 8: Adsorption of TCNQ on Sm O2 3

Activation temperature: 300°C Solvent: Ethyl acetate

Initial Equilibrium Amount
concentration concentration adsgrbed 210-3mol dm’3 1o'3mo1 dm'3 10" mol m’

0.052 0.025 0.0830.263 0.180 0.2540.527 0.415 0.3371.055 0.743 0.9462.111 1.741 1.1142.639 2.277 1.123

Table 9: Adsorption of Chloranil on Sm O2 3

Activation temperature: 500°C Solvent: Acetonitrile

Initial Equilibrium Amountconcentration concentration adsorbed
1o'3mo1 dm-3 1o'3mo1 dm’3 1o'5mo1 m’2

0.060 0.030 0.1240.341 0.265 0.5770.572 0.420 0.6351.353 1.040 1.3122.710 2.321 1.6233.390 2.991 1.632
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Table10: Adsorption of TCNQ on Sm 02 3

Activation temperature: 500°C Solvent: Acetonitrile

Initial Equilibrium Amountconcentration concentration adsorbed
10-3mol dm-3 l0_3mol dm-3 l0_5mol m—2

0.150 0.040 0.4720.297 0.074 0.9290.744 0.216 2.1991.190 0.291 3.7492.192 1.030 4.4313.124 1.980 4.440

Tablellz Adsorption of Chloranil on Sm O2 3

Activation temperature: 500°C Solvent: l,4—dioxane

Initial Equilibrium Amountconcentration concentration adsorbed
1o'3mo1 dm"3 10-3mo1 dm-3 10_5mol m’

0.080 0.072 0.0300.397 0.337 0.2501.191 0.965 0.9251.986 1.659 1.3632.384 2.057 1.363



128

Table 12: Adsorption of TCNQ on Sm O2 3

Activation temperature: 500°C Solvent: 1,4—dioxane

Initial Equilibrium Amountconcentration concentration adsorbed
10-3mol dm-3 10-3mol dm-3 l0_5mo1 m—2

0.284 0.015 0.1980.397 0.203 0.8230.501 0.219 1.6181.003 0.474 2.2051.755 1.177 2.4032.509 1.933 2.403

Table 13: Adsorption of TCNQ on Sm2O3

Activation temperature: 500°C Solvent: Ethyl acetate

Initial Equilibrium Amountconcentration concentration adsorbed
10-3mo1 dm‘3 10_3mo1 dm'3 1o‘5mo1 m‘2

0.067 0.304 0.0110.303 0.157 0.6010.607 0.334 1.1201.214 0.600 2.5522.428 1.527 3.7503.036 2.130 3.751
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Table l4:Adsorption of Chloranil on Sm O2 3

Activation temperature: 800°C Solvent: Acetonitrile

Initial Equilibrium Amountconcentration concentration adsorbed
1o'3mo1 dm'3 1o'3mo1 dm-3 1o'5mo1 m-2

0.403 0.146 1.7010.806 0.364 2.9201.216 0.600 3.9001.752 0.979 5.6981.949 1.117 5.705

Table 15: Adsorption of TCNQ on Sm2O3

Activation temperature: 800°C Solvent: Acetonitrile

Initial Equilibrium Amountconcentration concentration adsorbed
1o‘3mo1 dm-3 1o'3mo1 dm-3 10-5mol m-2

0.382 0.112 1.7320.850 0.263 3.8761.549 0.779 5.2072.734 1.695 6.8732.980 1.716 7.0393.122 2.042 7.039
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Table 16: Adsorption of Chloranil on Sm O2 3

Activation temperature: 800°C Solvent: 1,4-dioxane

Initial Equilibrium Amountconcentration concentration adsorbed
1o’3mo1 dm’3 1o'3mo1 dm‘3 1o'5mo1 m'2

0.293 0.143 0.9940.585 0.300 1.9050.999 0.527 3.1251.175 0.673 3.1781.292 0.808 3.178

Table 17: Adsorption of TCNQ on Sm O2 3

Activation temperature: 800°C Solvent: 1,4—dioxane

Initial Equilibrium Amountconcentration concentration adsorbed
1o’3mo1 dm-3 1o'3mo1 dm'3 1o'5mo1 m’2

0.538 0.269 1.7710.840 0.501 2.2520.951 0.532 2.7811.409 0.859 3.6831.596 1.036 3.686
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Table 18:Adsorption of TCNQ on Sm O2 3

Activation temperature: 800°C Solvent: Ethyl acetate

Initial Equilibrium Amountconcentration concentration adsorbed
1o"3mo1 dm-3 1o‘3mo1 dm-3 10-5mo1 m-2

0.080 0.060 0.1570.395 0.323 0.4630.791 0.585 1.3601.582 0.111 3.1193.165 2.120 6.6353.957 2.955 6.920

Table l9:Adsorption of Chloranil on Ceo 2

Activation temperature: 300°C Solvent: Acetonitrile

Initial Equilibrium Amountconcentration concentration adsorbed
1o'3mo1 dm‘3 1o'3mo1 dm-3 10-Smol m'2

0.204 0.164 0.1210.819 0.223 1.8052.049 0.677 4.1312.529 0.990 4.8704.018 2.462 5.0015.059 3.398 5.201
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Table 20:Adsorption of TCNQ on CeO2

Activation temperature: 300°C Solvent: Acetonitrile

Initial Equilibrium Amountconcentration concentration adsorbed
1o‘3mo1 dm-3 1o‘3mo1 dm‘3 1o'5mo1 m‘

0.739 0.014 2.1831.478 0.139 2.6792.217 0.499 5.1705.320 2.449 8.6447.144 3.220 10.81010.200 6.589 11.910

Table 21:Adsorption of TCNQ on CeO 2

Activation temperature: 300°C Solvent: l,4—dioxane

Initial Equilibrium Amountconcentration concentration adsorbed
1o'3mo1 dm-3 1o‘3mo1 dm'3 10-Smol m'2

0.209 0.145 0.0941.044 0.729 0.1702.088 1.513 0.7284.176 3.041 3.4265.399 4.001 4.1947.297 5.834 4.405
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Table 22: Adsorption of TCNQ on CeO 2

Activation temperature: 300°C Solvent: Ethyl acetate

Initial I Equilibrium Amountconcentration concentration adsorbed
l0’3mo1 dm-3 1o"3mo1 dm'3 10-5mo1 m-2

0.106 0.040 0.1760.529 0.105 1.1921.057 0.132 2.0122.052 0.384 4.4712.644 0.502 4.802

Table 23:Adsorption of Chloranil on CeO2

Activation temperature: 500°C Solvent: Acetonitrile

Initial §qui1ibrium Amountconcentration concentration adsorbed
l0—3mol dm‘3 10_3mo1 dm‘3 10_5mo1 m‘2

0.407 0.003 0.3810.815 0.029 0.5241.222 0.223 0.9882.852 1.196 1.6504.075 2.024 1.9825.254 3.272 2.050
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Table24: Adsorption of TCNQ on CeO2

Activation temperature: 500°C Solvent: Acetonitrile

Initial Equilibrium Amountconcentration concentration adsorbed
1o’3mo1 dm-3 1o‘3mo1 dm'3 l0-Smol m‘2

0.078 0.001 0.0762.154 0.134 2.0104.308 1.490 2.8207.545 4.118 3.21110.770 7.553 3.372

Table 25: Adsorption of TCNQ on CeO 2

Activation temperature: 500°C Solvent: 1,4—dioxane

Initial Equilibrium Amount
concentratign concentration adsorbed10-3mol am" 1o'3mo1 dm-3 1o‘5mo1 m‘2

0.224 0.044 0.1811.121 0.091 1.0282.242 1.121 1.6194.484 2.520 1.9547.847 5.293 2.52511.210 8.889 2.549
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Table 26: Adsorption of TCNQ on Ceo 2

Activation temperature: 500°C Solvent: Ethyl acetate

Initial Equilibrium Amountconcentration concentration adsorbed
1o'3mo1 dm‘3 1o'3mo1 dm‘3 1o'5mo1 m‘2

0.199 0.144 0.0560.399 0.216 0.1820.999 0.575 0.4231.998 0.738 1.2573.996 1.121 2.8424.998 2.143 2.867
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Table 27: Adsorption of Chloranil on CeO 2

Activation temperature:800°C Solvent: Acetonitrile

Initial Equilibrium Amount
concentration concentration adsgrbed 21o'3mo1 dm'3 l0_3mo1 dm‘3 10" mol m‘

0.159 0.056 0.0980.687 0.508 0.1711.365 1.113 0.2402.225 2.915 0.2953.416 3.100 0.301

Table 28: Adsorption of TCNQ on Ce02

Activation temperature: 800°C Solvent: Acetonitrile

Initial Equilibrium Amountconcentration concentration adsorbed
10-3mo1 dm-3 1o‘3mo1 dm'3 1o‘5mo1 m‘2

0.028 0.020 0.0770.141 0.098 0.4032.822 2.113 0.6707.055 5.044 1.9168.466 6.161 2.19114.110 11.670 2.323
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Table 29: Adsorption of TCNQ on CeO 2

Activation temperature: 800°C Solvent: 1,4-dioxane

Initial Equilibrium Amountconcentration concentration adsorbed
1o‘3mo1 dm-3 10-3mo1 dm-3 10-5mo1 m‘2

0.151 0.058 0.0880.757 0.426 0.3131.514 0.877 0.6073.028 2.273 0.7185.299 3.842 1.3947.571 5.983 1.511

Table 30: Adsorption of TCNQ on Ceo2

Activation temperature: 800°C Solvent: Ethyl acetate

Initial Equilibrium Amountconcentration concentration adsorbed
1o‘3mo1 dm'3 1o‘3mo1 dm-3 10-5mo1 m'2

0.368 0.153 0.2040.736 0.271 0.4840.926 0.283 0.6061.222 0.337 0.8422.429 0.763 1.6423.036 1.169 1.776
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2with TCNQ (C = 7.O39xlO_5 mol m_ ) on the surface.ads
Samples coloured by TCNQ adsorption gave unresolved ESR
Spectra with a g value of 2.003. These spectra have been
identified as being those of TCNQ anion radicals [13]. The
coloured samples obtained by the adsorption of chloranil
gave unresolved ESR spectra having a g value of 2.011 [14].
The radical concentration of TCNQ and chloranil adsorbed
are given in Tables 31-34. Figs.7 and 8 show the radical
concentration of TCNQ and chloranil against the equilibrium
concentration of TCNQ and chloranil in solution. The
isotherms obtained are of Langmuir type and is of the same
shape as the plot of the amount of electron acceptor
adsorbed. Limiting radical concentrations are calculated
from the Langmuir plots.

The electron donating capacity of the oxide is
found to depend on the electron affinity of the electron
acceptor adsorbed. The amount of electron acceptor
adsorbed increased with increase in electron affinity of
the electron acceptor. Strong electron acceptor like TCNQ
is capable of forming anions even from weak donor sites;
whereas weak electron acceptor like MDNB is capable of
forming anions only at strong donor sites. Hence the
limiting radical concentration of the weak electron
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Table 31: Adsorption of Chloranil on Sm O2 3

Activation temperature: 800°C Solvent: Acetonitrile

Initial Equilibrium Radical concenconcentration concentration tration-3 -3 -3 -3 18 . -210 mol dm 10 mol dm 10 splns m
0.403 0.146 0.0520.806 0.364 0.0901.216 0.600 0.1201.752 0.979 0.3031.947 1.117 0.346

Table 32: Adsorption of TCNQ on sm2O3

Activation temperature: 800°C Solvent: Acetonitrile

Initial Equilibrium Radical c0nCen_concentration concentration tration1o'3 1 d ‘3 1o'3 1 d ‘3 18 - -2
0.382 0.112 0.9370.850 0.263 2.100l.549 0.779 2.8182.734 1.695 3.7252.986 1.916 3.8153.122 2.042 3.815
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Table 33: Adsorption of Chloranil on CeO 2

Activation temperature: 300°C Solvent: Acetonitrile

Initial Equilibrium Radical conconcentration concentration centration-3 -3 -3 -3 18 . -210 mol dm 10 mol dm 10 splns m
0.204 0.164 0.0030.819 0.223 0.0052.049 0.667 0.0122.529 0.990 0.0154.018 2.402 0.0165.059 3.398 0.016

Table 34: Adsorption of TCNQ on CeO2

Activation temperature: 300°C Solvent: Acetonitrile

Initial Equilibrium Radical conconcentration concentration centration-3 -3 -3 -3 18 . -210 mol dm 10 mol dm 10 spins m
0.739 0.014 1.1271.478 0.139 1.3842.217 0.499 2.6715.320 2.449 4.4667.144 3.220 5.63210.200 6.589 6.102
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Fig.8 Radical concentration of TCNQ and Chloranil on
CeO2 Vs. equilibrium concentration of TCNQ and
chloranil.
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acceptor is a measure of the number of strong donor sites
on the surface and that for a strong acceptor is related to
the total number of sites (weak and strong donor sites) on
the surface. Accordingly the limit of electron transfer
from the electron donor site of samaria and ceria is
located between 2.40 and 1.77 ev in terms of the electron
affinity of the acceptor.

Two possible electron sources exist in oxide
surface responsible for electron transfer. One of these
has electron trapped in intrinsic defects and the other has
hydroxyl ions [15]. At lower activation temperature
surface sites may be associated with the presence of
unsolvated hydroxyl ions and at higher activation
temperature an electron defect centre is produced. It is
reported that free electron defect site on metal oxide
surface is created at an activation temperature of above
500°C [16]. Fomin gt al have shown that electron transfer
from OH- ions can and does occur in certain solvent systems
provided a suitable electron acceptor is present [17].
Surface hydroxyls on metal oxides are shown to differ in
chemical properties and difference in acidity between
hydroxyl groups on several oxide surfaces have been
reported [18]. These suggest that hydroxyl ions on metal
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oxide surfaces have electron donor sites of varying
electron donicity. IR spectral data of samaria and ceria
confirm the presence of hydroxyl groups (Fig.9): (Peaks

1).near 3400 cm

The limiting amount of electron acceptor adsorbed
on the oxide surface depends on the activation temperature.
Figs.lO and ll show the limiting amount of electron
acceptor adsorbed on samaria and ceria as a function of
activation temperature. In the case of samaria as the
activation temperature increases amount of electron
acceptor adsorbed also increases. This trend can be
understood as the decrease in concentration of surface
hydroxyl ions and the increase in concentration of trapped
electron centers with increasing activation temperature.
It might be expected that the trapped electron centres are
solely responsible for the adsorption of electron acceptor
on the surface of rare earth oxide activated at higher
temperature and they are stronger reducing agent than
hydroxyl ions. From the data it is inferred that the effect
of temperature is to increase the concentration of both
weak and strong donor sites.

In the case of ceria, the limiting amount
adsorbed is higher for activation temperature of 300°C,
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Fig_lO Limiting amount of electron acceptor adsorbed
on Sm2O3 as a function of activation temperature
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Fig.11}'Limiting amount of electron acceptor adsorbed on
CeO2 as_a function of activation temperature.
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implying that it has higher electron donating capacity
compared to those activated at higher temperatures. For
ceria as activation temperature increases electronic
mobility is decreased [19].

The limiting amount of electron acceptor adsorbed
is found to decrease with increase in basicity of the
solvent. A very useful approach for relating the
interfacial interaction quantitatively has been the Drago
equation [20] of enthalpy changes in acid-base
complexation. When the Drago equation is applied to this
system the basic compound corresponds to the solvents such
as acetonitrile, ethyl acetate and l,4—dioxane and acidic
compound to electron acceptor. The values obtained in kcal
mol_1 are acetonitrile 3.51, ethyl acetate 4.27 and 1,4
dioxane 5.23. The decrease in adsorption of electron
acceptor with increasing basicity of solvents shows the
competition between basic solvents and basic sites
(electron donor sites) of metal oxides for electron
acceptors. Thus adsorption on to metal oxides is strongly
influenced by interaction between basic solvents and
electron acceptors. In the case of ceria as the basicity of
the solvent increases the limit of electron transfer shift
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from 2.40-1.77 eV to 2.84-2.40 ev in ethyl acetate and 1,4
dioxane. The limiting amount of TCNQ adsorbed on samaria
and ceria as a function of acid—base interaction enthalpy
are shown in Figs.l2 and 13.

During the adsorption of electron acceptor on

Sm2O3 the magnetic moment of oxide decreases and reaches a
limiting value at the same concentration at which limiting
amount of electron acceptor is adsorbed. The values are
given in Tables 35-38. In Fig.l4 magnetic moment of the
oxide is plotted as a function of equilibrium concentration

of electron acceptors. In the case of CeO2 due to a
diamagnetism appreciable change in magnetic moment could
not be measured.

Acid—base strength distribution

Acidity and basicity of Sm2O3 and CeO2 was
estimated by titration using Hammett indicators. Acidity
at various acid strengths of the oxide was measured by
titrating the solid suspended in benzene with a O.lN
solution of n-butylamine in benzene. Basicity was measured
by titrating with trichloro acetic acid using the same
indicators as those used for acidity measurement. This
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E‘ig.12 Limiting amount of TCNQ adsorbed on Sm2O3 as
a function of acid—base interaction enthalpy.
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Table 35: Adsorption of Chloranil on Sm O2 3

Activation temperature: 500°C Solvent: Acetonitrile

Initial Equilibrium Amount Magneticconcentration concentration adsorbed moment
1o'3mo1 dm'3 1o’3mo1 dm'3 10-5mo1 m‘2 BM0 O 0 1.0400.060 0.030 0.124 1.2410.345 0.265 0.577 1.2020.575 0.420 0.035 1.1820.367 1.040 1.312 1.1672.714 2.321 1.623 0.9703.393 2.991 1.632 0.971

Table 36: Adsorption of TCNQ on Sm2O3

Activation temperature: 500°C Solvent: Acetonitrile

Initial Equilibrium Amount Magneticconcentration concentration adsorbed moment
1o'3mo1 dm'3 10-3mol dm'3 1o'5mo1 m‘2 BM0 0 0 1.8400.150 0.040 0.472 1.2360.297 0.074 0.929 1.1700.744 0.216 2.199 1.0711.190 0.291 3.749 1.0232.192 1.030 4.431 0.9013.124 1.980 4.440 0.882
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Table 37: Adsorption of Chloranil on Sm O2 3

Activation temperature: 500°C Solvent: 1,4-dioxane

Initial Equilibrium Amount Magneticconcentration concentration adsorbed moment
1o’3mo1 dm'3 1o'3mo1 dm‘3 1o'5mo1 m'2 BM0 0 0 1.8400.080 0.012 0.030 1.3910.397 0.337 0.250 1.2911.191 0.965 0.925 1.1201.986 1.659 1.363 1.0702.384 2.057 1.363 1.062

Table 38: Adsorption of TCNQ on Sm 02 3

Activation temperature: 500°C Solvent: 1,4—dioxane

Initial Equilibrium Amount Magnetic
concentration concentration adsorbed moment
1o’3mo1 dm-3 1o‘3mo1 dm‘3 10-5mo1 m'2 BM0 0 0 1.8400.284 0.015 0.178 1.3010.397 0.203 0.823 1.2220.501 0.219 1.618 1.0711.003 0.474 2.205 1.0221.755 1.177 2.403 1.0022.507 1.933 2.403 1.001
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Fig.l4 Magnetic moment of Sm2O3 as a function of
equilibrium concentration of electron
acceptor.
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enables us to measure acid-base strength on a common scale.
Visible colour change was obtained only for four indicators
which are listed in Table 39.

Table 39: Hammett indicators used

C O L O U RIndicators pKa Basic Acidic
p—dimethyl aminoazobenzene +3.3 Yellow Red
Methyl red +4.8 Yellow Red
Neutral red +6.8 Yellow Red
Bromothymol blue +7.2 Blue Yellow

Figures 15 and 16 show the acidity and basicity

of Sm2O3 and CeO2 at various acid-base strengths at
different activation temperatures. The data are given in
Tables 40 and 41.

The strength of an acidic or basic site can be

expressed in terms of the Hammett acidity function H0 [21].
It is measured by using indicators that are adsorbed on the

solid surface. If acidic sites of H03 pKa of the indicator
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Acid-base strength of Sm O at various2 3
activation temperatures.
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E‘ig.l6 Acid—base strength of CeO2 at various activation
temperatures.
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exist on a solid surface, the colour of the indicator
changes to that of its conjugate acid. when a neutral acid
indicator is adsorbed on a basic solid, the colour of the
indicator changes to that of its conjugate base provided
the solid oxide has sufficicient basic strength. Both
acidity and basicity were determined on a common Ho scale.
The acidity measured with an indicator shows the number of

acidic sites whose acid strength Ho s pKa of the indicator:
and the basicity shows the number of basic sites whose

basic strength fig) pKa of the indicator. The acid-base
strength distribution curves meet at a point on the
abscissa. H where acidity = basicity = O [22]. Ho,max o;max
can be regarded as a practical parameter to represent the
acid-base properties of solids, which is sensitive to the
surface structure.

It is known that a solid with a large negative
Ho max value has weak basic sites and that a solid with aI

large positive Ho max value has strong basic sites [22].I

For Sm O as activation temperature increases H value2 3 o,max
increases which shows the increases in basic sites on the
oxide surface. This trend is reversed in the case of
cerium oxide ie., with increase in activation temperature
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HO max value decreases which in turn shows decrease inI

basic sites on the oxide.

Electron donating properties of mixed oxide systems
It is well known that two component metal oxide

systems exhibit characteristic surface properties which are
not qualitatively predictable from consideration of the
independent properties of parent oxides. The mixed oxides
of ceria with alumina and samaria with alumina were
prepared for different weight % of the respective oxides;
by co—precipitation method.

The electron donating properties of these mixed
oxides were determined by using same set of electron
acceptors ie., TCNQ and chloranil in acetonitrile and 1.4
dioxane. The adsorption isotherms obtained are of Langmuir
type (Figs.l7 and 18). Data are given in Tables 42-89.
The limiting amount of electron acceptor adsorbed increases
with increase in percentage of rare earth oxide as a
consequence of the increase in concentration of Al-O-R
bonds, where R stands for rare earth element. Further
addition of rare earth oxide decreases the limiting amount
without changing the limit of electron transfer. This may
be due to the increase in concentration of rare earth oxide
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Fig.1? Adsorption isotherms on Sm2O3/A1203
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Fig.l8 Adsorption isotherms on CeO2/A1203

14 _‘

612 - 9
10 '

86
4

O Q C
2

I I I T I i ‘IO 2 4 6 8 10 12 14
Equilibrium concentration (lO_3mol dm_3)

Electron acceptor/solvent/weight % of CeO2
[CA - Chloranil; AN — Acetonitrile:

TC - TCNQ: D — Dioxane]

CA/AN/10 X CA/AN/20 O CA/AN/40 A CA/AN/80
TC/AN/10 n TC/AN/20 (2 TC/AN/40 cw TC/AN/80
CA/D/10 A CA/D/20 V CA/D/40 O CA/D/80
TC/D/10 ,3, TC/D/20 13 TC/D/40 1:2 TC/D/80



166

Table 42: Adsorption of Chloranil on Al O2 3

Activation temperature: 500°C Solvent: Acetonitrile

Initial Equilibrium Amountconcentration concentration adsorbed
1o’3mo1 dm‘3 1o‘3mo1 dm-3 10-5mo1 m‘2

0.320 0.002 0.3341.305 0.302 1.0322.611 1.383 1.2643.508 4.929 1.6467,657 5.533 2.1838.509 6.356 2.218

Table 43: Adsorption of TCNQ on A1203

Activation temperature: 500°C Solvent: Acetonitrile

Initial Equilibrium Amountconcentration concentration adsorbed
10-3mol dm‘3 l0_3mol dm-3 10-Smol m‘2

1.460 0.001 1.5052.920 0.002 3.0124.381 0.071 4.4437.302 0.995 6.5058.481 2.019 6.6599.424 2.779 6_66O
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Table 44: Adsorption of Chloranil on A1203

Activation temperature: 500°C Solvent: 1,4-dioxane

Initial Equilibrium Amountconcentration concentration adsorbed
1o'3mo1 dm-3 1o'3mo1 dm'3 1o"5mo1 m'2

0.145 0.001 0.1490.725 0.168 0.5741.451 0.691 0.7832.902 1.903 1.0114.353 3.203 1.186

Table 45: Adsorption of TCNQ on A1203

Activation temperature: 500°C Solvent: l,4—dioxane

Initial Equilibrium Amountconcentration concentration adsorbed
1o'3mo1 dm'3 1o'3mo1 dm-3 1o‘5mo1 m‘2

1.616 0.008 1.5833.232 0.874 2.4316.465 3.602 2.9518.081 4.664 3.52112.015 7.671 4.46913.348 8.950 4.529
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Table 46: Adsorption of Chloranil on 5% Sm O3/A1 O2 2 3
Activation temperature: 500°C Solvent: Acetonitrile

Initial Equilibrium Amount
concentration concentration adsorbed 21o‘3mo1 dm'3 1o'3mo1 dm‘3 10-Smol m"

1.524 0.172 1.3785.082 3.044 2.0758.893 6.464 2.29812.205 10.165 2.58916.002 13.426 2.61917.145 14.385 2.62818.529 15.935 2.649

Table 47: Adsorption of TCNQ on 5% Sm2O3/A1203

Activation temperature: 500°C Solvent: Acetonitrile

Initial Equilibrium Amountconcentration concentration adsorbed
1o"3mo1 dm‘3 1o’3mo1 dm’3 1o'5mo1 m'2
1.022 0.001 1.0423.408 0.018 3.4455.964 0.524 5.5448.784 1.652 7.1709.760 2.566 7.18211.900 4.788 7.212
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Table 48: Adsorption of Chloranil on 5% Sm O3/A1202 3
Activation temperature: 500°C Solvent: 1,4—dioxane

Initial Equilibrium Amountconcentration concentration adsorbed
1o'3mo1 dm‘3 10_3mo1 dm'3 1o‘5mo1 m‘2

0.020 0.007 0.0131.922 1.062 0.9814.046 2.610 1.4626.727 5.260 1.5558.081 6.463 1.6309.610 7.995 1.641

Table 49: Adsorption of TCNQ on 5% Sm2O3/A1203

Activation temperature: 500°C Solvent: 1,4—dioxane

Initial Equilibrium Amountconcentration concentration adsorbed-3 -3 -3 -3 -5 -210 mol dm .10 mol dm 10 mol m
0.212 0.018 0.1981.061 0.028 1.0542.122 0.059 2.1274.244 0.521 3.8077.427 2.461 5.0748.026 3.041 5.126
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Table 50: Adsorption of Chloranil on 10% Sm2O3/A120 3

Activation temperature: 500°C Solvent: Acetonitrile

Initial Equilibrium Amountconcentration concentration adsorbed
1o‘3mo1 dm-3 10-3mo1 dm‘3 10-Smol m-2

0.608 0.005 0.5431.216 0.009 1.0884.489 1.881 2.3736.631 3.763 2.6108.296 5.934 2.6619.653 6.779 2.664

Table 51: Adsorption of TCNQ on 10% Sm2O3/A120 3

Activation temperature: 500°C Solvent: Acetonitrile

Initial Equilibrium Amountconcentration concentration adsorbed
1o'3mo1 dm’3 1o‘3mo1 dm-3 lO_5mo1 m‘2

0.265 0.002 0.4002.658 0.011 2.3686.087 0.525 5.0099.789 2.695 6.38811.175 4.460 7.19913.108 5.200 7.230
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Table 52: Adsorption of Chloranil on 10% Sm2O3/A120 3

Activation temperature: 500°C Solvent: 1,4-dioxane

Initial Equilibrium Amountconcentration concentration adsorbed
1O—3mo1 dm-3 10-3mo1 dm_3 10_5mo1 m_2

0.210 0.199 0.0901.050 0.606 0.4052.100 0.928 1.0794.200 2.285 1.7497.350 4.966 2.26910.500 7.927 2.330

Table 53: Adsorption of TCNQ on 10% Sm O3/A1 O2 2 3
Activation temperature: 500°C Solvent: 1,4—dioxane

Initial Equilibrium Amountconcentration concentration adsorbed
1o‘3mo1 dm'3 1o'3mo1 dm-3 1o'5mo1 m'2

1.331 0.050 1.1842.662 0.104 2.3295.324 0.970 3.9557.343 2.577 4.3388.975 3.170 5.28910.490 4.641 5.330
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Table 54: Adsorption of Chloranil on15% Sm 0 /Al O2 3 2 3
Activation temperature: 500°C Solvent: Acetonitrile

Initial Equilibrium Amountconcentration concentration adsorbed
10-3mo1 dm-3 10-3mo1 dm‘3 10-Smol m'2

0.354 0.003 0.3611.536 1.477 1.1434.609 3.026 1.63110.361 7.424 3.03216.176 12.572 3.63920.220 16.702 3.648

Table 55: Adsorption of TCNQ on 15% Sm O /A1202 3 3
Activation temperature: 500°C Solvent: Acetonitrile

Initial Equilibrium Amountconcentration concentration adsorbed
1o’3mo1 dm-3 1o'3mo1 dm‘3 1o"5mo1 m'2

1.599 0.004 1.6462.986 0.015 3.0618.578 2.041 6.79511.946 4.464 7.71912.382 4.607 8.01814.933 6.404 8.81616.220 7.561 8.840
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Table 56: Adsorption of Chloranil on 15% Sm O /A1202 3 3
Activation temperature: 500°C Solvent: 1,4—dioxane

Initial Equilibrium Amountconcentration concentration adsorbed
1o'3mo1 dm-3 1o73mo1 dm’3 1o‘5mo1 m-2

0.239 0.044 0.2601.198 0.400 0.8232.396 0.929 1.5124.792 2.632 2.23211.980 9.090 2.92112.540 9.710 2.989

Table 57: Adsorption of TCNQ on 15% Sm O3/A1 O2 2 3
Activation temperature: 500°C Solvent: 1,4—dioxane

Initial Equilibrium Amountconcentration concentration adsorbed
10-3mo1 dm-3 10-3mo1 dm_3 10_5mol m_2

0.658 0.001 0.6791.646 0.027 1.6703.292 0.983 2.4384.988 0.989 4.03011.520 5.807 5.92016.460 10.620 5.998
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Table 58: Adsorption of Chloranil on 20% Sm2O3/A1203

Activation temperature: 500°C Solvent: Acetonitrile

Initial Equilibrium Amountconcentration concentration adsorbed
1o'3mo1 dm'3 10-3mo1 dm'3 1o'5mo1 m'2

1.822 0.105 1.9074.993 2.013 3.2008.613 5.120 3.45910.493 7.177 3.74914.576 10.996 4.10818.220 14.360 4.141

Table 59: Adsorption of TCNQ on 20% Sm2O3/A1203

Activation temperature: 500°C Solvent: Acetonitrile

Initial Equilibrium Amountconcentration concentration adsorbed
1o‘3mo1 dm-3 1o‘3mo1 dm-3 1o’5mo1 m'2

1.622 0.005 1.7343.053 0.008 3.2718.226 1.595 7.11912.115 3.944 8.77313.387 4.569 9.46815.885 7.047 9.509
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Table 60: Adsorption of Chloranil on 20% Sm2O3/A1203

Activation temperature: 500°C Solvent: l;4—dioxane

Initial Equilibrium Amountconcentration concentration adsorbed
1o‘3mo1 dm-3 10-3mo1 dm'3 1o"5mo1 m'2

0.341 0.272 0.7341.394 0.360 1.1092.789 1.063 1.8504.170 3.220 2.08811.940 8.432 3.76017.060 13.540 3.780

Table 61: Adsorption of TCNQ on 20% Sm2O3/A1203

Activation temperature: 500°C Solvent: 1,4-dioxane

Initial Equilibrium Amountconcentration concentration adsorbed
1o'3mo1 dm'3 1o'3mo1 dm'3 10-Smol m-2

0.324 0.001 0.3341.486 0.021 1.5112.972 0.165 2.9538.110 2.118 6.17212.976 5.670 7.51016.220 8.938 7.532
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Table 62: Adsorption of Chloranil on 40% Sm O /A1202 3 3
Activation temperature: 500°C Solvent: Acetonitrile

Initial Equilibrium Amount
concentration concentration adsgrbed10-3mol dm_3 10-3mol dm_3 10- mol m-2

0.181 0.001 0.2790.905 0.084 1.2641.811 0.094 2.7802.717 0.102 4.0236.340 2.126 6.4969.057 4.630 6.798

Table 63: Adsorption of TCNQ on 40% Sm2O3/A120 3

Activation temperature: 500°C Solvent: Acetonitrile

Initial Equilibrium Amountconcentration concentration adsorbed
1o‘3mo1 dm‘3 10-3mol dm-3 10-Smol m-2

0.472 0.001 0.7251.180 0.016 1.7942.360 0.047 3.5574.220 0.060 7.1678.024 0.675 11.30011.800 3.110 13.360
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Table 64: Adsorption of Chloranil on 40% Sm2O3/A120 3

Activation temperature: 500°C Solvent: 1,4-dioxane

Initial Equilibrium Amountconcentration concentration adsorbed
10-3mol dm_3 10_3mo1 dm-3 10_5mo1 m—2

0.233 0.126 0.1651.168 0.793 0.5762.336 0.838 1.5895.840 3.288 3.9279.344 5.980 5.17711.680 8.314 5.177

Table 65: Adsorption of TCNQ on 40% Sm2O3/A120 3

Activation temperature: 500°C Solvent: 1,4-dioxane

Initial Equilibrium Amountconcentration concentration adsorbed
10-3mo1 dm‘3 l0_3mo1 dm‘3 10_5mol m‘2

0.387 0.026 0.1840.967 0.046 1.4642.422 0.224 3.8864.844 1.618 4.9739.689 3.957 8.84912.110 6.237 9.030
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Table 66: Adsorption of Chloranil on 75% Sm2O3/A1203

Activation temperature: 500°C Solvent: Acetonitrile

Initial Equilibrium Amount
concentration concentration adsgrbed 210_3mo1 dm-3 1O_3mol dm_3 10- mol m

0.814 0.656 0.4041.623 1.191 1.1082.435 1.741 1.8324.885 3.523 3.3066.493 4.987 3.8908.117 6.506 4.144

Table 67: Adsorption of TCNQ on 75% Sm2O3/A1203

Activation temperature: 500°C Solvent: Acetonitrile

Initial Equilibrium Amountconcentration concentration adsorbed
1o‘3mo1 dm-3 1o’3mo1 dm‘3 10-Smol m‘2

0.254 0.001 0.6530.636 0.003 1.6331.273 0.022 3.2181.909 0.099 4.6424.456 1.446 7.7036.366 3.363 7.739
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Table 68: Adsorption of Chloranil on 75% Sm2O3/A120 3

Activation temperature: 500°C Solvent: 1,4—dioxane

Initial Equilibrium Amountconcentration concentration adsorbed
1o’3mo1 dm-3 10-3mol dm-3 10-Smol m'2

0.124 0.004 0.0300.621 0.183 0.1251.243 0.470 1.9831.865 0.980 2.3874.974 3.853 2.8766.218 5.027 3.043

Table 69: Adsorption of TCNQ on 75% Sm2O3/A1203

Activation temperature: 500°C Solvent: l,4—dioxane

Initial Equilibrium Amountconcentration concentration adsorbed
1o'3mo1 dm-3 1o'3mo1 dm’3 1o’5mo1 m‘2

0.107 0.002 0.0670.533 0.012 1.3381.067 0.043 2.7272.135 1.007 2.8864.270 2.206 5.3215.338 3.161 5.506
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Table 70: Adsorption of Chloranil on 10% CeO2/A120 3

Activation temperature: 500°C Solvent: Acetonitrile

Initial Equilibrium Amountconcentration concentration adsorbed
1o‘3mo1 dm-3 1o‘3mo1 dm“3 1o'5mo1 m‘2

1.032 0.027 0.9712.064 0.166 1.7424.128 0.968 2.9107.224 3.348 3.56110.320 5.944 3.582

Table 71: Adsorption of TCNQ on 10% CeO2/A120 3

Activation temperature: 500°C Solvent: Acetonitrile

Initial Equilibrium Amountconcentration concentration adsorbed
1o'3mo1 dm-7 1o’3mo1 dm-3 1o‘5mo1 m-2

1.380 0.001 1.2622.760 0.043 4.9985.521 0.051 5.99311.041 1.618 8.66213.800 3.858 8.693
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Table 72: Adsorption of Chloranil on 10% CeO2/A1 O2 3

Activation temperature: 500°C Solvent: 1,4-dioxane

Initial Equilibrium Amountconcentration concentration adsorbed
1o‘3mo1 dm‘3 1o'3mo1 dm‘3 10-5mol m'2

0.209 0.137 0.0671.062 0.531 0.4872.124 1.247 0.5794.248 3.574 0.6238.496 7.008 1.37110.601 8.910 1.380

Table 73: Adsorption of TCNQ on 10% Ceoz/A120 3

Activation temperature: 500°C Solvent: l;4—dioxane

Initial Equilibrium Amountconcentration concentration adsorbed
1o‘3mo1 dm-3 1o'3mo1 dm'3 1o‘5mo1 m-2

1.128 0.107 0.9382.250 0.238 1.8534.500 2.208 2.1209.003 5.220 3.48211.250 5.587 4.80112.241 6.557 4.920
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Table 74: Adsorption of Chloranil on 20% CeO2/A120 3

Activation temperature: 500°C Solvent: Acetonitrile

Initial Equilibrium Amountconcentration concentration adsorbed
1o'3mo1 dm’3 10-3mo1 dm’3 1o‘5mo1 m-2

0.293 0.024 0.2381.464 0.122 1.2372.928 0.482 2.2555.856 2.538 3.05911.710 7.609 3.78214.640 10.440 3.873

Table 75: Adsorption of TCNQ on 20% CeO2/A1203

Activation temperature: 500°C Solvent: Acetonitrile

Initial Equilibrium Amountconcentration concentration adsorbed
1o'3mo1 dm‘3 1o’3mo1 dm-3 1o'5mo1 m‘2

0.353 0.003 0.3321.764 0.010 1.6173.528 0.016 3.5297.040 0.631 5.91114.080 3.769 9.51817.640 5.882 10.836
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Table 76: Adsorption of Chloranil on 20% CeO2/A120 3

Activation temperature: 500°C Solvent: l,4—dioxane

Initial Equilibrium Amount
concentration concentration adsgrbed 21o‘3mo1 dm’3 1o'3mo1 dm'3 10‘ mol m‘

1.240 0.751 0.4512.480 1.094 1.2824.960 2.145 1.6786.832 4.770 1.8999.920 7.440 2.80512.400 9.244 2.930

Table 77: Adsorption of TCNQ on 20% CeO2/A120 3

Activation temperature: 500°C Solvent: 1,4—dioxane

Initial Equilibrium Amountconcentration concentration adsorbed
10-3mo1 dm—3 l0—3mol dm_3 l0—5mo1 m_2

0.244 0.041 0.1861.220 0.222 0.9212.440 0.313 1.9624.880 1.634 3.5478.540 2.757 5.20212.200 6.546 5.333
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Table 78: Adsorption of Chloranil on 40% Ce02/A120 3

Activation temperature: 500°C Solvent: Acetonitrile

Initial Equilibrium Amountconcentration concentration adsorbed
1o’3mo1 dm’3 10-3mol dm'3 1o'5mo1 m-2

0.352 0.017 0.2251.760 0.103 0.9123.520 1.014 3.1297.040 4.440 3.56013.020 8.760 5.20817.600 13.900 5.320

Table 79: Adsorption of TCNQ on 40% CeO2/A120 3

Activation temperature: 500°C Solvent: Acetonitrile

Initial Equilibrium Amountconcentration concentration adsorbed
1o'3mo1 dm-3 1o'3mo1 dm’3 10-Smol m’2

0.389 0.001 0.4851.947 0.089 2.3223.894 0.480 4.2635.841 1.387 5.60015.570 5.630 12.71319.470 9.293 13.430
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Table 80: Adsorption of Chloranil on 40% Ce02/A120 3

Activation temperature: 500°C Solvent: 1,4-dioxane

Initial Equilibrium Amountconcentration concentration adsorbed
1o‘3mo1 dm'3 1o’3mo1 dm‘3 1o'5mo1 m‘2

0.295 0.032 0.3291.478 0.758 0.8992.956 1.533 1.7735.912 3.841 2.58510.930 7.359 4.39614.780 11.213 4.490

Table 81: Adsorption of TCNQ on 40% CeO2/A120 3

Activation temperature: 500°C Solvent: 1,4—dioxane

Initial Equilibrium Amountconcentration concentration adsorbed
l0‘3mo1 dm-3 10_3mo1 dm—3 10-5mo1 m—2

0.301 0.009 0.3641.507 0.192 1.6353.016 0.241 3.4596.028 2.001 5.02012.050 7.620 5.43215.070 10.526 5.531
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Table 82: Adsorption of Chloranil on 60% Ce02/A120 3

Activation temperature: 500°C Solvent: Acetonitrile

Initial Equilibrium Amount
concentration concentration adsgrbed 210-3mol dm_3 10-3mo1 dm-3 10- mol m

0.l32 0.002 0.1520.659 0.006 0.9091.318 0.032 1.7812.636 0.326 3.2155.218 2.056 4.3986.523 3.302 4.482

Table 83: Adsorption of TCNQ on 60% Ce02/A1203

Activation temperature: 500°C Solvent: Acetonitrile

Initial Equilibrium Amountconcentration concentration adsorbed
1o'3mo1 dm‘3 1o'3mo1 dm-3 10-Smol m-2

0.318 0.001 0.4411.589 0.004 2.2053.178 0.012 4.4484.767 0.231 6.63411.700 3.827 10.95715.890 7.817 11.235



187

Table 84: Adsorption of Chloranil on 60% CeO2/A1 O2 3

Activation temperature: 500°C Solvent: l,4—dioxane

Initial Equilibrium Amountconcentration concentration adsorbed
1o‘3mo1 dm-3 10-3mo1 dm-3 1o‘5mo1 m‘2

0.131 0.042 0.1240.655 0.048 0.8442.260 0.591 2.3244.520 2.260 3.1458.205 5.820 3.52010.250 7.572 3.727

Table 85: Adsorption of TCNQ on 60% CeO2/A1 O2 3

Activation temperature: 500°C Solvent: 1:4-dioxane

Initial Equilibrium Amountconcentration concentration adsorbed
1o‘3mo1 dm-3 l0-3mol dm‘3 10-5mo1 m-2

0.154 0.019 0.1880.772 0.043 0.4821.544 0.496 1.4583.089 1.284 2.5266.178 2.918 4.5327.723 4.441 4.565
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Table 86: Adsorption of Chloranil on 80% CeO2/A120 3

Activation temperature: 500°C Solvent: Acetonitrile

Initial Equilibrium Amountconcentration concentration adsorbed
10-3mol dm_3 10-3mol dm_3 l0-5mol m—2

0.288 0.007 0.4491.410 0.162 2.0392.880 0.963 3.0615.760 3.202 4.08410.900 8.267 4.08214.401 11.902 4.084

Table 87: Adsorption of TCNQ on 80% Ce02/A120 3

Activation temperature: 500°C Solvent: Acetonitrile

Initial Equilibrium Amountconcentration concentration adsorbed
1o'3mo1 dm‘3 1o‘3mo1 dm-3 1o‘5mo1 m‘2

0.832 0.001 1.3271.663 0.148 2.6333.326 0.274 4.8746.648 1.299 8.5418.315 2.702 8.968
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Table 88: Adsorption of Chloranil on 80% CeO2/A120 3

Activation temperature: 500°C Solvent: 1,4-dioxane

Initial Equilibrium Amountconcentration concentration adsorbed
1o‘3mo1 dm'3 1o‘3mo1 dm‘3 1o‘5mo1 m‘2

1.318 0.336 1.5682.636 1.329 2.0875.272 3.570 2.5909.755 8.131 2.60113.180 11.500 2.680

Table 89: Adsorption of TCNQ on 80% CeO2/A120 3

Activation temperature: 500°C Solvent: 1,4—dioxane

Initial Equilibrium Amountconcentration concentration adsorbed
10-3mo1 dm‘3 1o‘3mo1 dm'3 10-Smol m‘2

0.191 0.019 0.2730.954 0.206 1.1941.908 0.475 2.2863.817 1.540 3.5117.253 5.054 3.6369.544 7.245 3.671
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Limiting amount of electron acceptor adsorbed as
a function of composition of Sm2O3/A1203.
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Fig.2O Limiting amount of electron acceptor adsorbed
as a function of composition of CeO2/A1203.
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Fig.21 Acid—base strength distribution of Sm2O3/A1203
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Acid-base strength distribution of CeO2/A120 3
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in the mixed oxide lattice because rare earth oxide has
lower electron donicity than Al Figs.l9 and 20 show203.
the variation in the limiting amounts of electron acceptor
adsorbed as a function of composition of mixed oxides.

The surface electron properties of alumina are
promoted by the rare earth oxide without changing the limit
of electron transfer. The concentration and strength of
acidic and basic sites on the surface of these mixed oxides
are measured by titration method using Hammett indicators

(Figs.2l and 22). Data are given in Tables 90-91. Holmax
value parallel the electron donating properties of the
mixed oxides.

Catalytic activity
In order to correlate electron donating and acid

base properties of the oxides with their catalytic activity
the following reactions were studied:

I. Reduction of

(i) Cyclohexanone
(ii) Acetophenone and
(iii) Benzophenone in presence of isopropanol,
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II. Oxidation of cyclohexanol in presence of benzophenone
using these oxides as catalysts

When a ketone in the presence of a base is used
as the oxidising agent the reaction is known as Oppenauer
oxidation. This reaction is the reverse of Meerwein
Ponndorf—Verley type reduction of ketones. Oppenauer
oxidation of secondary alcohols proceeds efficiently using
benzophenone as the hydrogen acceptor [23]. It has high
ability for oxidising the alcohol and to resist aldol
condensation [24]. The catalytic activity of these oxides
can be rationalized in terms of the mechanism (Scheme I)

proposed by Shibagaki gt El [25] for oxidation and
reduction using Zro as the catalyst. It has already been2

established from primary, kinetic isotope effect studies

that k3 is the rate determining step [25]. The mechanism
involves hydride transfer from alcohol to the carbonyl
carbon of the ketone. Lewis basicity of the catalyst
surface favours the hydride transfer.

Sm2O3 and CeO2 activated at 300, 500 and 800°C
and mixed oxides of these rare earth oxides with alumina
are found to be effective catalysts for the oxidation
reduction reactions. Data are given in Tables 92-95.
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Table 92: Oxidation of cyclohexanol to cyclohexanone with
benzophenone

Catalyst Conversion % :§%emE§nStant

Sm2O3 [300°c] 52.99 3.183 x 10'6
Sm2O3 [500°c] 66.48 7.170 x 10'6
Sm2O3 [800°C] 92.85 4.950 x 10‘5
A1203 [5oo°c] 55.55 2.306 x 10’6
5% Sm2O3/A1203 80.08 2.425 x 10'6

10% Sm2O3/A1203 82.71 4.438 x 10’6
20% Sm2O3/A1203 91.08 7.213 x 10'6
40% Sm203/A1203 92.89 1.120 x 10‘5
75% Sm2O3/A1203 74.32 9.448 x 10'6
CeO2 [300°c] 68.75 5.113 x 10’6
CeO2 [5oo°c] 60.20 1.593 x 10'6
CeO2 [800°C] 58.22 1.453 x 10'6
10% CeO2/A1203 81.38 2.505 x 10'6
20% CeO2/A1203 84.15 2.631 x 10‘6
40% CeO2/A1203 93.47 9.470 x 10'6
60% CeO2/A1203 81.76 5.463 x 10'6
80% CeO2/A1203 72.84 1.773 x 10'6
Reaction temperature 110°C
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Table 93: Reduction of cyclohexanone to cyclohexanol with
2-propanol

_ Rate constantCatalyst Convers1on % _1 _2s m
Sm 0 [300°c] — -2 3

Sm2O3 [500°c] 29.31 1.468 x 10-7
Sm2O3 [800°c] 82.00 8.763 x 10'7
A1203 [5o0°c] 32.18 2.085 x 10'8
5% Sm2O3/A1203 39.82 2.664 x 10‘8

10% Sm2O3/A1203 57.83 5.608 x 10”8
20% Sm2O3/A1203 62.25 7.451 x 10‘8
40% Sm2O3/A1203 71.63 2.133 x 10'7
75% Sm2O3/A1203 52.27 1.633 x 10'7
CeO2 [3oo°c] 47.93 1.511 x 10'7
CeO2 [ 500°C] 2.00 1.073 x 10‘8CeO2 [800°C] - -
10% CeO2/A1203 33.93 2.879 x 10'8
20% CeO2/A1203 40.57 3.703 x 10‘8
40% CeO2/A1203 53.68 7.758 x 10‘8
60% CeO2/A1203 51.35 7.738 x 10'8
80% CeO2/A1203 35.42 5.338 x 10’8
Reaction temperature: 80°C.
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Table 94: Reduction of acetophenone to 2-phenylethanol with
2—propano1

Catalyst Conversion % Rfife EgnstantS m

Sm2O3 [300°c] — -
Sm2O3 [500°c] 71.97 3.421 x 10-7
Sm2O3 [800°C] 85.47 9.739 x 10'7A1203 [500°c] - -

-95% Sm2O3/A1203 29.29 2.733 x 10
-810% Sm2O3/A1203 30.35 3.396 x 10
-820% Sm2O3/A1203 57.82 7.150 x 10
-740% Sm2O3/A1203 94.40 4.981 x 10
-775% Sm2O3/A1203 91.93 4.065 x 10

Reaction temperature 80°C
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Table 95: Reduction of benzophenone to diphenylcarbonol with
2—propano1

Cata1Y5t Conversion % Rage EgnstantS m

Sm2O3 [300°c] - -
Sm2O3 [5oo°c] 8.70 2.821 x 10‘8
Sm2O3 [80o°c] 82.00 8.220 x 10‘7A1203 [5oo°c] - -
5% Sm2O3/A1203 — -

10% Sm2O3/A1203 2.70 1.921 x 10‘8
20% Sm2O3/A1203 31.82 2.175 x 10'8
40% Sm2O3/A1203 37.84 9.643 x 10‘8

-875% Sm2O3/A1203 37.09 7.061 x 10

Reaction temperature: 80°C
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Among the three ketones, reduction of benzophenone is the
slowest because of the lower electron density at the
carbonyl carbon of benzophenone [23].

The reaction was followed by CHEMITO 8510 gas
Chromatograph. No by products were detected. The kinetics
of these reactions have also been studied. The activity is
reported as the first order rate coefficient per unit area
of the catalyst surface. The rate coefficients are
determined from the graphical method (Figs.23—26).

The rate of oxidation and reduction increases

with increase in basicity of the oxide. For Sm2O3 as
activation temperature increases the catalytic activity
also increases and highest activity was shown by Sm2O3
activated at 800°C. Cerium oxide is effective only in the

reduction of cyclohexanone. The activity of CeO2 for
oxidation-reductions is low compared to Sm 0 As the2 3°
activation temperature increases the catalytic activity of
ceria decreases which parallel their basicities. The
catalytic activity of samaria and ceria as a function of
activation temperature are shown in Figs.27 and 28.
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Fig.24 Kinetics of oxidation of cyclohexanol on CeO2
catalyst activated at different temperatures.
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Fig.25 Kinetics of oxidation of cyclohexanol on Sm2O3/
A1203 catalyst with different compositions.
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Kinetics of oxidation of cyclohexanon
CeO2/A120 3

3 _: \ \ ‘¥
\\' \3 \.

\\e

Ll4L1Lil1l.Ll1L1JLl1L1l1l20 40 60 80 100 120
Time (in minutes)

X is the concentration of cyclohexanol.

10% Ce02/A120 A 60% CeO2/A1203 3
20% CeO2/A120 I 80% CeO2/A1203 3

Q Al O40% CeO2/A120 2 33

on

catalyst with different compositions.



Fig.27

Catalytic activity (10-85—lm_2)

100

80

60

40

20

Catalytic activity for reduction as a function

208

of activation temperature.

I

300
T’

500 700

Activation temperature (°C)

Rate constant

Rate constant
Rate constant
(on Sm2O3)
Rate constant
on CeO2

for the
for the
for the

for the

reduction of
reduction
reduction

reduction

of

of

of

cyclohexanone

acetophenone

benzophenone

cyclohexanone



Fig.28

50

N/'\
I

ET 40
ID

*5’
O
r-Iv 30
>4
JJ
-.-4

>

‘:3 20
U
I'D

U
--I
-I-3> 10
r-1
ft!
4-!
rd
U

o

209

Catalytic activity for oxidation as a function of
activation temperature.
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Fig.29 Catalytic activity for reduction as a function of
composition of Sm 0 /Al O and CeO2/A12032 3 2'3
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Limiting amount of electron acceptor adsorbed
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Fig.33 Limiting amount of electron acceptor adsorbed
and catalytic activity Vs. composition of
Sm2O3/A1203.
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In the case of mixed oxides the catalytic
activity (both the oxidation and reduction) increases up to
a certain composition and then decreases (Figs.29—30).
Here also activity parallel the basicity of the catalysts.
The change in catalytic activity as a function of
activation temperature and composition is comparable with
the plots of limiting amount of electron acceptor adsorbed
as a function Of composition and temperature (E‘igs.3l-34).
Electron donicity and catalytic activity increases with
increase in basicity of the catalyst.
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CONCLUSION

Systematic study of the correlation between
catalytic activity, acid—base and electron—donor properties
on the rare earth oxide surfaces have revealed the
following results.

The amount of electron acceptor adsorbed on the
rare earth oxide surface depend on the activation
temperature of the oxide, basicity of the solvent and the
electron affinity of the electron acceptor. The limiting
amount of electron acceptor adsorbed on the oxide surface
increases with increase in activation temperature of the
oxide, increase in electron affinity of the electron
acceptor and decrease in basicity of the solvent.

The limit of electron transfer from the oxide
surface to the electron acceptor is between 2.40 and 1.77

eV for Sm2O3 in all the systems, but in the case of ceria
the limit of electron transfer shift from 2.40-1.77 eV to
2.84-2.40 ev in l,4—dioxane and ethyl acetate. In the case
of mixed oxides surface electron properties of alumina are
modified by the rare earth oxide without changing the limit
of electron transfer.
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The change in magnetic moment during adsorption of
electron acceptors on paramagnetic oxides is a measure of
the extent of electron transfer during adsorption.

The electron donor power of oxide surface increase

with basic strength of surface measured as its 0 maxI

value. The order of basic strength parallels the order of
electron donor sites present on oxides.

Sm2O3 and mixed oxides of samarium, aluminium and
cerium with aluminium are found to be effective in the
liquid phase oxidation—reduction reactions. In the case of

pure CeO2, it is effective only for lower activation
temperatures (300°C). These reactions showed a first order
dependence on the concentration of the reactant. The data
on catalytic activity parallel the electron donating and
acid-base properties of the oxides.
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