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INTRODUCTION 

The rare earth group of elements, also called the lanthanides refers to the 14 

elements following lanthanum in the periodic table, but as normally used also includes lanthanum 

itself [1]. From lanthanum (Z=57) to lutetium (Z=71) we go from a [XeJ4f' to lXe]4f4 configuration. 

Since the 4f electrons are relatively uninvolved in bonding, these highly electropositive elements 

have as their prime oxidation number +3 and, closely resemble one another chemically and physically. 

They generally occur together in nature. 

The clement yttrium, Y, (Z=39). which lies ahove La, has atomic and ionic radii 

close to those for terbium and dysprosium. It therefore resembles them closely in its chemistry 

and is generally found in nature with the lanthanides. The lanthanides plus yttrium are commonly 

called the rare earths, although many of them are relatively abundant. Lanthanum, cerium and 

neodymium are all more abundant than lead. 

The use of rare earths as promoters or supports in catalytic reaction has grown 

extensively in the past few years, due to interesting properties encountered in automotive pollution 

contrel by catalysis or syngas conversion 12,31. In catalysis by automotive pollution control, the 

reducibility of some of the rare earth oxides (eg. Ce02) have been put forward to explain the 

increase in performance of rare earth modified catalysts 141. In fact it seems that the easy reduction 

of ceria dispersed on such catalysts is favoured by the presence of a transition metal and increases 

the oxygen storage capacity of the catalyst [5 J. Thus the rare earth ~xides can store the oxygen 
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during the oxidativc step of the exhaust cycle and remO\~ it during the reductive step, thereby 

hroadening Ihe aCl'cplalH:e window or Ihc nir 10 fucl rulin, In syngns conversioll, Ihe sillllltion 

is more complicated as both the reducibility and basicity propenies of the rare eanh oxides have 

been invoked. 

Recent studies have demonstrated that several of the lanthanide sesquioxides (M20 3) 

are effective catalysts for the oxidative coupling of methane to ethane and ethylene [6J. Lanthanum 

oxide, for example, is capable of activating CH4 by hydrogen atom abstraction, and the resulting 

CH; radicals enter the gas phase where they may undergo subsequent coupling reactions [7]. In 

an attempt to identify the active site for this hydrogen atom abstraction, the catalyst was quenched 

from 650 to -196°C, and the presence of superoxide ions were detected by EPR spectroscopy, 

These ions arc believed to be forl11ed by the reaction of 02 either with thellllally gencrated elcctron­

hole pairs or with surface peroxide ions. 

The rare earth oxides exhibit activity as oxidation catalysts [8] and have low 

work functions (approximately 2.7 eV) 19J. Thus they have both of the required attributes as 

negative surface ionisers (NSI). NSI is the process where a negative ion is sublimed from a 

solid surface and is efficient when the work function of the surface is close to or less than the 

electron affinity of the subliming negative ion. An additional requirement is that the chemistry 

on the surface of the ionizer be capable of prcl"orllling the chemical species that has the high 

electron affinity (atom or molecule). This preformed species may actually reside on the surface 

in an ionic state, although this is not well understood. Thus, systems which chemisorb a high 

electron affinity atol11 or molecule prior to desorption are in general more efficient ionizers for 
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that particular species. If an atomic or molecular species with a suitable electron affinity strikes 

a low work function surface, then no chemical reaction is required to produce the negative ion, 

and NSI (basically charge exchange) can proceed with a single collision, provided the thermodynamics 

are favourable. 

Rare earth oxides can function as catalytic oxidizers to produce oxide species 

that have relatively high electron affinities and they can provide a low work function surface which 

helps to ionize the subliming molecules or perhaps, to allow the preformed ions to escape more 

easily from the surface as ions. Rare earth oxides are also refractory materials. This combination 

of properties presents an opportunity to study the oxidation of Illetallic rheniulll, using rare earth 

oxides as catalysts, by observation of the rhenium oxide negative ions. 

Fundamental catalytic and surface prope11ies of alkali, alkaline earth and other 

basic oxides have been extensively studied and documented LlOJ. Equivalent infonmttion about 

the series of basic rare earth oxides is fragmentary. This family of refractories resembles the 

alkaline earth oxides in many respects, but offers a unique 0pp0I'lunity to study the effect of 

smoothly varying periodic trends on catalytic behaviour. In particular, the gradual decrease in 

tervalent ionic radius, and consequent increase in ionic charge density, in going from La3+ (1.06 .. . 

A) to Lu3+ (0.85 A) results in a corresponding decrease in basicity of the sesquioxides (M20 3) 

across the series L11 J. Furthennore, with only few irregularities, the effect of this basicity trend 

on catalytic properties can be assessed independently of other electronic and solid-state parameters, 

sllch as d'electron configuration, crystal structure and preferred stoichiometry, which are largely 

invariant through out the oxide series. All Ln3+ ions, for example, lack 5d electrons and differ 
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from each other electronically only in respective configuration of highly shielded 4f electrons. Systematic 

correlations, however, between surface basicity and catalytic properties among the rare earth oxides 

have been exploreu to only a limited extent. 

Catalytic behaviour of rare earth oxides have been explored for many reactions 

and a wide variety of catalytic properties have been known L 12J. Empirical studies have demonstrated 

that, following appropriate pretreatment, rare earth sesquioxides are active catalysts for a variety 

of reactions, indud ingortho/para hydrogen conversion 1131, deuterium exchnnge renctionsofhydrocarbons 

[14], H2-D2 equilibration [15], alcohol dehydration 116], olefin isomerization [17], decomposition 

of N20 and NO [18,191 and oxidation reactions of hydrogen [20.1, carbon monoxide [21 J and 

hydrocarbons [22,231. 

By measuring the activities for the low temperature hydrogenation of ethylene 

for the entire lanthanum series of rare-earth oxides it is possible to estimate the role of pretreatment 

on the catalyst and it revealed a connection between catalytic activity and basicity of the oxide 

[24J. 

In the last several years, however, it has been found in a series of the catalytic 

oxidations that the catalytic activity of the lanthanide oxides significantly differ from each other. 

Sazollov and co-workers 1251 measureu the activation energies of the isotopic exchange of oxygen 

and of the desorption of carbon dioxide in the oxidation of carbon monoxide and found that 

the dependence of the activation energies on the atomic number was similar to that of the magentic 

moment. Minachev [26J compared the catalytic activity in the oxidation of hydrogen and propylene 
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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 values of the lanthanide ions. Bakumenko 

and Chashenikova [27] found in the oxidation of hydrogen that activity of neodymium and erbium 

oxides were lower than cerium, praseodymium and terbium oxides with the tetravalent ion, which 

was explained on the basis of the heat of fonnation of oxide. Lazukin and co-workers [28] found 

a good correlation between the activation energy of the oxidation of propylene and that of the 

electrical conductivity and concluded that the electron transfer from the reactant or the intennediate 

to the catalyst surface is involved in the rate detellllining step. Some of the authors 125,26J suggested 

from these results that the catalytic activity of the lanthanide oxides depend on the electronic 

configuration of the inner 4f subshell. 

The catalytic oxidation of butane was studied over a series of lanthanide oxides 

in order to investigate the effect of the electronic conifguration on the catalytic activity [29]. 

Lanthanum oxide was one of the least active catalysts. Cerium oxide was the most active one 

and the activity decreased with an increase in the atomic number from cerium to gadolinium. 

The activity of terbium oxide was the second highest, and again the activity decreased from terbium 

to lutetium. Such a dependence of the activity on the atomic number was in good agreement 

with the electrical conductivity, and in fair agreement with the heat of fOllllation of oxide. The 

dependence of the electrical conductivity and the heat or fOIll1ation could be related to the stability 

of the tetravalent ion, to which the catalytic activity also could be related by assuming that the 

rate detellllining step is the oxidation of the trivalent ion to the tetravalent ion. A good correlation 

was obtained between the catalytic activity and the fourth ionization potential as a measure of 

the stability of the tetravalent ion relative to the trivalent ion. On referring to the correlation, 
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the dependence of the catalytic activity on the atomic number was interpreted in temlS of two 

factors based on the electronic configuration of the 4f subshell, ie, the coulomb attraction energy 

between Xe shell and the 4f electron and the exchange energy between the 4f electrons. 

The catalytic activity of rare earth oxides for simple reactions show patterns which 

broadly resemble each other and also reactions in which the number of 4f electrons changes [30J. 

If simple concepts of electron transfer are augmented, it emerges that any rate controlling step 

which involves the adsorption of a species by electron transfer to it, leads to an activity pattern 

with maxima for f', rand 1'14 structures. Rare earth oxides are hardly reducible. La20 J and Ce20 3, 

for example, remain trivalent oxides after treatment in hydrogen at 673K and Lu20 J generates 

divalent ions even at 823-973 K by treatment in hydrogen. This character is suited for the catalyst 

support which is applied under reducing atmosphere. The addition of DY203' Nd20 3, Yb20 3, La20 3 

or Gd20 3 to the Rh-AI20 3 catalyst enhanced the activity of the hydrogenation of CO to methane. 

There was the linear relationship between the carbon skeletoll propagation or the hydrocarbons 

formed and the basicity of the rare earth oxides [31]. 

Because of their high melting points, rare earth oxides are superior in thermal 

stability to catalysts containing low melting metal oxides/salts for the methane coupling process 

[32]. 

Otsuka et al. [33,34] observed that among the rare earth oxides, Sm20 J shows 

highest activity and selectivity for C2- hydrocarbons in the oxidative coupling of methane. Whereas 

Campbell et al. [35] have found that for hydrothermally treated rare earth oxides, La20 3 shows 
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much higher activity than Sm20 3 in catalytic production of gas-phase methyl radicals from methane 

and also in oxidative coupling of methane. However, in both the studies, Ce02 showed very 

low activity/selectivity in the methane cOllpling process. It was pointed out that the ,dative activities 

of rare earth metal oxides parallel' their basicities 136J. It is, therefore, very interesting to know 

quantitatively the smi'ace basicity and base strength distribution on rare earth oxides. 

Oxygen (site and isotope) exchange reactions over well outgassed and partially 

reduced cenum oxide were examined in the temperature range 200-373 K by means of Ff-IR 

spectroscopy [37]. Isotopic exchange between gaseous 02 and lattice oxygen of the cerium oxide 

does not occur at the temperature below 373 K. Site exchange via gaseous 02 with adsorbed 

superoxide (02 ads) species was found to be very fast on both the outgassed and partially reduced 

surfaces even at 2ooK, but site exchange between gaseous 02 and adsorbed peroxide (02-ads) 

species does not take place in the temperature range 200-373K. Here the isotope exchange reaction 

proceeds via adsorbed superoxide species and the exchange reaction is presumed to involve a 

tetraoxygen intennediate as a result of the reaction of gaseous 02 with adsorbed superoxide species. 

The reduction of methyl benzoate and benzoic acid on a Y 203 catalyst under 

hydrogen has been examined by using an infrared spectroscopic flow reactor at 250 -450"C 138J. 

The formation and reduction of surface benzoate was monitored by infrared spectroscopy .. Surface 

methoxide formation was also ohserved during the methyl hen".oate reaction. The experimental 

evidence indicates that the benzoic acid and benzoate esters are reduced to benzaldehyde via the 

surface benzoate. Hydrogen is transfered from the gas phase to the final product by surface 

hydroxyl groups. 



Temperature programed desorption (TPD) and IBO-tracer techniques have been 

adopted to examine the contribution of the lattice oxygen atoms (oxide ions) of praseodymium 

oxide, Pr60 11 , to the oxidation of carbon monoxide [39J. The TPD measurements revealed that 

somc of thc Iatticc oxygen atoms could bc rcmoved(reduced) by CO forming COr Ilowevcr; 

lhe oxygcn vacancies formcd by lhe reduction were continuously filled with oxide ions, if oxygen 

were coexisted in the gaseous phase. Most of the carbon dioxide formed during the reaction 

of CO wilh IB02 over Pr60 l1 catalyst was composed of C160 160. These results showed that 

the lattice oxygen atoms of the praseodymium oxide play an important role in the catalytic oxidation 

of carbon monoxide. Surface parameters and thermal dehydration/rehydration behaviour of the 

La(OH)/La20 3 system have been examined with a view toward establishing suitable methods for 

preparing and characterizing catalytic forms of the rare earth oxides [40J. Relatively nonporous 

La(OH)3' prepared by hydrolysis of the pure oxide, undergoes thermal dehydration in two distinct 

stages. A well defined oxyhydroxide(LaOOH) intermediate, f0I11led by dehydration of the hydroxide 

at 200°C, decomposes in a second step at 300"C to generale lhe sesl)uioxide. A surface carbonate 

layer on the resulting oxide is only removed completely by subsequent thermal treatment at 7QO 

- 800°C. Exposure of the oxide to water vapour at temperatures < 200"C causes complete rehydration 

to the trihydroxide, rather than mere formation of surface hydroxyl groups, and results in complete 

recovery of surface area lost by high temperature sintering. Spectroscopic studies reveal the existence 

of two structurally dissimilar kinds of bulk hydroxide ions in La(OH)3' differing in their relative 

extent of hydrogen bonding and giving rise to infrared bands at 3610 and 3590 cml. The latter 

band corresponds to the less numerous and more strongly bound type of OH- that is removed 

during second stage dehydration of the oxyhydroxide. Lanthanum sesquioxide, when properly activated, 

is an extremely active catalyst for double bond migration and cis/trans rotation in n-butene 141 J. 
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This reaction because of its often highly specific structural requirements when occuring on oxide 

catalysts, affords an opportunity to probe geometric restrictions and limitations on the behaviour 

of the active sites. 

Lanthanum oxide-promoted MgO catalysts show a very high activity, C2-selectivity 

and C2-space time yield and no deactivation in oxidative coupling of methane l42J 

The multi-pathway (dehydration/dehydrogenation) conversion of ethanol has been 

used to investigate the nature and behaviour of catalytically active sites on lanthanum and neodymium 

sesquioxides [43J. Catalytic reaction data, coupled with infrared spectroscopic characterizations 

of adsorbed species, indicate that at least two different types of catalytically active sites are generated 

on activated La20 3 and Nd20 3 surfaces that are prepared by thermal dehydration of the corresponding 

trihydroxides. One kind of site (designated Type I) is much less numerous than the other (designated 

Type 11) but is more strongly basic and has a much higher initial activity for alcohol dehydration 

via a probable ethoxide intermediate, at 300-400°C. The parallel alcohol dehydrogenation pathway, 

on the other hand, occurs only on Type II sites which also have moderate dehydration activity. 

The resulting aldehyde product readsorbs exclusively on the more strongly basic Type I sites, 

where it undergoes a series of secondary condensation reaction that causes a decrease in the overall 

rate of alcohol dehydration. The comparative behavioural features of the two kinds of sites may 

be due to differing surface environments, with Type I sites being in structurally more defective 

and/or more energetic surface locations than are Type II sites. Increase in pretreatment temperature 

of the oxides cause themmlly induced transformations of Type I sites into Type 11 sites by a 

surface annealing or restructuring process, with corresponding modifications in the observed catalytic 
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behaviour for the two alcohol conversion pathways. 

Aldol addition of acetone was studied ovcr alkalinc earth oxides, LaZ0 3, Zr02, 

SiOz- Al20 3 and Nb20 s at onc to elucidate the nature of active sites l44J. The activities of catalysts 

on a unit surface area basis were in the order; BaO > srO > CaO > MgO > La20 3 > ZrOz 

» SiOz-Alz0 3 > NbzOs' The reaction is base catalyzed and the oxides of stronger basic sites 

promote the reaction effectively. The active sites were suggested to be basic hydroxyl groups, 

either retained on the surface or originating from dehydration of diacetone alcohol to mesityl oxide. 

The catalytic properties of LaZ0 3 have much in common with those of ThOz 

and MgO not only for hydrogenation but also for other reactions such as double bond isomerizations 

of olefins l45J and of unsaturated compunds containing nitrogen [46J or oxygen l47J. It should 

be recognized, however that certain of the results described may not be representative of the 

behaviour of other ra~e em1h oxides since La20 3 although it is the commonest and most widely 

used basic member of the group and apart from Ndz0 3 and Ce20 3 (which is prepared only with 

difficulty by reduction of Ce02) is the only sesquioxide of the series that invariably exists in the 

type-A (hexagonal) crystal structure, the others being of the type-C (body centered cubic) structure 

at temperatures < 900"C l481. Moreover the electronic and magnetic properties of La20 3 differ 

considerably from those of the other oxides in the series because La3+ is the only tervalent rare 

earth cation that lacks 4f electrons and has the simple [XeJ electronic structure. 

Minachev l49 J has summarized many of the catalytic properties of dysprosium 

oxide with particular reference to organic reactions. The activity of dysprosium oxide is very similiar 
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to that of erbium oxide and it is especially active towards n-butane cracking and double bond 

migl'lltion in l-hutclle. MllllY studies hllve hccn made of' 1'L'al'tions involving hydrogcn or oxygell 

Oil dysprosiullI ox idc. Adsorptioll rcsults 150 I show that thc allloullt or adsorption depends 011 

tcmperaturc, with a maxilllum ausorptioll at about 600 K. Hydrogen is probably adsorbcu nOlltlissociatively 

but oxygen may be dissociatively adsorbed above 600 K. The hydrogen deuterium exchange reaction 

occurs above 250 K [511 and shows a temperature dependence similar to the parahydrogen conversion 

reaction, leading to the conclusion that both these reactions involve equivalent dissociative mechanisms 

at these temperatures. Selwood l52] studied the nondissociative mechanism in a magnetic field 

and observed an increase in activity towards parahydrogen conversion in a strong field but no 

change in activity, in a weak field. Oxygen exchange reactions indicate that activity increases 

with a rise in mobility of surface oxygen, with dysprosium oxide becoming active at about 600 

K. 

The lanthanide oxides are making the "history" of the catalyst very important. 

Read and Perkins reported that the hydrogen-oxygen reaction is catalysed by dysprosium oxide 

[53]. Hydrogen and oxygen are competetively and nondissociatively adsorbed on the surface and 

the rate detern1ining step involves the interaction between H/ads) and H20 2(ads) with the latter 

species being considered as equivalent to two adjacent hydroxyl groups. Temparature is critical, with 

changes in activation energy and effects of excess gas occuring at about 430 K. 

The catalytic activity of rare earth oxides has recently been reviewed in a book 

by Tanabe el.ai. 1541. Hallori etal. 1551 investigated the isomerization of n-butene over rare 

earth oxides. With few exceptions, however, these studies have been primarily exploratory in 
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nature, with the aim of obtaining kinetic data for the reactions investigated and comparative activity 

levels for the various oxides. Infonnation is sparse, for example, about the chemical nature and 

surface densities of both catalytic and adsorption sites on these materials and about the mode 

of interaction of such sites with adsorbed and or reacting species. There has been however, 

little attention paid to the strength and distribution of electron donor sites on rare earth oxide 

surfaces. So wc have done an investigation of the strength and dustribution of electron donor 

sites 011 the rare earth oxide surfaces (La20) & Dy 20) by adsorption of some electron acceptors. 
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CIIAPTER 2 

SURFACE ELECTRON PROPERTIES 

IX 



SURFACE ELECTRON PROPERTIES 

ELECTRON DONOR-ACCEPTOR PROPERTIES 

The formation of radical ions on surfaces by electron transfer processes is well 

established and several examples of the observation of positive ions on electron acceptor sites 

in silica-alumina and zeolite systems have been reported 11-9J. Chemisorption of oxygen on the 

surface of magnesium oxide, an insulating oxide, can be observed under conditions which involve 

different types of electron transfer processes either fom1 electron donor centres formed by irradiation 

or by the addition of extrinsic impurity ions [10-14]. Carbon dioxide can also form CO;ions 

by electron transfer from S centres in irradiated MgO lIS]. 

It is also possible that an anionic species will be formed on an adsorbent of 

an electron donor if a strong electron acceptor is used as the adsorbate [16 J. When strong electron 

acceptors (Lewis acids) or donors(Lewis bases) are adsorbed on metal oxides, the corresponding 

radicals are formed as a result of electron transfer between the adsorbate and the metal oxide 

surface [17-20]. Flockhart et al. attempted the adsorption of tetracyanocthylene (TCNE) for the 

estimation of the electron donor properties of alumina surface 121-241. The adsorption of nitro 

compounds on the surface of MgO powder has been studied by ESR and reflectance spectrophotometry 

[25]. Meguro et al. studied the surface properties of alu11lina, titania, silica-alumina and silica­

titania systems prepared by the co-hydrolysis of metal alkoxides [26-281. 
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The elecu'on donor properties of metal oxides (magnesia, alumina, silica, titania, 

zinc oxide and nickal oxide) were investigated by means of TCNQ adsorption l29J. The order 

of radical forming activity, determined by ESR, was as follows: magnesia> zinc oxide> alumina 

> titania > silica > nickal oxide. The electron donor property of the metal oxide surfaces might 

be dependent on the nature of the semiconductor and the surface hydroxyl ion. 

The radical ion of nitrogen heterocyclics and sulphur heterocyclics have been 

generated and studied on a variety of oxide surfaces including silica-alimina and molybdena­

alumina by K.S.Seshadri and L.Petrakis 130-311. The adsorption of a series of aromatic hydrocarbons 

from solution on hydroxylated and dehydroxylated silica surfaces have been investigated l32J. 

Dehydroxylation of silica sUlfaces sharply diminishes the adsorption of aromatic hydrocarbons. 

Che et al l33J carried out a systematic study of the adsorption of TCNE on the surface of titania 

and magnesia. 

The reduction of iodine to iodide ions occurs readily on the surface of partially 

dehydrated catalytic aluminas and silica-aluminas l34J. An increase in the alumina content of 

the latter results in an increase in reducing activity. The electron donor property of silica-alumina, 

silica-titania and alumina-titania surfaces were investigated by means of TCNQ adsorption l35J. 

TCNQ was adsorbed from several aromatic solvents, aniline, mesitylene, p-xylene, toluene, 

bromobenzene and chlorobenzene whose ionization potentials vary from 8.32 to 9.60 eV 

onto the oxide surfaces l36J. 

The electron donor properties of several oxide powders (CaO, MgO, ZnO, AI20 J, 
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Si02~AI201)' activatcd in vacuulI1 at temperatures upto 120() K, have heen investigated using the 

ESR spectroscopy of adsorbed nitrobenzene radicals as a probe l37 J. The results show the existence 

of a correlation between the electron donor activity of oxides and their Lewis base strength, 

indicating a direct connection between basic centres and donor surface sites. 

Pigmentary samples of titanium dioxide react with electron acceptors such as 

qUll1ones, tetracyanoethylene and TCNQ to give paramagnetic species 1381. Visible absorption 

spectral measurements confirmed these assignments. The electron donor properties of Ti02 and 

MgO have been investigated by tetracyanoethylene and trinitrobenzene adsorption [39 J and found 

that the electron donor centres are associated with OH" groups present on the surfaces of the 

solids activated at low temperature « 300nC) 

Thl' adsorptiw l'haral'tnistil's ()f lil'l'(1I1iIlIllIlXidl' haw hl'l'n invl'sligall'd hy sllldying 

the adsorption of nitrogcn, IIrgollllnd wilter 1/11)1. Surfacc propt'nics werc 11111111110 depcnd prilllarily 

on the amount of irreversihly adsorhcd watcr rewined hy the sample. W:lIcr was fOllnd to he 

irreversibly adsorbed on zirconium oxide in amounts far in excess of that required for a classical 

chemisorbed monolayer. 

Electron donor and acceptor properties of y-alumina, silica and silica supported 

palladium oxide have been reported 141]. It was observed that while y-alumina had both electron 

acceptor and donor properties, silica had only electron acceptor characteristics. y-alulllina supported 

palladium oxide showed better acceptor properties than donor properties. Silica supported palladium 

oxide showed only electron acceptor properties. 
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The adsorption of electron acceptors with various electronaffinity,on the sUlface 

of alumina and titania have been studied by measuring the adsorption isotherms, ESR and electronic 

spectra [42,43J. The limiting amount of electron acceptor adsorbed decreased with decreasing 

electron affinity of the electron acceptors. The electron donor property of the zirconia-titania 

system was investigated by means of the adsorption of TCNQ [441. This system had a much 

lower electron donocity than Ti02• 

The electron donor strength on a metal oxide can be defined as the conversion 

ratio of an electron acceptor adsorbed on the surface into its anion radical. The strength and 

distribution of electron donor sites on AI20 J,Ti02 and Zr02-Ti02 by adsorption of some electron 

acceptors were measured by means of an ESR spectrometer 1451. 

The study of the adsorption of anion radical salts on metal oxides can provide 

useful infommtion concerning the interaction between anion radical salts and metal oxide surfaces. 

ESllmi and Meguro reported the adsorption of TCNQ anion radical salts such as Li+TCNQ-. 

Na+TCNQ- and K+TCNQ- on alllmina from a solution in acetonitrile by measuring the adsorption 

isotherm, and the ESR and electronic spectra of these adsorbed TCNQ anion radical saIts 1461. 

They found that TCNQ anion radicals were adsorbed at electron-deficient sites on the alumina 

surface. 

The electron donor property of zirconia was investigated by means of the adsorption 

of TCNQ [47J. The radical concentration decreased with an increase in the calcining temperatures, 

reached a minimum value at 700"C and then increased. This behaviour was explained by a change 
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in the number of electron donor site and their strength. 

Titanium dioxide catalyses the dehydration of formiC acid. A comparative study 

of the variation of surface properties and the catalytic activity of Ti02 samples preheated in vacuulll 

has shown that the active sites in this reaction are electron "donor centres, the number of which 

has been deternlined by the adsorption of tetracyanoethylene or trinitrobenzene and ESR analysis 

of the paramagnetic anions formed [48]. 

Esumi et al. have reported the solvent effect on the acid base interaction of 

electron acceptors with metal oxides (A120 3 and Ti02) 149,50J. Similarly the acid-base interaction 

at the solid-liquid interface has also been confirmed to be important for the adsorption of tetrachloro­

p-benzoquinone from various solvents [51]. 

Acid-base interactions at interfaces have been studied extensively in colloidal systems 

also [52,53]. Fowkes et al. [54-56J in particular have studied the adsorption of acidic and basic 

molecules from neutral solvents on inorganic powders such as iron oxides, silica and titania. They 

found that the calorimetric heats of adsorption are actually the heats of acid-base interactions 

governed by the Drago equation [57J and that the Drago equation constants can be accurately 

determined for the surface sites of these inorganic solids. Furthermore Fowkes [58J has extended 

this acid-base interaction theory to polymer-powder interfaces. 

The zeta potential of metal oxides AI20 3 and titania decreases with increasing 

concentration of TCNQ in :Icetonitrile and ethyl acetate indicating that TCNQ anion radicals 
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formed on the surface of these oxides contribute to the decrement In the zeta potential [59]. 

Recently plasma treatment has become attractive [60] as a method for surface 

treatment, probably because it is a dry process at low temperatures with a relatively low pressure 

gas. Esumi et al. have studied the surface modification of mesocarbon microbeads 16] -63] 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. Taking into consideration these 

plasma treatments for carbon, there is a possibility of modifying the electron donor properties 

of metal oxides by plasma treatment. The interaction of plasma treated metal oxides with TCNQ 

in acetonitrile solution was studied by measuring their adsorption intensity of TCNQ in acetonitrile 

solutionl64J. The electron donocity is increased by the ammonia and nitrogen plasma treatments. 

SOLID ACIDS AND BASES 

It has been seen that a surprisingly large number of solids have surface acidic 

and/or basic properties. A number of solid acids and bases find applications as catalysts with 

novel activity and selectivity in petrochemical reactions, and as catalysts effec.:tive in organic synthesis. 

More recently, a Ilumber of new types of solid acids have bccn discovered :tnd applied c1lcctivcly 

as catalysts to a wide variety of chemical reactions. 

Systematic study of the correlation between catalytic activity and selectively and 

the acidic properties of the catalyst surface (the amount, strength and type -Bronsted or Lewis-
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of the acid sites) has to a greater or lesser extent, enabled identification of the optimum catalyst 

in terms of their acidic properties. 

The acid strength of a solid is the ability of the surface to convert an adsorbed 

neutral base into its conjugate acid as described by Walling [65] and the basic strength of a solid 

surface is defined as the ability of the surface to convert an adsorbed electrically neutral acid 

to its conjugate base. 

If the reaction proceeds by means of proton transfer from the surface to the 

adsorbate the acid strength is expressed by the Hammett acidity function Ho [66J 

Ho = pKa + 10g[B]/[BH+] 

where [B] & LBH+] are the concentrations of the neutral base and its conjugate acid respectivly. 

There are many methods for the measurements of acid strength like visual colour changemethod 
• 

l67], spectrophotometric method [68J and gaseous base adsorption method [69J and for basic 

strength, the method using indicators (70/ and the phenol vapour adsorption method 171/. 

The amount of acid on a solid is usually expressed as the number of mmol of 

acid sites per unit weight or per unit surface area of the solid, and is obtained by measunng 

the amount of a base which reacts with the solid acid. It is also called "acidity". 

Amine titration method, one of the several methods used to detennine acidity, 
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was reported first by Benesi l72J and is based on OJohnson's experiment 1731 and has been 

subsequently modified l74,75J. The amine titration method is obviously limited to white or light 

coloured surfaces. Titrations of dark coloured solids can be carried out, however, by adding a 

small known amount of a white solid acid (761. The end point of the titration is taken when 

the colollr chllnge is ohserved on the white solid IInd 11 correction is Illade for the IIlllollnt of 

bUlylalllille used for the added white lIIatcrial. Using this mcthod, hoth llcid IIl11lHlllt IInd llcid 

strength have been measured for titanium trichloride by employing silica alumina as the white 

material. 

The amount of a base which a solid acid can adsorb chemically from the gaseous 

phase is a measure of the amount of acid on its surface [77J. The bases used as adsorbates 

include quinoline, pyridine, piperidine, trimethylamine, n-butylamine, pyrrole and ammonia [78-81 J. 

The differential thermal analysis method is also available for the estimation of the acid amount 

together with the acid strength of a solid (82). By DTA and thermal gravimetric analysis of 

silica-alumina on which pyridine, n-butylamine or acetone had been adsorbed, Shirasakiet al. obtained 

values for the amount of the base retained on the solid. 

Infrared spectroscopic studies of ammonia and pyridine adsorbed on solid surfaces 

have made it possible to distinguish between Bronsted and Lewis acid sites and to assess the 

amount of Bronsted and Lewis acids independently. The original work was reported in a paper 

by Mapcs and Eischcns, who found that thc IR spectra of ammonia adsorbed on silica-alumina 

show lWO killds of absorptioll. One of which illdicates NH\ adsorhed 011 I.ewis acid sites and 

the other NH4' 011 Brollstcd acid sites PUI. The spectrulll of pyridinc which is co-ordinately 
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bonded to the surface is very different from that of the pyridinium ion also permits differentiation 

between acid types on the surface of a solid acid [84]. 

The amount of base or basicity on a solid is usually expressed as the number 

(or mmol) of basic sites per unit weight or per unit surface area of the solid. Just as the acid 

amount is determined by n-butylamine titration, the amount of basic sites can be measured by 

titrating a suspension in benzene of a solid on which an indicator has been adsorbed in its conjugate 

basic fonn, with benzoic acid or trichloroacetic acid dissolved in benzene [85-86]. Take et al. 

determined both the strength and the amount of base for several alkaline earth metal oxides [87]. 

The number of CO2 molecules adsorbed per unit surface area also can be considered 

as a measure of the amount of basic sites on the surface 1881. The base amollnt can be deternlined 

by observing the rise in temperature due to the heat of reaction between solid bases and acids 

in benzene [861. 

Acid and basic sites on the surface of alumina can be pictured according to the 

scheme shown below [89]. 
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The Lewis acid site is visualized as an incompletely coordinated aluminum atom 

fonned by dehydration, and the weak Bronsted site as a Lewis site which has adsorbed moisture, 

while the basic site is considered to be a negatively charged oxygen atom. 

Most of the alkaline earth metal oxides show surface basicity. According to 

the phenol vapour adsorption method, the basic strength of beryllium oxide and magnesium oxide 

may be classified as moderate, and that of calcium oxide as strong 1901. Silica-alumina is a 

very well known solid acid and the acidic properties and the nature of the acid site have been 

extensively studied. Several reviews dealing with the subject of surface acidity of solid catalysts 
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have been published [91-93]. 

CATALYTIC ACTIVITY & ACID-BASE PROPERTIES 

Good correlation has been found in many cases between the total amount of 

acid (Bronsted plus Lewis types usually measured by the amine titration method) and the catalytic 

activities of solid acids [931. For example the rates of both the catalytic decomposition of cumene 

and the polymerization of propylene over Si02, Al20 3 catalysts were found to increase with 

increasing acid amount [73 J. 

The acidic pmperties of alumina remarkably change with the degree of dehydration. 

Catalytic activities of alumina in a range bf reaction such as the isomerization of hydrocarbons, 

the polymerizations of olefins ete have been attributed to the acidic properties of the surface [94-

95]. Certain reactions catalyzed by sulphates and phosphates have revealed good correlation between 

the acidity measured by amine titration and the catalytic activity. For example there is an excellent 

correlation between the acidity of nickel sulfates and their catalytic activity for the depolymerization 

of paraldehyde [96]. 

The influence of the acid strength of solid catalysts on their activity per unit 

amount of acid in the dimerization of propylene. isobutylene and the dehydration of isopropyl 

alcohol has been studied by Dzisko 1971. 

As may be seen from Table I the rate of three reactions do change with the 
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acid strength of the catalysts. The precise character of the dependence of reaction rate on acid 

strength varies from reaction to reaction. The dependence of the dimerization rate of propylene 

on acid strength is for instance, much more marked than that for the dimerization of isobutylene. 

Table l. Correlation of activity with acid strength 

(Logarithm of reaction rate constants 111 l.mmol-J .h-J) 

Composition of Catalyst pKa Dehydration of Dimcrization of Dimerization 0 

Isopropyl Alcohol Propylene Isobutylene 

Zr02·Si02 -8.2 2.25 2.75 4.0 

Phosphorous acid on 

silica gel -5.6 1.47 1.6 3.6 

MgO.Si02 -3.0 1.25 - -

Meta phosphorous acid 

on silica gel -3.0 0.55 0.0 3.3 

For each of the three reactions in Table I, however, the dependence of the catalytic 

activity, on the acid strength is less pronounced than for homogeneolls acid-catalyzed reactions. 
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The isomerization of n-butene on alumina is reported to be catalysed by Lewis 

acid sites L98J. In the case of Si02-AI20 3 and NiO-Si02, Ozaki and Kimura suggested that the 

Lewis acid sites could be effective for isomerization, a proton being donated by the olefin molecule 

chemisorbed on the Lewis acid site 1991. 

The selectivity of a solid acid catalyst is influenced by its acidic properties and 

many other factors such as its geometric structure (particularly pore structures), the distribution 

of basic sites if present, the polarity of the surface elC [93J. 

Usually the reactions which are catalyzed 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, Na2C03, K2C03, CaC03, 

srC03, NaOH, Ca(OH») have been found active in the high polymerization of fonmtldehyde, 

ethylene oxide, propylene oxide, and ~-propiolactone 1100-1031. 

The first order rate constant for the formation of bcnzyl benzoatc from benzaldehyde 

over calcium oxides calcined at various temperatures is found to change in parallel with the change 

in catalyst basicity. There is a good correlation between the catalytic activity and the amount 

of base per unit surface area [104]. 

The cis-trans isomerization of crotononitrile has been investigated using various 

catalysts including A120 3, MgO, CaO, Na2C03 and NaOH supported on silica gel and some solid 

organic compounds [105J. Inorganic and organic compounds such as A120 3, potassium 2-napthol-
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3-carboxylate, sodium salicylate elL' which have both acidic and basic groups are found to be 

catalytically active. On the other hand unmounted NaOH and Na2C03, silica and potassium biphthalate, 

each of which possess either only basic or only acidic properties are inactive. These observations 

indicate that this isomerization undergoes by acid-base bifunctional catalysis. 

The dehydration of various types of alcohols with alumina catalysts has been 

the subject of intensive studies, and the reaction mechanism and the nature of the alumina have 

been discussed by Pines and Manassen [106]. They regard the dehydration of most alcohols (menthols, 

neomenthols, alkylcyclohexanols, decalols, bornanols) as taking the form of a trans elimination, 

requiring the participation of both acid and basic sites on alumina. 

The elimination of hydrogen halide from alkyl halides in many cases is thought 

to proceed by a concerted mechanism with acid-base bifunctional catalysis similar to that for 

the alcohol water elimination reactions [107 J. 

The mixed metal oxide Ti02-ZnO was prepared by coprecipitation and its acidic 

property was measured by Il-butylamine titration and by ohservation of infrared spectra of adsorhcd 

pyridilll' IIOXI. It WIIS foulld that TiO!-ZIlO l'olltaillillg ahout 7 01' )7% of ZII() shows 11 vcry 

large acid amount of 0.5-0.9 mmol/g and a fairly high acid strength of Ho < -3. The catalytic 

activity and selectivity of Ti02-ZnO were found to be very high for the hydration reaction of 

ethylene. 

The concentration of surface hydroxyl groups and catalytic properties of alumina-
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silica catalysts ill thc dccolllpositioll or isopropallol were studied II()<)I alld foulld that the dehydration 

of isopropanol is independent of the amount of the acid or basic sites but dcpends on the ratio 

of rormer to the latter. 

The dccomposition or 4-hydroxy-4-lllcthyl-2-pelltallone and the isomerizatioll or 

I-butcnc werc carricd out ovcr La20 3, Y 203 and Cc02 11101. Thc activities for both typcs of 

reactions were in the following order. La20 3 > Y 203 > Ce02. With La20 3, the change in the 

activity for the decomposition with the pretreatment temperature of the catalyst correlated well 

with the change in basicity. The activity and basicity maxima were observed when the catalyst 

was pretreated at 500°C. Y 203 showed a maximum activity for the decomposition when pretrcated 

at 700°C. For the isomerizations of l-butene and cis-2-butene, La20 3 exhibited activity maxima 

when pretreated at 700°C. The number of basic sites on La20 3 was measured by titrating the 

sample suspended in dry benzene with a benzene solution of 0.1 mol.dm-3 benzoic acid, 2,4,6 

trinitroaniline (pKa = 12.2) being used as an indicator. 

The acid-base propelties of various adsorbents (magnesia, silica, silica-alumina 

E-AI20 3 y-A120 3 with 0.5% initial Na content, fluorine, magnesiulll and alkali treated y-alumina, 

thorium oxide) have been investigated by the infrared study of the adsorption of probe molecules 

[111]. Based on the adsorption of benzene surface hydroxyls were classified into four categories. 

Adsorption of nitrile and pyridine reveals that the average strength of the nonprotonic acid sites 

increases in the order HgO < Mg-AI20 3 < Al20 3 < F-AI20 3• Adsorption of pyrrole indicates 

that the average strength of basic sites increases in the order MgO < Mg-AI20 3 < Al20 3 < Th02 

< Na & K-AI ° and no basic site is detected on silica, silica-alumina and fluorine treated alumina. 
2 3 
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Esumi et al. measured the basicity of alumina and titania by titration method 

[112J and found that the distribution of sites having different basicity were similar on these two 

metal oxides with respect to Lewis and Bronsted sites. 

The acidity function, 110 of silica supported hctcropoly compounds (HPC) such 

as HlMOI2040,HlWI2040 and their sodium, potassium, ammonium, cesium and bismuth oxide 

salts have been examined in connection with their catalytic activity for the dehydration of t-butyl 

alcohol (TBA) [113 j. The value of Ho for the respective catalysts have been determined 

spectrophotometrically utilizing adsorbccl dicinn:lmylidcnc:lcctone as a probc molecule. A linear 

relationship has been established between the amount of HPC supported and its Ho. Also, for 

the dehydration of TBA in the liquid-phase all plots of log k, vs Ho (k is the apparent rate 

constant of the dehydration of liquid TBA) fall on a straight line with a slope of -1 independent 

of the kind of catalyst. On the other hand, for the gas-phase dehydration of TBA the plots 

yield straight lines with different slopes, depending on the type of catalyst. The dependence of 

catalytic activity on Ho value indicate that the dehydration of liquid and gaseous TBA proceeds 

through pseudo-liquid and outer surface mechanisms respectively. 

The catalytic isomerization of butenes over samariulll oxide has been investigated 

in vicw of acid-base catalysis 11141. The ratio cis/trans-2-butcnc. forllled froml-butcllc isomcrization 

was 22.2. The reaction profile of butene isomerization obtained from the relative rate constants 

was of the cis-convex type. The basic sites on the oxide surface have been revealed by the 

benzoic acid titration method. 
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Hydrous zirconium oxide is an amorphous solid and has several catalytic activities 

[115]. The oxide was changed to crystalline zirconia by calcination at a high temperature, and 

the catalytic activities were lowered. The correlation betwccn the surface properly and the catalytic 

activity was investigated on hydrous zirconium oxide calcined at several temperatures; the best 

activity was obtained in the oxide calcined at 300"C. The quantity of surface acid or basic sites 

was measured by the butylamine or trichloroacetic acid titration method respectively, using various 

Hammett indicators. 

Alumina prepared from different aluminul11 hydroxides (bochmite, bayerite, and 

gibbsite) and containing controlled amounts of impurites (sodium or sulphate) introduced in different 

ways (by impregnation or residual ions from the preparation) were characterised with respect to 

their acidic properties (n-butylamine adsorption at 373 K, gravimetric method), basic properties 

(sulphur dioxidy chemisorption at 373 K, volumetric method) and textural properties (surface area 

and pore size distrihution) 11161. Their activity in the hydrogen sulphide and in sulphur dioxide 

reaction was measured in a tuhular flow microreactor at 523 K. The erfCct or the nature and 

lIlode or introdllction or the illlPurities on the acid-hase properties of allllllilla l'stahlished that, 

besides the basicity, the pore size distribution of the "Iumilla strongly influem:cs its catalytic 

performance, probably due to capillary condensation of sulphur in small pores. 

Rare earth oxides (viz. La20 3, Ce02, Sm20 3, EU20 3 and Yb20 3) have been compared 

for their acid and basic strength distribution (mcasured by stepwise thermal desorption of CO2 

from 323 to 1173 K and TPD of Nil) rrom 323 to 1223K, respectively) and their catalytic activity/ 

selectivity in oxidative coupling or methane to C2-hydrocarbons at 973-1123 K 11171. The catalytic 
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activity and selectivity showed dependence on both the surface acidity and basicity. However 

the relationship of the catalytic activity or selectivity with the surface acidity or basicity is not 

straight forward; it is quite complex. 

Investigations are carried out to have a systematic comparison of the acidic properties 

and catalytic activities of single oxide Ti02, Si02, A120 3, their binary oxides and the ternary oxide 

Ti02-Si02-AI20 3 11181. The acidity distribution is measured by using butylamine titration technique 

and the test reactions selected for the catalytic activity measurements are alkylation of toluene 

with 2-propanol and the dehydration of 2-propanol. 

The ternary oxide system M003-Si02-Al10 3 was prepared by coprecipitation method 

[119]. The pH of coprecipitation has been varied from 2 to 8 and its effect on the acidic properties 

of the ternary oxide were studied by butylamine titration. The catalytic activity of M003-

Si02-AI20 3 was found to be very high for the alkylation of toluene with 2-propanol. 

Both Lewis and Bronsted acid sites were found on the surface of Ti02-Si02 

mixed oxide [120] though no Bronsted acid sites were detected on the surface of pure Ti02 and 

Si02 while on the surface of Ti02-AI20 3 mixed oxide, no Bronsted acid sites were generated. 

The rate of isomerization of I-butene was found to be enhanced on the Bronsted acid sites fonned 

on the Ti02-Si02 mixed oxide. 
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CHAPTER 3 

EXPERIMENTAL 

4+ 



MATERIALS 

Single Oxides 

The rare earth oxides La2<\ & DY2()J (lJlJ.lJ% pure) were ohlained from Indian 

Rare Earths Ltd., Udyogamandal, Kerala. Since the oxides were already heat treated at higher 

temperature, they were regenerated by the hydroxide method III from the nitrate solution. 

Hydroxide method 

Nitrate solution of the sample (250 ml) containing O.5g 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 the precipilate was floculated and settled. The precipilate w~s filtered 

01111 Whallllllll No:41 I illn plIpl'I' illld wllshed with SllIlIll pOlli(lllS (If all 1lIIIIl'IHIS sollltioll cOlI!:lilling 

Ig of lImmonium lIitrate alld 10 1111 of concentrated allllllOniulI1 hydroxide in lOO 1111, ulltil the 

precipitate was free from NO J . The precipitate was kept ill all air ovell at IOO"e for overnight 

and was ignited in a china dish at lOO t10()"C rill' 2 hrs. 

Mixed Oxides 

Mixed oxides of rare earths and alul11inul11 were prepared byco-precipitalion methodl21 



from their niu'ute solutionsl3J. 

10 % mixed oxide 

Rare earth oxide (I g) was dissolved in cOIK~enlrated nitric iI(.~icl and was crystallised 

by repeated evaporation with nitric acid. Aqueous ammonia (5%) solution was added to an aqueous 

solution containing rare earth nitrate and aluminum nitrate [prepared by dissolving 66.15g of aluminum 

nitrate, (SQ grade, obtained from Qualigens Fine chemicals) in 250 ml distilled water!, 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 rare earths (20,45,60 and 75% by wl. 

of rare earth oxide) with aluminum were prepared from the required amounts of aluminum nitrate 

and rare earth oxide. 

Electron acceptors: 

Electron acceptors used for the study are 7,7 ,8,8-tetracyanoquinodimethane 

(TCNQ), 2,3,5,6-tetrachloro-p-benzoquinone (chloranil), p-dinitrobenzene (PDNB) and 

III-di Ili I rohl:n i'.l: Ill' (M I >N B). 

TCNQ was obtained from Merck-Schuchandt and was purified by repeated 

recrystallisation from acetonitrile [4J. 



Chloranil was obtained from Sisco Research Laboratories Pvt. Ltd. and was purified 

by rccrystallisation from hcnzcnc 151. 

p-Dinitrubcnzcnc was supplied by Koch-Light Laboratories Ltd. and was purit1ed 

by recrystallisation from alcohol [6 J. 

m-Dinitrobenzene was obtained from Loba-Chemicalndoaustranal company and 

was purified by recrystallisation from rectified spirit [7 J. 

Solvents 

Acetonitrile 

SQ grade acetonitrile obtained· from Qualigens Fine Chemicals was first dried 

by passing through a column filled with silica gel (60-120 mesh) activated at llO"C for 2 hrs. 

It was then distilled with anhydrous phosphorous pcntoxide and the fraction hetwecn 79-82"C 

was collected pq. 

l,4-Dioxan 

SQ grade 1-4 dioxan was obtained from Qualigcns Fine Chemicals. It was dried 

by keeping over potassium hydroxide pellets for 2-3 days, filltered and retluxed with sodium metal 

for 6-7 hrs till the surface of sodium metal got the shining appearance. The refluxed solvent 



was then distilled and the fraction at IOlne was collected 191. 

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 cone.sulphuric acid was 

heated under reflux for 4 hrs 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 110]. 

Benzene 

Benzene used for the acidity and basicity measurements was purified by the following 

procedure 1111. 

Pure benzene obtined from Merck was shaken repeatedly with about 15% of 

its volume of conc. sulphuric acid in a stoppered seperating funnel until the acid layer was colourless 

on standing. After shaking, the mixture was allowed to settle and lower layer was drawn off. 

It was then washed with water ancl 10% sodium carhonate solution and finally dried with anhydrous 

CaClz• It was filtered and distilled, and the distillate was kept over sodium wire for \- day and 

again distilled and the fraction boiling at 80°C was collected. 



HIIIIIIIICU Indkll.ors 

Hammclt indicators used for the study are the following: 

1. Methyl red [E.Merck (India) Pvt Ltd] 

2. Dimcthyl yellow (Luba Chemic Industrial Company) 

3. Crystal violet (Romali) 

4. Neutral red (Romali) 

5. Bromothymol blue (Qualigens Fine Chemicals) 

6. Thymol bluc (Qualigens l-;'ine Chemicals) 

7. 4-nitroaniline (Indian Drugs & Pharmaceuticals Ltd) 

Trichloroacetic acid (SQ grade obtained from Qualigens Fine Chemicals) and n­

butylamine (Sd-Fine Chemicals Pvt Ltd.)were used without further purification. 

Cyclohexanone 

Commercial cyclohexanone obtained from BDH was purified through the 

bisulphite method 112/. 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 seperated. 20g of commercial cyclohexanone was introduced into the aqueous 
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alcoholic bisulphite solution with stirring and the mixture was allowed to stand for 30 minuts. 

The crystalline bisulphite compound was filtered off at the pump and washed it with a little 

rectified spirit. 

The bisulphite compound was transrered to a seperating runnel anu decomposed 

with 80ml of 10% NaOH solution. The liberated cydohexanone was removed, saturated the aqueous 

layer with salt and extracted it with 30ml of ether. The ether extract was combined with the 

ketone layer and dried with 5g of anhydrous magnesium sulphate. The dried etherial solution 

was filtered into a 50ml distilling flask, attached with a condenser and distilled off the ether using 

a water bath. The residual cyclohexanone was distilled and the fraction at 153°C was collected. 

2-Propanol 

LR grade reagent obtained from Merck was rurther purified by adding about 

200g of quicklime to one litre of 2-propanol. It was kept for 3-4 days, refluxed for 4 hrs and 

distilled. The fraction distilling at 82°C was collected 113 J. 

Xylene Extra pure quality xylene obtained from Merck was used as slIch. 



METHODS 

Adsorption studies [14 J 

The oxides were activated at a particular temperature for 2 hrs, prior to each 

experiment and 0.5g was then placed in a 25ml test tube and outgassed at 10-5 Torr for 1 hr. 

Into the test tube which was fitted with a mercury senleel stirrer 201111 of 11 solution of 1111 electron 

acceptor in organic solvent was thl'1I poured ill. After thl' solutioll had SUhSl'qlll'lItly hel'1I stirrl'd 

for tl hrs at 2X"C ill a thnlllostated hath, the oxide was eolleeted hy l'l'l1tritugillg the solutioll 

and dried at room temperature in vacuum. The reflectance spectra of the dried samples were 

recorded in a Hitachi 200-20 UV -visible spectrophotometer with a 200-0531 reflectance attachment. 

The ESR spectra were measured at room temperature uSlI1g Varian E-112 XI 

Q band ESR Spectrophotometer. Radical concentrations were calculated by comparison of areas 

obtained by double integration of the first derivative curves for the sample and standard solutions 

of2,2- diphenyl-2-picrylhydrazyl in benzene. The amount of electron acceptor aclsorbecl was detcmlined 

from the difference in concentration of the electron acceptor before and after adsorption. The 

absorbance of eleetron acceptor was measured by means of a UV-visible spectrophotometer (Hitachi 

200-20) at the Amax of the eleetron acceptor in the solvent. The Amax of chloranil was 288 

nm in acetonitrite, 287 nm in ethyl acetate and 286 nm in 1-4 dioxan, while the Amax for 

TCNQ was 393.5 nm in acetonitrile, 393nm in ethyl acetate and 403 nm in 1-4 dioxan. The 

Amax of POND and MONB in acetonitrile were 262 nm and 237 nm and in 1-4 dioxan 261 
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IIlId 21X 11111 respectively. 

Surface areas of oxides were deterlllined by BET lIll:thod uSIng Carlo Erba 

Strumentazione Sorptomatic Series 1800. 

Aciditylllasicity measurements 

The oxides were sieved to prepare powders of 100 to 200 mesh size and then 

activated at a particular temperature for 2 hrs. prior to each experiment. 

The acidity at various acid strengths of a solid was mcasurcd by titrating 0.1 g 

of solid suspended in 3ml of benzene with a 0.1 N solution of n-butylamine in benzene. At the 

end point, the basic colour of indicators appeared [151. 

The basicity was measured by titrating 0.1 g of solid suspended in 31111 of benzene 

with a O.IN solution of trichloroacetic acid in benzene using the same indicators as those used 

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 1 hr. were the same as those for a titration lasting 20 hr, I hr was taken for titration. 



Magnetic Susceptibility Measurements 

Magnetic moments of thc oxides before and aftcr the adsorpt ion of electron acceptors 

were deternlincu by magnetic susceptibility measurements. 

The Magnetic susceptibility measurements were done at room temperature on 

a simple Quoy type balance. The Guoy tube was standardised using I Hg (CO(CNS)4) ) as recommended 

by Figgis and Nyboln 116J. The effective magnetic moment Ileff was calculated using the equation 

Ileff= 2.8 <xmT)1/2 

where T IS the absolute temperature and xm IS the molar susceptibility 1171. 

Catalytic activity measurements 

Ig of the catalyst was placed 111 a 25 cm3 round-bottom flask equipped with 

a reflux condenser. 5 11111101 of cyc1ohexanone. ]() cm3 of 2-propanol and 0.5 11111101 of xylene 

as an internal standard were added. The contents were heated under gentle reflux. The reaction 

was followed by product analysis by means of a Hewlett packard 5730 A gas chromatograph 

by comparison of its retention time with that of authentic samples. From the peak area of 

the product. the concentration of cyc1ohexanol formed was calculated with reference to that of 

the internal standard. xylene 1181. 
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RESULTS AND DISCUSSION 

Although investigations of the catalytic properties of rare earth sesquioxides have 

multiplied in recent years, the primary mode of surface interaction on these materials remain largely 

undefined. Details of adsorption/desorption processes, for example, and of the nature of adsorbed 

species on these oxide surfaces are very little. There has been, however, little attention paid to the 

strength and distribution of electron donor sites on rare earth oxide surfaces apart from the studies on 

oxides ofY, Pr and Nd [1-5]. In this thesis, the strength and distribution of electron donor sites, surface 

acidity, and magnetic properties of some of the rare earth oxides (LaZ03 & DYZ03) have been reported. 

The surface electron donor properties were studied by adsorption of electron acceptors having 

electron affinity varying from 1.24 eV to 2.84 eV. The electron affinity values have been reported 

earlier [K. Meguro and K. Esumi, Bull. Chem. Soc. Jpn., 55 1647 (1982)] . The data were correlated 

with catalytic activity of these oxides. 

The electron acceptors used for adsorption study are given in Table 2. 

Table 2 - Electron acceptors used. 

Electron acceptor Electron affinity (cV) 

7,7,8,8 - tetracyanoquinodimethane (TCNQ) 2.84 

2,3,5,6 - tetrachloro-p-benzoquinone (chloranil) 2.40 

p - dinitrobenzene (PDNB) 1.77 

m - dinitrobenzene (MDNB) 1.26 

51 



Since the electron donating properties depend on the basicity of the medium, studies 

were carried out in three solvents, acetonitrile a very weak base, ethyl acetate a weak base and 

l,4-dioxan a moderately weak base. 

La203 and DY203 used for adsorption study were prepared by the hydroxide method 

from the respective nitrate solutions. They were activated by heating in air for 2 hrs. at various 

temperatures viz. 300, 500 and 800oe. The specific surface area of these oxides were determined by 

BET method and were obtained as print from a Carlo Erba Strumentazione Sorptomatic Series 1800. 

The values are given in Table 3. 

Table 3 - Surface area of La203 and DY203 activated at different temperatures. 

Activation temperature surface area (m2/g) 

(OC) La203 DY20 3 

300 39.80 24.35 

500 38.28 24.41 

800 29.75 29.53 

In the case of PDNB and MDNB the adsorption was so negligible that the amount 

adsorbed was hardly estimated. The adsorption isotherms of TCNQ and chloranil from these solvents 

may be classified as Langmuir type. It was varified by the plot of Ceq./Cad. against Ceq. where Ceq. 

is the equilibrium conceentration of the electron acceptor in mol dm-3 and Cad. is the amount 

adsorbed in mol. m-2. The plot was found to be linear (Fig.l). From the Langmuir plots of isotherms 

the limiting amounts of TCNQ and chloranil adsorbed on the rare earth oxides were obtained 

(Fig. 2 & 3). Data are given in Tables 4-30. 



BET SURFACE AREA ANA.I .. YSTS 

Kinetics &. Cat.alysis Laboratory 
Department of Chemistry 
r.r. T. Madras _ .600 036 

Analysis done by: 
Sample ID 
Sample Weight 
Bulk Dens i ty 
Sample outgas'd 
Data points 

Dorot.hy Samuel 
CUSAT NO: 22, Dr. S. Suganan. 
1.17125 g. 
0.69920 g/ee. 
20 microns vacuum, 120°C 

0.035 
0.11.1 
0.174 
0.223 

') 

4.351 
]2.1R5 
17.012 
20.f)2g 

SPECIFIC SURFACE AREA = 2 9 . 7 ") m '" / g . a 
;~{)O C. 



BET SURFACE AREA AJ\TAIJVSTS 

Kinetics & Catalysis Labora t.ory 
Department of Chemist.ry 
I.I.T. Madras _ 6QO 036 

Analysis done by: 
Sample ID 
Sample Weight. 
Bulk Density 
Sample outgas 'd. 
Data po in ts 

Dorothy Samncl 
CUSAT NO: 20, Dr. S. Suganan. 
0.92885 g. 
0.77558 glee. 
20 microns vacuum, 120°C 

P/Po 

0.034 
0.112 
0.167 
0.218 

P/(Po-P)*N*~8 

4.091 
11.841 
lS.9f;9 
19.089 

(l 

") 

I~PECIFIC SURFACE AREA = 39.80 m"/g. 
cPV\l( /. ... ~'f2._()::, • :1,o(l c. 

BET SURFACE AREA l\NAl.VSTS 

Kinetics & Catalysis Laboratory 
~partmcnt. of Chemistry 
I.I.T. Madras 600 036 

Analysis done by: Dorothy S.~mucl 

Sample ID 
Sample Weight 
Bulk Density 
Sample outgas 'd 
Data points 

CUSAT NO: 21, Dr. S. Sllgan;:1n. 
1.00215 g. 
0.8.3675 g/cr.. 
20 microns vacuum, 120°C 

P/Po 

0.035 
0.130 
0.201 
0.257 

SPECIFIC SURFACE AREA = 2 38.28 m Ig. 

3.837 
11.948 
17.097 
21.011 

er VI.) L 

t 
src c. 



'MMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMM; 
IMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMM; . 

Carlo Erba Strumentazione Microstructure Lab. : 
MT. Le. S. TO. NE. 1 0 0 . 

HMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMM < : 
1, Calculation parameters of Sorptomatic 

,le CUSAT '9/CU9 
mt OUTGAS~ED AT 120 C 

,:ator DS' 
,~ (mm/dd/yy) : 05-19-1992 

olayer thickness (a) : 
r/Limi t 'pressure (torr): 

',mass. gas ads. (g/mol): 
ads. density (g/cm3) : 
tte temperature (c) : 
rating pressure (torr) : 

4.3 
760 
28 
.808 

-195.82 
800 

Total introduction 
Reduced introducti6n 
Reduction factor 
Constant bur. (cm3/torr): 
Sample weight (g) : 
Sample Density (g/mm3): 

14 
14 
.25 
.1603 
.99655 
1.991 

: 

: 

: 
: 
: 
: 

: 

: 
: 

'MMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMM< 

~~int (P/PO) for linear regression of B.E.T. region 0 

'point (P/PO) for linear"regression of B.E.T. region .33 

lation factor = .9991429 

:ayer Volume (CM3/G) = 6.758828 
0 

fic surface (M2/G) 29.53362 if \!lie. ,3)'1L ()O ' ~OO c.. 
area = 

bl 



I1f1MMI1I1I1MMNMMMMHMMMMMMMHHMI1MMI1MHMHMr1HHMMHMI1HI1I1Hf1l1MMI1MMr-fNMNI1NNI1Ml1l1NHI1NN ; 
IMMMMMMMMl1l1Hl1l1Ml1MMl1Nl1Ml1MMl1l1l1l1l1l1Hl1l11'1f1MMNHMMl1MHMMHl1MMNMNl1MMMMMM ," 

Carlo Erba St.rument.f'l7.ione Microst.rllrtllre T.'ilh. 
Mt. Le. S. Tn. NE. 1 0 0 : 

HMMI1MMMMMMMI1I1MMI1MMI1MMI1I1MMMMI1MMMMMMl'fMl1NMMMI1I1I1Ml'1I1f;mMI1f-'M,..'MI1T111l1I1M < 
Calculation parameters of Sorptomat.ic 

'r CUR"T.1 
.rt OUTGASBD AT 110 C 
tor DS 
!mm/dd/yy) 07-14-1992 

:ayer thickness (a) : 
'!Limit pressure (torr): 
.lass. gas ads. (g/mol) : 
lds. density (g/cm3): 
~te temperature (c) : 
lting pressure (t.orr) : 

4.3 
760 
28 
.808 

-195.82 
800 

Total i ntrodurH on 
RCcluccd introdllction 
Redl.lction factor 
Constant bur. (cm3/torr): 
Sample weight (g) : 
Sample Density (g/mm3): 

1 1 

1 1 
.25 
.1165 
.90~65 

::>'.")651 

: 

: 

: 
: 

MMMI1MMMMMI1MMMMI1I1I1MI1I1I1I1I1I1I1I1I1l-fHI1I1MI1I1I1MI1MMMMMMHMMHI1I1I1MMMMr-,r-'MMMr-fMMMMr-fMMMM < 

11 point. (P/PO) for linear 

I point (P/PO) for linear 

Cation factor = 

Ill'er Volume (CM3/G) = 

iic surface area (M2/G) = 

regression 

regression 

.9990907 

5.588427 

24.41939 

of FI.E.T. region 

of FI.E.T. region 

. 0 
0N2. 0.3' SOD L... 

b2. 

: 0 

. :n 



'fJfHMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMM; 
IMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMM; : 

Carlo Erba Strumentazione Microstructure Lab. : : 
: '·"'MI. Le'.' S. 'TO. NE. 1 0'0 :: 
HMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMM< : 
__________ Calculation parameters of Sorptomatic 

le • CtJSAT '10/CUI0 
mt : bUTGASSED AT 120 C 
ltor : DS ' 
(mm/dd/yy) ." ': 05-19-1992 

. 'r- i . 

layer thickness "( a) : 
r/Lirni t pressure (torr): 
~ass. gas ads., (g/mol): 
lds. density (g/cm3) : 
tte temperature (c) : 
ating pressure (torr) : 

4.3 
760 
28 
.808 

-195.82 
800 

Total introduction 
Reduced introduction 
Reduction factor 
Constant bur. (crn3/torr): 
Sample weight (g) : 
Sample Density (g/mm3): 

: 
: 
: 
: 
· · 
: 
: 
: 

11 : 
11 : 
.25 · · 
.1163 : 
1.12485 : 
1. 63 : 

: 
?fMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMM< 

1 point (P/PO) for linear regression of B.E.T. region 0 

~int (P/PO) for linear regression of B.E.T. region .3 

ltion factor = .9992933 

{er Volume (CM3/G) = 5.574553 

le surface area (M2/G) = 24.35877 

'-3 
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Table 4 - Adsorption of TCNQ in acetonitrile on La20) activated at H()()"C 

Initial concentration 

mol. d 111-3 

8.8646 X 10-5 

4.4321 X lO-4 

8.8643 X 10-4 

2.2161 X 10-3 

2.6593 X 10-3 

4.4321 X 10-3 

Equilibrium concentration 

mol. d m-3 

3.0048 X 10-8 

1.2019 X 10-7 

3.7561 X 10-6 

2.0283 X 10-4 

4.0780 X 10-4 

2.1635 X 10-3 

Adsorbed amount 

11101. m-2 

5.9644 X lO.(, 

2.9776 X lO-5 

5.9328 X 10-5 

1.3508 X 10-4 

1.5133 X 10-4 

1.5202 X lO-4 

Table 5 - Asorption of TCNQ in ethyl acetate on La20 J activated at H()()"C 

Initial concentration 

lI1ol.dm-3 

9.8634 X 10-5 

4.9317 X 10-4 

9.8634 X 10-4 

1.9727 x 1 (}3 

1.1);J~D x 1 (r' 

4.9317 x 10-3 

Equilibrium concentration 

mol.dm-3 

4.9308 X 10-5 

2.4886 X 10-4 

5.0280 X 10-4 

1.0046 x 10-3 

2.J()51 x I ()"' 

3.2809 x 1 0-3 

Adsorbed amount 

1.4136 X 10.(, 

6.9971 X 10-6 

1.3854 X 10-5 

2.77()X x 10-5 

4.()()58 x ((r~ 

4.DOI) X 10 5 



Table 6 - Adsorption of TCNQ in dioxan on La20 3 activated ut H()()"C 

Initial concentration Equilibrium concentration Adsorbed amount 

mol.dm-3 mol.dm-3 mol.m-2 

2.4879 x lO-4 2.4607 X 10-6 1.6507 X 10-5 

4.9758 X 10-4 1.2694 X 10-4 2.4382 X 10-5 

9.9516 X 10-4 5.4R95 X 10-4 2.99:11 X 10-5 

1.2440 x 10-3 7.7444 X 10-4 3.1567 X 10-5 

2.4879 X 10-3 1.9888 X 10-3 3.3488 X 10-5 

2.8601 X 10-3 2.3554 X 10-3 3.3849 X 10-5 

Table 7 - Adsorption of chloranil in acetonitrile on La 20 3 activated at HO()"C 

Initial concentration Equilibrium! concentration Adsorbed amount 

mol.dm-3 mol.dm-3 mol.m-2 

8.0934 x 10-5 2.9865 X 10-7 5.4037 X 10-6 

4.0467 X 10-4 3.9685 X 10-7 2.0744 X 10 5 

8.0934 X 10-4 9.9550 X 10-7 5.4148 X 10-5 

1.6187 X 10-3 1.4933 X 10-5 1.0769 X lO-4 

2.0234 X 10-3 1.7297 X 10-4 1.2390 X lO-4 

4.0467 X 10-3 2.1872 X 10-3 1_2456 X lO-4 

bh 



Table S - Adsorption of chloranil in ethyl acetate on LaZ0 3 activated at SO()"C 

Initial concentration Equilibrium concentration Adsorbed amount 

mol.chn-3 mol.dm-3 11101.111-2 

4.9366 x 10-s 3.1913 X lO-7 1.1077 X lO-6 

2.4683 X 10-4 6.1832 X lO-7 5.5617 X lO-6 

4.9366 X lO4 5.3255 X lO-6 1.1053 x 10-s 

9.8732 X 10-4 3.2507 X lO-4 1.4975 x 10-s 

1.9746 X lO-3 5.3105 X lO-4 3_2575 X 10-s 

2.4683 X 10-3 8.5269 X 10-4 3.6436 X 10-s 

Table 9 - Adsorption of chloranil in dioxan on LaZ0 3 activated at S()()"C 

Initial concentration Equilibrium concentration Adsorbcd amount 

mol.dm-3 mol.dm-3 11101.111-2 

1.2038 x 10-s 1.6231 X 10-6 6.9795 X 10-7 

6.0192 X 10-5 4.4810 X 10-6 3.7341 x 1 (}.() 

1.2038 X 10-4 1.3932 X lO-s 7.1378 X 10-6 

3.0096 X 10-4 1.2038 X 10-4 1.2103 x 10-s 

6.0192 X 10 4 4.1962 X 104 1.1207 x I ()5 



'I'll hit' 10 - Adsorption of TCN(} in m't'!clllitrilt· on LlIlO, lI(.'tivlIh'd lit 5UU"( ~ 

Init inl l'Om't'nt I'nt ion E(llIilihl'illlll l'onl't'nt I'lIt jon A dsol'ht,,, 1111101111 t 

11101.<1111" 11101.<1 n)"'\ lIIol.nll 

1.9746 x \{P 6.974R X 10" (,.Cl59 I x )()~ 

2.9(,11) x J(r' I .35(1) x Hr' X.<'Ilhl) x 10-\ 

3.4556 X J(t1 1.7539 x 10-1 R.RJ75 x IO·~ 

3.9493 x 10,3 2.0789 X 10'3 9.7139 X 10,5 

4.9366 X 10,3 2.8814 x 10,3 1.0631 X 104 

5.1423 X 10'3 3.0808 X 10,3 1.0771 X lO4 

Table 11 - Adsorption of TCNQ in ethyl acetate on La20 3 activated at SOOnC 

Initial concentration Equilibrium concentration Adsorbed amount. 

mol.d m,3 mol.d m,3 11101.111,2 

8.3550 x lO,5 1.0831 X 10,7 1.1529 X lO-6 

4.1775 X 104 1.0985 x 10'(' 5.7585 x 10-<' 

8.3550 X lO4 3.8681 X lO-6 1.1494 X 10,5 

I.X()41 X 10 1 4.X269 X \04 I.X252 x I ()5 

3.hOX3 x I () ., 1.7()2.~ x I ().\ 2.5.') I X x 10' 

4.5103 X 10') 2.6105 X 10,3 2.6153 x 10,5 



Table 12 - Adsorption on TCNQ in dioxan on La20 3 activated at 500nC 

Initial concentration Equilibrium concentration Adsorbed amount 

mol.dm·3 mol.dm·3 III 0 1.111' 2 

6.7094 X 10.5 5.3482 X 10.5 7.0946 X 10.7 

1.3419 X 10-4 1.0658 X 10-4 1.4396 X 10-6 

2.6838 X 10-4 2.1239 X 10-4 
• 2.9188 X 10-6 

3.3547 X 10-4 2.6693 X 10-4 3.5752 X 10-6 

6.7094 X 10-4 5.7006 X lO-4 5.2664 X lO-6 

7.5230 X 10-4 6.4603 X 10-4 5.5522 X 10-6 

Table 13 - Adsorption of chloranil in acetonitrile on La20 3 activated at 5()()"C 

Initial concentration Equilibrium concentration Adsorhed amount 

lIIol.dnr3 1II0l.d 111.3 11101.111.1 

8.1422 X 10.5 6.5894 X 10-5 8.0293 x 10-7 

4.0712 X lO-4 3.6603 X lO-4 2.1281 X 10 6 

8.1422 X lO-4 7.5750 X 10-4 2.9634 X 10-6 

1.6284 x 10 3 1.5492 X 10 3 4.1345 x 10 6 

2.0355 X 10.3 1.9511 X 10.3 4.4007 X 10-6 

2.8601 X 10.3 2.7754 X 10.3 4.4232 X 10-6 

b'f 



Tahlc 14 - Adsorplion of chlonmil in clhyl al'clall' cm Lu20, ul'livall'd ul SHHnC 

Initial concentration Equilibrium concentration Adsorbed amount 

mol.dm-3 mol.dm-3 mol.m-2 

1.5455 x 10-5 7.4280 X 10-6 4_1771 X 10-7 

7.7273 X 10-5 4.8257 X 10-5 1.4980 X 10-6 

1.5455 X 10-4 9.6130 x 10-5 3.0108 X 10-6 

2.3182 X lO-4 1.6941 X lO-4 3.2479 X lO-6 

3.0910 X lO-4 2.4389 X 10-4 3.3934 X 10 6 

7.7273 X lO-4 7.0529 X lO-4 3.5026 X 10.(' 

Tablc 15 - Adsorplion of chloranil in dioxan on La20) activaled al SHHnC 

Initial concentration 

mol.dm-3 

8.4024 X 10-5 

4.2012 X 10-4 

8.4024 X 10-4 

I.hX()5 x IO'J 

3.0248 x 10 3 

Equilibrium concentration 

mol.dm-3 

9.8850 X 10-7 

2.467 X 10-6 

~.642 x 10'(' 

5.4(,.-t x I(r' 

1.897 X lO3 

Adsorbed amount 

mol. 111-2 

1.015 X 10-7 

5.1077 X 10-7 

1.0210 x 1 () " 

1.3X55 x Hr" 

1.:'787 x 10'(' 



Table 16 - Adsorption of TCNQ in acetonitrile on La20 3 activated at 30()"C 

Initial concentration Equilibrium concentration Adsorbed amount 

mol.dm-3 mol.dm-3 mol.m-2 

7.7105 x 10-4 6.4096 X 10-4 6.5241 X 10-6 

1.1566 X 10-3 9.7027 X lO-4 9.3447 X lO-6 

1.5421 X 10-3 1.3686 X 10-3 9.8417 X 10-6 

3.8552 X 10-3 3.2522 X 10-3 3.0176 X 10-5 

4.4958 X 10-3 3.8703 X 10-3 3.1306 X 10-5 

5.9944 X 10-3 5.3494 X 10-3 3.2412 X 10-s 

Table 17 - Adsorption of TCNQ in ethyl acetate on La20 3 activated at 30()"C 

Initial concentration Equilibrium concentration Adsorbed amount 

mol.dm-3 mol.dl11-3 lIIol.I1r2 

2.7622 x 10-5 1.4945 X 10-5 3.6330 x 10-7 

1.3811 X 10-4 7.4853 X 10-5 1.8129 x 10.() 

2.7622 X 10-4 1.4971 X 10-4 3.6256 X 10-6 

5.5244 X 10-4 2.9819 X 10-4 7.2510 x 10-(, 

1.1049 x 10-3 7.0226 X 104 1.1504 x 10 5 

1.3811 x 10-3 9.5605 X 104 1.2181 x 10-5 

11 



Table I R - Adsorption of TCNQ in dinxan on LaZOJ activaled al JCW"C 

Initial concentration Equilibrium concentration Adsorbed amount 

mol.dm-3 mol.dm-3 mol.m-2 

1.6651 x 10-5 1.8732 x 10-<' 7.4261 X 10-7 

8.3256 X 10-5 4.0000 X 10-5 2.17J7 X 10-6 

1.3321 X 10-4 8.6195 x 10-5 2.357R X 10-6 

1.6651 X 1(}-4 1.1405 X 1(}-4 2.6309 X 1(}-6 

1.9981 X 10-4 1.3486 X 10-4 3.2572 X 10-6 

3.3302 X 10-4 2_6750 X 10-4 3.2925 X 10-6 

Table 19 - Adsorption of TCNQ in acetonitrile on DY203 activated at ROO"C 

Initial concentration Equilibrium concentration Adsorbed amount 

1lI01.dm-J 1110 I. d 111-3 11101.111-2 

2.5858 X 10-4 1.2834 X 10-4 8.8053 X 10-6 

5.1717 X 10-4 2.9553 X lO-4 1.5005 x 10-5 

1.0343 X 10-3 3.8525 X 10-4 4.3959 X 10-5 

2.0687 x 1 ()3 1.2310 x 1 ()3 5.(lD2 X lO5 

2.2530 X 10-3 1.2920 X 10-3 6.0229 X 10-5 

2.5858 X 10-3 1.5461 X 10-3 6.0257 X 10-5 



Table 20 - Adsorption of TCNQ in ethyl acetate on DYZ03 activated at 800nC 

Initial concentration E(IUilibrium concentration Adsorbed amount 

mol.dm-:l lIIol.d m-:l 1II01.II.-z 

3.()632 x \()~ ().9;1()X x \() (, :1. ()()() 7 X J()1 

1.8316 X 10-4 3.1735 X 10 5 2.0230 X 10-6 

3.6632 X 10-4 3.3184 X 10-5 4.4507 X 10-6 

7.3264 X 10-4 1.3513 X 10-4 9.7916 X 10-6 

1.4653 X 10-3 1.5396 X lO-4 1.9507 X 10-5 

1.8316 X 10-3 1.7365 X 10-4 2.2150 X 10-5 

Table 21 - Adsorption of TCNQ in dioxan on DYZ03 activated at Roonc 

Initial concentration Equilibrium concentration Adsorbcd amount 

1Il01.dm-3 1110 I. d 111-3 mol.l1I·z 

9.8906 x 10-6 1.0091 X 10-7 6.6979 x 10-7 

4.9953 X 10-5 3.0049 X 10-5 1.3480 X 10-6 

9.8906 X 10-5 5.5004 X 10-5 3.0411 X 10-6 

1.9981 X 10-4 1.3522 X lO-4 4.3576 X 10-5 

3.9963 X 10-4 2.1999 X lO-4 1.2168 x lO-s 

4.9953 X 10-4 2.9972 X 10-4 1.3525 x 10-s 



Table 22 - Adsorption of chloranil in ethyl acetate on DY203 activated at 8()()"C 

Initial concentration Equilibrium concentration Adsorbed amount 

IIJol.dm-J mol.dm-J mol.m-2 

5.0954 x 10-5 2_0614 X 10-6 3.3706 X 10-6 

2.5297 X 10-4 5.3776 x lO-s 1.348 x lO-s 

5.0954 X 10-4 5.6016 x lO-s 3.0411 x 10-s . 
1.0119 X 10-3 4.4212 X 10-4 4_1899 x 10-5 

2.0238 x 1 ()~I 1.353() x 1 ()"1 4_7432 x 1 ()5 

2.5297 X 10-3 1.7948 X 10-3 4.9583 X 10-5 

Table 23 - Adsorption of chloranil in ehtyl acetate on I>Y203 activated at 800"C 

Initial concentration E<IUilibrium concentration Adsorbed amount 

mol.dm-3 mol.dl11-3 l11ol.m-2 

I.X5-1h x I ()" X_J 100 x Hr' VI.'lt) I x I ()"? 

9.2728 X 10-5 4.1388 X 10-(, 1_2246 X 10-6 

1.8546 X 10-4 1_0088 X 10-5 2.4247 x lO-6 

3.7091 X 10-4 2_8861 X 10-5 4.728_, x 10'(' 

7.4182 X 10-4 1.551 1 x 10-4 8_1134 X 10-(, 

9_2728 X 10-4 2_7987 X 10-4 8_9457 x 10-(' 

1+ 



Tablc 24 - Adsorption on chlonmil in diox~lI1 on UYzO J activ~ltcd at HO()"C 

Initial conccntration Equilibrium conccntration Adsorbcd amount 

mol.dm-3 mol.dm-3 mol.m-z 

1.0493 x 10 5 4.2130 x 10" 4.25.33 x 10-7 

5.2465 x 10-5 4.0039 x 10-5 8.4158 X 10-7 

2.0986 X lO4 1.9290 X lO4 1.1485 X 10-6 

4.1972 X lO4 3.9704 X lO4 1.5328 X lO-6 

5.2465 X 104 5.0170 X lO4 1.5964 X 1{)-6 

Table 25 - Adsorption of TCNQ in acetonitrile on UYZ0 3 activated at 500"C 

Initial concentration Equilibrium concentration Adsorbed amount 

mol.dlll-3 mol.dm-3 mol.m-2 

5.2304 x 10-5 2.3130 x 10-5 2.3841 X 10-6 

2.6152 X 1{)4 5.3269 x 10-5 1.7056 X 10-5 

5.2304 X 1{)4 9.3893 X 10-5 3.5176 x 10-5 

1.8306 x 10-3 1.3396 x 10-3 4.0227 x 10-5 

2.6152 X 10-3 2.0193 x 10-3 4.0775 x 10-5 



Table 26 - Adsorplion 0" TCNQ in I<:lh)'1 ucchllc on I>Y203 uctivulcd al SOO"C 

Initial concentration Equilibrium concentration Adsorbed amount 

mol.dm·J mol.dm·3 mol.m·l 

2.0640 x 104 1.4150 X 10.5 2.1645 X 10-6 

2.0640 X 10.3 8.6561 X 104 1.3496 x 10.5 

5.1601 X 10.3 3.0036 X 10.3 2.4270 x 10.5 

7.2243 X 10.3 5.0151 X 10.3 2.4869 X 10.5 

8.3692 X 10.3 6.855 X 10.3 2.8334 X 10.5 

9.8261 X 10.3 7.3027 X 10.3 2.8434 x 10.5 

Table 27 - Adsorption of TCNQ in diox~1I1 on OY203 activated al SOO"C 

Initial concentration 

mol.dm·3 

5.3284 X 10.6 

1.3321 X 10.5 

6.6605 X 10.5 

1.3321 X 104 

2.6642 X 104 

Equilibrium concentration 

mol.dm·3 

1.0247 X lO·7 

6.1576 X lO·8 

4.9173 X 10.5 

1.1486 X lO4 

2.4768 X 104 

Adsorbed amount 

mol.m·2 

4.2814 X 10.7 

1.0851 X lO-6 

1.4283 x 10-6 

1.5027 x 10-6 

1.5347 X 10-6 



Table 28 - Adsorption or chloranil in acetonitrile on DY201 activated at SHOne 

Initial concentration Equilibrium concentration Adsorbcd amount 

mol.dm-3 mol.dm-3 mol.m-2 

4.5551 x 10 5 6_6044 x 10(, 3.5206 x 10'(' 

2.2775 X l(t1 x.lJWn x IO·~ 1.1 J()4 x 10.5 

4.5551 X 10 4 2.6355 X 10 4 1.5728 x 10 5 

6.8325 X 10-4 4.6028 X 10-4 1.8269 X 10.5 

9.1101 X 10-4 6.7582 X 10-4 I.lJ270 X 10 5 

Table 29 - Adsorption on chloranil in cthyl acctatc on DYz0 3 activated ~lt 500"C 

Initial conccntration Equilibrium conccntration Adsorhcd amount 

11101. d III-;l I1IOl.dlll·3 11101.111.2 

8.4024 X 10-5 9.8850 X 10-7 1.0152 X 10-7 

4.2012 X 10-4 2.4671 X 10-6 5.1077 X 10-7 

8.4024 X 10-4 3.6423 X 10-6 1.0230 X 10-6 

1.6805 X 10-3 5.4647 X 10-4 1.3855 x 10-<' 

3.0248 X 10) 1.8lJ68 x 10-) I.J7X7 x I(),(' 
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Equilibrium concentration (10-5mol.dm-3 ) 

Electron acceptor/Solvent/Activation temperature(OOC) 

(CA - Chloranil; AN - acetonitrile; TC - TCNQ; 

EA - Ethyl acetate; D-1,4 dioxan) 

• CA/AN/800 • TC/AN/800 0 CA/EA/800 A TC/EA/800 

V CA/D/800 c TC/D/800 <I) CA/AN/SOO • TC/AH/500 

() CA/EA/SOO A TC/EA/SOO 0 TC/D/SOO aD TC/AN/300 

Fig.2 Adsorption isotherms of La203 
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Equilibrium concentr3tion (lO-4mol.dm-3) 

Electron acceptor/Solvent/Activation temperature(OOC) 

(CA - Chloranil, AN - acetonitrile, TC - TCNQ, 

EA - Ethyl acetate, D-Dioxan) 

• TC/AN/SOO o TC/EA/SOO o TC/D/800 

• CA/AN/BOO V CA/EA/SOO y TC/AN/SOO 

A CA/AN/SOO • CA/D/SOO A TC/AN/300 

Fig.3 Adsorption isotherms of Dy203 



Table 30· Adsorption of TCNQ in acetonitrile on DY203 activated at 300°C 

Initial concentration Equilibrium concentration Adsorbed amount 

mol.dm·3 mol.dm·3 mol.m·2 

3.3302 x 1O.s 2.5570 x 1O.s 6.4698 X 10-7 

1.6651 X 10-4 1.5591 X 10.4 8.7018 X 10-7 

3.3302 X 10-4 3.1695 X 10-4 1.3224 X 10-6 

5.3280 X 10-4 5.1570 X 10-4 1.4045 X 10-6 

6.6605 x 10-4 6.4763 X 10-4 1.5083 X 10-6 

When TCNQ and chloranil were adsorbed from the solution on the surface of the 

oxides, the surface showed remarkable colouration characteristic for the kind of acceptors like bluish 

green for TCNQ and light pink for chloranil. These colourations are due to the interaction between the 

acceptor adsorbed and the oxide surface and new adsorbed species are fonred on the surface [6]. 

The ESR spectrum of the samples coloured with adsorption of TCNQ and chloranil 

gave unresolved spectral line with a g value of 2.003 and 2.011 respectively, indicating the presence 

If anion radicals on the surface [7]. The g values were calculated using the standard method [F.K. 

meububl, J. Chem. Phys., 33 1074 (1960)] . 

The radical concentration of TCNQ and chloranil formed on the oxide surfaces 



I~·:::;I::::';;:. !::.::i:l.: !::::'. :1:I~i!tltfHi!;::: : ;.;.: .;: It!!;:. ' .. :. :1.1:,;1/ .... " ... l. "-::m::- •..• _1-:-0,,_ , ••. , •• +0" .•• - ••••• J··--. ... :Li+L:.'-t··, • U·H'· :-t-·t-:-·tt~·: ... I ... _., .. -. ~-.".~ ••. ~-.--.-... - .. -- ...... fl ~!I ... ~. 
~~Ii:::: ::: :;: :: .. !~::: ::: .. : . ::'::"!if~~;:":: . It.:: ;,i ':. ' .... , ::.::.:::r.::.:-{:.::I::,.: .... , to ".~ 
.lIt·,··· '" ,., '" I ••• :. •••• . I • j. I I! ~! - i·t·t· :, r' ,I L. I •. • .•. I'" h ' .. ... . . I "))0 S' 
...... , ... ~~:. ~.;.~: .. " .", ll·,i,· '~~Hf+l-~-·--,··· .. ~·L...,.~..:.:1....;..; •• .:.... --~-!'..!: 1"- ! 
:!t~:~; :1':L:~~~ 'l~!::'~; ::;:: ... ~ltj:1'lfli tijlj::;:: Ill',: ;l! ,~, . I '" . l!' ',;:; ' ... '. On cr-

1

1"" 'I" " ..... '~Ir.ltt ., .. , .. , '1'1 ill' ,.,1 .. t ... , . , .:. '. ,·It,.. .......... c' le '''t j I., ,I "I I 4 .• II! .1., '" I I. ,11 .. L ,I I I 11 •• ,' ",' 1 ";' ,. ., . ,n 
• _ .... I ......... ~1+· i".1" ............ -t t 'f-1 004 ,.+i- t+'f I ••• I r4. 1-+" m tt,..l·! .. ··, ...... •. ,~. ~ • , • , •.. , .••••. I I 

::It!'I! .: ;;';:::: I ::.:. I'! I' " I11 :: ::. ·1 'Ill '11' I t I : .; Ulil ' I', :.':" I"· : :.: .; :. :.:: :::::.: : . ; . , I" ., " .. ,11,1'1 11111: t • "'," 'I 'I tt'l I . "" , ..•. ,.' •• "' ,I., ., . , • ..... .., , • . " , , , , • , . , . ... , !.J.! ~4 "L • H . ,. "... ,.... . : " .... " ~.. . 

Ujmt ~li;I':ltllr'I:~IH1" t;:II'I:~ i"II'11l! 1'1,: illd ' I'q' ~1:1!::~>W:~';'::::':~I:-I'i !~I;: .. :·:·: :~:':-:-: ~I :'! 
It ,t I! : 1: I; 111 t 'f I. I 11;':" .• 'I • , I' 'I I Ill' "1 11 J • , I , .• I ,. , 7:;f ~ I ,. . r I ,.,' I, .. .•.. I 

'r.~~mtn;"'::t· -8+1·~r·t:ri: ·t+++r1';1 I', rh-'-l-I··I '· ... I· t: :~'I ~!.u,' 1'~11+'i' .1'1,111:1+: I"" rH~.t11'+H: ::: :::7:-:~rrT+~;~;~' ';':~-:'rh~~ :~:.::~--: ~'[ ~) 'L , .. I" , .1' I[U.' , " ... " ij!: " I'" "H ", m''':'' .... ..." "'1'" ...•.. ,.. .... ~ ~:" If'" 't ~ I I I • tt .I.';' -t • 1 ., •• ~ •• ~. ...;. t t t· I ~ 'i!,' I •• ! It,· . ~, I • I. . .. '. '. I ," • , .. I t I:' I .. I t I • • • • =-
rotltt~,. I. "'" .:' '"i'"tj ." .•••• III~ I '1-' 'll': _" I 1 .. .!..:..~ '~. __ ,'."'411 '·'t· •• ,I.L .••.• , • a.,.); 
'iJj"'" ·'··I!· .... oI,,11t,, , ..... " ',·H'I'.'·!!' " ... 1<'1' .. ' ......... \ ... : ..... , .. , ...... '"'· .. 1.... ........ I ,e 1'1," I." •• 't" I ' It ,., •••• , .".11 '!,!~II'··t .,' "IIII"I I '! ••••••••••• 1 •• 1, .• " ••.•• 1..... f:7" ~ 
~,. I.d :; 1+': l;,.·: : I t f:::; t :::' .. :: i t I: I:: .... ill, i I, !: I:! tl' :, ;:;; I.' ':.":: ;;::; : ',: .: :: •• :::::: '" I ~ sr . ..,·, ~.l.~_ .. "i~ .. h'" 1 ........ ·1'"''''11''''1''' '1" ~"lt , .. " .•...... ····,-···1 .1........ ....... . -
.~ ~:i t:I,:~!:1 ':':'I!t!: :t!.;:::: :d~!'!_fr ,'j,lj!;: la! " Jr It.: ;'; ,'.' ii !!tt~l~i: ;::~::::: ..... _ .. :3 I: ~ 
r.:,l h :::: id:!:;:: ;t!~,~~:: !7;ti::q i:!;,.:!,tl !q!;:;:: t!.!i~!:~t l.!i;~ ,:: ::." .: -t!1!"!1:!i :-::!::.:: ~ ..... " 5 r. 
.. , llJl' " ...... I "'t'I,11 .. ; .. 'Il • 'll!I!" ''It:7i~ I 'IJ'" 1't7':~~'7 :-:-:-'-;:-., •.• ,' .. , ., ..... ,' ........ ~ ~ , .. l' I:" ... , . i t ~ ~! .. I· .... ", " ... ,.. " 1: oi ... ,...... .. .. rl" It' .' ......... .. ..... 8. 8. 
~, Id-: +!It·;l~!t t~;tt+ .. t. 'Hil..ljO:~ t4 -tlltjl! •. ~-t t .qt~''''_.II'''' "4 •• ,I Ta·:· ·t· t"'I'~' .•. ~~, .. C i 

~ -;tf!ltit.m~ j·;ut'f\it;iil:;ttilhit rl~tlllH/I·i.' tt1 j'n'1irl':~~ :·!:ti~:.~ ·;:ii1;I;;·~; i:i;jli~t tt-~;:::! E • 
.. I IltlttPtt H .• I1 J '''.11' rh .!il t 11: t H, .... !., ..... ~, ...... , .......... " ii~ 3~ 

t±t r1' :';tr' I~i ~~. ~~~ r+rrufh.t.! . ~:tt'HHll lUl·.'Il,·::::; iWi·lr··;\dlHr't'::i :~;:ii;:: t::::l::: t: I ;, 
ID "tf!'i'I'n~+;t: ~:~: ~f' R.i:n,.:Ji . ·1l1;lH;' l+l!rrl!:H-f~ mf:··~f:;I;Iiti:il.r ::~t':::: ;;~;;~;:~ H- It 

,,1+1 l' ; t4- I., ~ 1 . HI' - 1" ~ ,I ,·f ' I' , , ~!! t, . ! 1 t : : ; ! :;. L ~ " 
t1"'t 4.. - 4 f - .• d-:J.i-H-' ,', ""H~!I -~ •. ~~~H",!"~ .t;;;;::. 

1- ~fH . ttH'l tt . ~··t . t HfU~I.f1.l fi1lli';;i:' itj:;··'{<·J·~j:.;±itrT+~;'t tj':!:!!;.t!!:·tt~lt::· ,"" f'-' ,~ IHi It t t· . I"'" ." ••.•.•••. ,./ I' ,~ .. ~," •.• , :·!f··· .. · '. '.' 
•.. t-"' .~. . . 1'1l.;.1.:HfW:t::;:t ··m· -",·,;h . 't ~ .... 

!:'tilllll.J,itHU·· 1t tlt'l J.Llt!:1l.1l·· ltj;:::;: 1.:·QI'f' :tt:tr;::;=:1!:::~ ;iP:~::. ~ ~ ~ ..., 
~:~'M.lti; +-,:11."111 1111,;11' rl.1 ,i.!~!ii !::!;I;';!il. I.!::; ·:~;,;!i:1 ;.:;:;::." !i. 

~1mrMfr~U~f rtHll t ··~'wnH··.··' .... ~HI·l11;1·; iflf:r~·rt J.iLUJ::: ;:!!li:.=~ it THH: Hr '!'P,'!'!lli i1!i:::: (; y.) 
!In .' • :·11 ~ • ~ 'tt :It'~1 :.: I.~l.;.h-~ .. l.!.~!.~ .. i! .. !~~' .. :~:! 
~Jl!U~h.t: HW IJl-rH itrlhllt : I: j l'l !lltlJ I. d ·L!.lHhl'<! i!HP1;lll~1l!U: ! fl1.[r:; !~!!H;:' ~.ltt -11 :,t, I riT· L , ... 11,.. ., 1.1, lit" '/1 itl~j:!;w. "t,·HH ... ·T:.": tl¥' .. L .,,1. .... 
'::4 U' ~jl'lt" 'll' +ft····iW· jr~tl J n/IHljit· , ';'1"/" .I"I-IL. "··ff" t·l·l'·'·I~··;···· ~ ~ :"Im':i .1.;p ·1 tt l"H'! r ~;lLH . . ! - I :ll~;~>.t: :11.;:li !.pi.j·;··l· ~t r1i·r;:rILm:: .. ~ ~ 
::r' ", m1!l;'TI"~ 11 1';;;11 I· ;:/1 ;",T .. ,'. t rrft =;j ;! i! i; !.~ +ttS:: .' I itm·,· 'tT~mm:-:~" ~ ! 
!:'tt' .·tI· .: 1t'II! llt! ,. '!l !i·i.. .'. ,I . J .+;. ~::::: .:: ::l!j'!' : • H"I!,! . t.di j11: 'jHI::.· ~~ 31?, ~qp • , f .1. , • rl.l d r, . ., I . I· ...... I ' ,.. .... I ,I;! ,.1 •. , • ,. , .. ,. !! ... , Z.t- ~ 

Ht if:! ml' . ',1 11'1 iliJ'lfH I :: :l:: .. ':J '·Ptl -.' t'til'H-" U litfJ' ·fJ·' .... jl"<ll a 0 . r.Tif :. ·n·ll L,li In'l f.j:r t l:':"';~'~':ltt ::J\;·i~·t "d"inl ! l' j :tH::I ti:r~. .-
"IT .' .~.. .•. m"·l I "I;i; :: L;~.'; :f ~r;4+H+If++. It u !loO!..! 

~ cl; i~ .s.. JJltl." N tft ~l:1Ptl,!(H ~!~_lt!d!'ql;Ui~;jllt !,rHai-H. H.nftIJ thH.li: ~ 1 
.. Ut. t Y'fi . Ff H tt~· . r t ·t·· tJ . ·ttil :. 'I h lm ~.1 U' "11 P I j 111.00' rIli j jl.U 1 f. i!rl+HH H·i+f.t41 0 
1 ., It I" 1L' " I I 'HII jtT· . I tt ...... 111 HI .qr, lHtH ttl1'tl • 

t "l"I±'j"H :.'H· ;. I:: .. Illqtl f l' lrtctitt l.titC:1i.Gtqji:f.rrfti.;; ..... ~-++-14-.q.-.;..;.!r.1t: ~ 
·H· 11· . n ... ., H', .' N .Hill, lFtI·.t:1'i ntltt 1I;I11l • t H d· 

~} · .. r! h· .. ·'H!·,lJ'Ht ·.IFI U ItlHLl'!·ll!!!~·lUlli!Ii:Hln.ri -pH; 
!::' t H. . it .. , I+~ 111 IJI· W-fUt. !!.! .. .:.i~ illHl , Ir,.1 :l.~ 

.~ t' tj. "/' '1 • tJ' 11' Hltlfl iJi ~1 .. . Ill' .. . ... ,. I" .. I ! •• , '" t" " , I!· n'" I .. !i t •• 4 .. ll! .~ t ~ I t I I I" - 1 . '1' .!. I •• I 1 ...... -~ i' f ~ .& ~ d ... ~,:"1'.q . 'HI ":! r. .- . d I .',::: ;;:';; .. ,. i1.l!'.:: :::;!:::~ rtl'::' 
:r4 .qg.,!V ~l 'l!t1!!,jIW'lll'1"~!.:! .~!. t l~+IIH;:::~~I~li';tI':1 It' i. t.·l U'l;1!iH!ll --uti:;', :h '11 -I '''" . 'J . I'! 1 • , t • • .•• .. 1-1· . •. .' t -I .. ·tt ••. 
rt1 .a t t - .l - •. t·t l I·t·· ... j' ..... ..tF- I tot- - tr1--" 

~l ltl'ltt I' . . . . ttPillt' . . It- 1:1 t.tj'1! i!: j. t-,.!q l'. [1' j ttt:.U 
;.~ ~.; ~'fR" .. ttJ' ~ll·n\.l.ll·l+ ..l! ·t.nl·I·I1"~ ;ir!tlt~~ '. ~: ·I·!~~l 
:-!: Irtl ··tt· 1 1~' .. ·I"t :,1·/ H - .ttlj:; lHt·1:.'1~· ···11 ;.: .. H H-"·t- •• l.'" 1 It I,· H jJ. ,' ... -It hol .. . n" 

~ ll!IP'lf IIll il!fI It .' 1i .• t-t~.I.clltll· .' •. '1 ·l·t-'· r:Tit . ,1; 'I;' . '11 t I I I. .!! I1 t :! ,.... 't' l'l'f. t I! I! . 1',1,: 
'1, ,ft~· --+ • . •••• ''; ~.,. I', t I •• I i I It' , • ~ 

~ ~ I iHtt + ... ;' t:t 11· q it:! j:\1t Ht ~ffu ." .tHtt mn.' ~~.m 
ffi,lli.ll,fmttH .;U!lti !l'IIl"tl' llJ1WTI hll!!!i! ! .,J n Ht:"!: .tll1; r. 
r.i!H 'I H lllll i !: 1 j !i ! 1:!1'1 'l ill i I ,11' 11 11tH: i! ! i L. I.: ! i:! !!!;!; iI! H li I ;!! : " ! q - ,'" ~f1tj"·J..rrm"IIH,jtlt.I'. If ~"i Lt !.:.!.:..;.;~.:.:.'~t-~..:.;; ..• ,;;HI f! 

~~W.Hl iP.ltfrM'H!HUlIrH !Htt' : '·~!.n)~HnlHi.Hi dlH ~i!II~H±:: ~HV ~ 
HII,' '!llll!l! l' ! 1 l!'lHUt t. Iq I !lIlt j 1111 \ I,. !i '! I1 q! ~!! ! lIlT;q q qlqH :1111 H~I+i iT "t m1l~ 
:I.r. , ., ..... ,. ''';H ... :ji ,Ill Lt . t H !l,.~.:~:l~~l!.iji.l S'liJ~~ :1 [Inlll··'!'! 
'f H" i ,., i •. Tcl ,j I. Hll; ~ "1'" H' r ffTIll ,"r 1 •• : . !. ;, ,·1, 11' 1 ., I' 'IT' H·" j .. ,.~ t 14 .d t' r' H f·" . ,., . 1.1: l'ilL '''!I·I ... If· ... ·· Itl" .1 ·ttl"~' .... , . " .• t't" ··;H· ,,·1 H- li··i 
••.• 11, •• ,. 't, .... It t,j'i f, t., t~ •. I •••• °'''1 .. 1 1~11 ft l • t~~!l·~·ttt L~!'~:!~ . 
• H .'1 I. ;~.t+-;...+..;. j. I •• fit· 11 ~' .' ,11 . t·t . I1 ~~;:':'.i.!; ::.: .... I·~ .. ~'.:..;. ~' . .j..;' :.l, .• ;,;' ·+;';~+44~":":":..:..:.j 
"I ,. t! ,,,,.!: I! ~ q' if.. :"'" If' tt. P I".,::!, 1;' If I ~lIfH" . ',. ",!,. I ' , ,If .. !·:: '.'1;';'" :;,., .:: "'11'1.,1, ..•.. "':":'" ., •.•. II! ,."., I j •• ,,~. "1'1 1 !':, ••. WI'I·· •. ;'~I!'tlli ,~ ~,.I .. ,I ..... -,,'t. ·1·' .... · .. "',.,." ..... , .. '1 jt' I'!!"'" t l • lJ···· .. , .; .. , 1·I"t·· ,." ............ . 

r:~ 02: :tpf~;--:w.r i.(ITIm mm~l mii! ' . '!!!!'::[ nltrf:t 1~ tlli[",:I:~,;t 
IliLI "'1"'" .... 1 .. 1 .. • .. ··"·1 1!.jI1iffil' , .. 1.'1" ,\1. I .. 'I .... · .... ··,,,·1 'I~!,I!I'" ...... , .. ,.,) .... • " .• 'I It'" "., •• , "''''1' mH' . "'''1 I' II'I~" • I" ...... · .. ·1' "j'l' t ............ ···'·'1' t r!! ~~ ~ • I 1 .. l-'t l·. .. ~ ~.. "i I. I. • .• I ! t .+ .... I t ~ • ; • , I ., , ~, ! i i.. ~!"; j •••• I ! , 1 I t ~ • I • :. • ..:....i-.:.4 . " .• ...:, t ~ t.. . 
,~,.,., ~rr.7~-r-:-:-m~·~·:-:J;m:, ... , r:1'~:7;'tI', ,Tii' 't~\:t~::7~: ::-:-t-:-;;"~-:;i7t::~':"I;7:"!:- H-'l fiHi!. 

j. I I. , •• I • • ••• •• I , • : . ,~ .. ....... ~ ~ I ' ~ J J • , . ! • t • f I i! ,.1. I • • . • . .. .,,' I·~ •• ~ ! I 1 i , • t ., .. t.l -' ... t I - 1~ 1 

• P::~ :;:t::::: :~:::::;; ::~:.:~i :.t lttl~ :!:~::!l:lt' t ~t :t!i::::. -:::: .. II~ :::!tir!, :~!:tt!.; t-, t·J~· ...-.,_ ... _ .. -
., ~ t •• ~. .. It· •• i .. ,·· .. · I. . I ...... + I!.. I It· ,; t" 1 ••• ,I t j ~ I .• ,. I t I I. ••• • • • " ••••••• , I .,., I • 1 ., . .. .... 

t tf::1 :!::: ~ : : ~ J;: ~ : : : t: :.::::: '_: 1 t! '1 J i t 1 t! 4 ~ I : :: I ~ ! ; r: ~ i j; 11! ::. .. .:: . , : tl It: .: i! t ; 1 !: .. 

mm. t. .. , .... ,. • .• '~1+rt' , _. .. .... , L I • ! ; 1. • I .' J'....... t·: I . I ., " '. . . _~ .ill .. ,,;' , • , ! • ~.r..:, .. ....... _·_-t-.. c.~__ . .., ............. ~ .. ~ ........... -+-- +-···~1'" -..-fH ....... t -..- .• -" .~-- .... :--r q ~""-r---""-'''-. 
'1" "''''1'' ... ! .• , ...... I" 1';..;1 ... • !1'!':I I ' 1 1, 11 ."; "" .. , "\'1 '1'1" ............. .. 
• ,. "'1,,, ••••••••••• , '1 Ilil"" I I' 0.1 "r 1 I1 t l •• .." •• ,· ... t ..... T""" .1 ••• 

a !lll ::.i~:::! !:::~!!1~ :::.~::. ltt.: 11Ii.t:.I.il: I;,!~, ILL •• ! .:~ .~ .• !; ~t:':t:::: i:::~,: ::::::.:. 

f! 

I 

'ON WnJl::NldS • ."t.lulP.S 

... 
.r 



/ 
'\~'1 

~i 
.'1 
~ 

;tl 
.I .~ !8 
I . 
.t 
~ 
~ 
~' 

1 
~ 

~ 

~ 

~ ... 

c. 

'j 

~ 
!: 

cO 
:? 

. I 

'ifl 
<C 
a: 
a 
< "'., 
it/! 

...: 

Q 

c4 
a: 

I 
I 
I 

1
6 
;0 

! -
~ 

Jt 
.f 
~ 

i 
~ 

~ 

.. 
r 
Cl 

--It> 
~ 

... r ~, 

EPRClwn" 
5.;.uf1:1& .. - • 

~T+ . .-.--:-:.To " :.:: :,::!: !'i'i::::\; I', 
'"'1''' .. " . :1. "" " "., . " .... , . , ... 
:7'~:-:;7:' :. I ;.~ , .. ,.: ::;~;;: : 

!;c,., ,,;';lc.T' ".+.-..:~, iii:: ~,,::::: i :\1" "'=C" ·.~fl~·t .. · .... 1 ......... ' .' , . . ~.. .,.I!!" ;!'i:~ to:':' " ':'Iil'ill' : .. . - .. ! i! !'!"l.ri t !::::;::: :'::;:.:; . : : : : : : . . : t ! t , I;:; :;:::: ~ : ~ I;! ~ : 1 : i; ;:;: : . 
...... - ........... H ___ '_' - ••• -.,-." --•• - .. " ---- " .+_ .... , •.•....•• - •. H"f"~1'-""-'-" -- .. ...... ,. ~::::.: .. ::.tin~ ;::;::. : .. ·.;i;: :UU !<~:~:: :Ul.tW~ LL:~::~ 

. . • • • ~ I" • . . • . I . • • • : • 

~;pt!\.I'U01 No. 

" ";: .: : 11.., "1 ,,' ... "1,' 

~~j;hli·;.:\;-;W 
:::UL :~:~~:.~~ +~r 

: : :: : : :: : : : ; : !: .. ,:.::: ~;::::: i : .. , f i, 

'::fi'i' ::< ism:, ,~,,::' '.'.;;; niF':n :wnn i:', 8~'- ;';~,~ ;~'8: 
.... " . l . 1 • i ! H • t • I 1 J. tI • : •. : '''''':. I J • .1 , t I I' I., .. I .. , 

~~~nm :TiT:: ;1:::':;:: mw:n ;T;:;i~ 
;..!.;l~ _:~;!..;.;.;.!.-! ~!t ... :_:.!~ !11.~!..: ~:~':';.!.u..:. . I ; I I t tI I it I • , 111 i !' I ! ' I • I • , .•.• : • , I '. '!' t 1t ·,t'· j I ,,11"'" •• ·.'111. 
'" It,1 ,.It"I" 11"'"'' '11"'1" 

""! rntttn ~:~~~;~ ~~ trp[j;E 
~ .......... !_.-'- _.,_l 

.. '.' .. , 
t;; I" ~ P t' . ,.~~,. 
~ ,i I : I' ; 
T • ! ! 1 ~ ! • 
I '~~'~~~~~~~~~~~~~HhHhHHHHHHHHHHHhrH,,~~HH1H~~~~+++t~~~~~ ~~+l-t;+l+l+l+i+i+i-H-t14-!-tI • ...i""' •.• t 1_" . 

111':"~'lt: • ,: t!, 
4 ..... +-+H-~+t-l -- '1'''' •.• -

r."ii ii: 
__ ~~~-+ ____ .. __ -+~~?-~-+..;~: !,·t·· 

_ .. _.-

~ :.:~:.~~;. . ~ 

~ . ····'1 ..... ~~.: ~;'.: :~:: . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~+h~;;; 

~ .IHlli~ iit+t!; ·f!jiHn .,:;:'['1. ),:;,:,I,! 
, - -. - r"-'-- .~j~~""'; 

rtfu!i ,:Hfr-r ;@fli ~~1'li 
.. ... i •.•.•••••••.•• , .• ,,! •• 

, ??':~ij:i t~· 
•.•• , ••••.•.• ,. I.. • I' .... I I, t I r"I~" 

"l'o,:' ''''tT1', ""JU!! "It." 
>.;~;.::- ~~~·~S+ qg4f.L ~ii#B 
. :.:: : ::: ::::.;: p :::!: ~ ~:; ! t!ll,m 

•••• "... .., •• ,." •...••. 1. ,I.l, ".; 

;1 ~ .......... Hni; ~. :: ~[':!iTI!:~ 
I ? I 111 ' . .. " .. ... "!'!' 0 'I ".". .' ... ,. "I'~ 

:;, 
.:> 

!i. ',: iil:',: I;::;;::: :::':TllHWfi iliUh [h~1 
j I.: . 1,., ! I';"": ; ... I.:. L. t' .. ;., ......... I .q".ill 
I' )J'. ·-·--·-~·~··t~·~-··-7~ ... !'f!T: 'ji;;::~: :r~::::::-~·~·~~.;·::;~,1 

., . i; I It! t I ",,,, .. , . i i, i ' .. ... ... '"'' f,,·J 

.:1 

:? 

re- : 

i .~ 
.J ;:;: rc' ;.,q:~'~ll-~~ 'H I~mml: ~ = jt.U~d!~!:·: 1;(;:1 



are given in Tables 31-34. The uata wcre cstimatcu by comparing thc arca undcr thc pcak fur 

adsorbed sample and for standard solutions of 2,2-dipehnyl-l-picrylhydrazyl in benzene. Fig. 4 

& 5 show the radical conccntration of clcl:tl'On ll(xeptor f'orJncu un the oxide surface against 

the equilibrium concentration of electron acceptors in solution for lanthana and dysprosia. The 

isothenns obtained were also of Langllluir type. The limiting radil:al concentration werc calculated 

from these plots. 

Table 31 - Adsorption of TCNQ in acetonitrile on La20 3 activated at soo"e 

Initial concentration 

mol.dm·3 

8.8646 x I {)-5 

4.4321 x 10-4 

8.8643 x lO-4 

2.2161 x 10-3 

2.6593 x 10-3 

4.4321 x 10-3 

Equilibrium concentration 

mol.dm-3 

3.0048 x 1 {)-8 

1.2019 X 10-7 

3.7561 X 10-6 

2.0283 X lO-4 

4.0780 X 10-4 

2.1635 X 10-3 

. 

Adsorbed amount 

lOIM spins 111.2 

0.2583 

1.0330 

2.5833 

6.7160 

7.7752 

7.8551 



Table 32 - Adsorption of chloranil in acetonitrile on LaZOJ activated at soonc 

Initial concent rat ion E(llIilihrillm concentration Adsorhed amount 

mol.<II .. --1 mul.d .. r~ I()I7 spins m-1 

8.0934 x 10-5 2.9865 X 10-7 0.1684 

4.0467 x 10-4 3.9685 X 10-7 0.8424 

8.0934 x 10-4 9.9550 X 10-7 1.6892 

1.6187 x 10-3 1.4933 X 10-5 3.3338 

2.0234 x 10] 1.7297 x 1 ()4 3.8381 

4.0467 x 10-3 2.1872 X 10-3 3.8446 

Table 33 - Adsorption of TCNQ in acetonitrile on DY20~ activated at SOOne 

Initial concentration Equilibrium concentration Adsorbed amount 

11101. d 111-3 11101.dl11-3 1 ()IB spins m·2 

2.5858 x 10-4 1.2834 X lO-4 0.4546 

5.1717 x 10-4 2.9553 X 10-4 0.7753 

1.0343 x 10 3 3.8525 X lO4 2.2712 

2.0687 x 10-3 1.2310 X 10-3 2.8933 

2.2530 x 10-3 1.2920 x 10-3 3:1103 

2.5858 x 10-3 1.5461 x 10-3 3.1133 
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Table 34 • Adsorption of chloranil in acetonitrile on Dyl03 activated at 8000 e 

Initial concentration Equilibrium concentration Adsorbed amount 

mol.dm03 mol.dm03 1017 spins mol 

5.0594 x lOos 2.0614 X 10-6 0.2745 

2.5297 x 10-4 5.3776 x lOos 0.4680 

5.0594 x 1004 5.6016 x lO-s 1.3697 

1.0119 x 10-3 4.4212 X 10-4 1.7700 

2.0238 x 10-3 1.3530 X 10-3 1.7690 

2.5297 x 10-3 1.7948 X 10-3 1.8798 

The electronic spectrum of the samples coloured by TCNQ adsorption are given in 

figure (4a). The bands near 400nm and 600nm were also reported by Meguro et al when they studied 

the electronic spectrum of Ti02 coloured by TCNQ adsorption. [K.Meguro and K. Esumi, Bull Chem 

Soc. Jpn., 55 1647 (1982)]. The bands near 600 nm are related to the dimeric TCNQ anion radical, 

which absorbs light at 643nm [8]. This tentative attribution is supported by the characteristic features 

that neutral TCNQ absorbs only at 395 nm, that TCNQ has a high electron affinity, and that the TCNQ 

anion radical derivatives are stable even at room temperature [9-10]. In the case of rare earth oxides, 

these assignments do not hold completely, because rare earth oxides have characteristic bands in the 

same region. The ESR and electronic spectra provide evidence that anion radicals are formed as a 

result of electron n:ansfer from the oxide surface to adsorbed electron acceptors. 
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The electron donor strength on the oxide surface can be defincd as the conversion 

ratio of an electron acceptor adsorbed on the surface into its anion radical. The electron donocity 

of the oxides is found to depend on the electron affinity of eleetron acceptors adsorbed. The 

amount of electron acceptor adsorbed increased with increase in eleetron affinity of eleetron acceptor. 

Strong electron acccptor like TCNQ is capable of forming anions even from weak donor sites 

whereas weak acceptor like MDNB is capable of fonning anions only at strong donor sites. 

Hence the limiting radical concentration of the weak 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 transICr 

frolll the elcctron donor site or lantlwna and dysprosin is IOl'atcd hctwccn 1.77 and 2.'10 cV 

in terms of the electron affinity of the acceptor. 

The e1ectron-donOf' sites availahle on oxide surfaces capahle of electron transICr 

may be of two types. One of these has electrons trapped in intrinsic defects, while the other 

has hydroxide ions. The free electron defect site on the oxide surface is created at activation 

temperatures above 500°C 111J. The ionisation potentials of the hydroxide ions are comparatively 

small (2.6 eV in the gas phase) [12J. Hence the other site may be the surface hydroxide ion 

and the participation of oxidation-reduction process of the type. 

OH-+ A ---7'> OH + A~ 

where A is an electron acceptor can be included. Electron transfer from hydroxide ions occurs 

in certain solvent systems provided a suitable acceptor molecule is presentl131. 



Fig. 6 & 7 show the increase in the limiting amount of electron acceptors adsorbed 

in acetonitrile and 1-4 dioxarrwittl-rbe increase of activation temperature of the oxides. Below 

500oe, the increase in limiting amount of electron acceptors adsorbed is small and above 500ne, 

it increases appreciably with increasing activation temperature. This trend can be understood as 

the decrease in concentration of surface hydroxyl ions and the increase in concentration of trapped 

electron centres with increasing temperature. It might be expecteu that the trapped electron centres 

are solely responsible for the adsorption of electron acceptors on the surface of rare earth oxides 

activated at higher temperatures and they are stronger reducing agents than the surface hydroxyl 

ions. From the data it mllst be inferred that the effect of temperature is to increase the concentration 

of both weak and strong donor sites on the oxides because the amount of both TCNQ and chloranil 

adsorbed is large at high temperatures. 

It may be seen that the amount of electron acceptors ausorbeu decreases appreciably 

with an increase in the basicity of the solvent for both oxides. To interpret this result in terms 

of the acid-base theory, the Drago equation [14J was employed: 

where E and C arc the Drago constants for the acidic compollnd (1\) and the hasil' cOlllpollnd 

(13). Drago uetermined lIlany E and C values for organic solvents frolll measurements of the 

heats of acid-base interaction made by his group and by others using calorimetric and spectroscopic 

methods 1151. These studies demonstrated that the Drago equation usually predicted 
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~H·b values with in 3%. A very useful approach for relating the interfacial interactions lJuantitatively 

has been the Drago equation of enthalpy change in acid-base complexation. When the Drago 

equation is applied to this work, the basic compollnd corresponds to the solvents, sllch as acetonitrile, 

ethyl acetate and 1,4-dioxan and the acidic compound to electron acceptors. The E and C values 

for three basic solvents are available but not for TCNQ and chloranil. Therefore, in this study, 

the E and C values of tetracyanoethylene (TCNE) which is similar to TCNQ, are employed instead 

those of TCNQ. These acid-base parameters are listed in Table 35. The E and C values of 

chloranil is not reported in the literature. However, from the enthalpy values 116,171 of chloranil 

and some electron donor solvents like acetone, the E and C values of chloranil can be calculated 

using the Drago equation. The Drago constants and their enthalpy values are listed in Table 36. 

Fig. 8 & 9 show the limiting amount of electron acceptors adsorbed on La20 J 

TnlJle 35 - Acid base Parameters 

Solvent en En - L\Hah with TCNE 

(K cal mol-I) 

Acetonitrile 1.34 0.889 3.51 

Ethyl acetate 1.74 0.975 4.27 

1,4 Dioxan 2.3X 1.09 5.23 

------ .. -.---~ ... --.-... ---------,-. . --- -- -,_. - ._ .. ,-------_ .. -. --_.-.. -------_. --_._--.- ---.-. ---

TCN": (CA = 1.51, 14: A = 1.6H) 
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Table 36 - Acid-Bnse Pnnllllclers 

Solvent CB EB - L\ Hab with chloranil 

(k J mol-I) 

Aeetonitrile 2_74 1.812 11.19 

Ethyl aeetate 3_56 1.994 13.61 

1,4 Dioxan 4JP 2.230 17.35 

and DY203 as a function of-L\Hab. This amount decreases with an increase in the acid-base interaction 

(~H·b) between the basic solvent and electron acceptors. For the three solvents the limiting amount 

decreased in the following order: acetonitrile> ethyl acetate> 1,4-dioxan; showing the competition 

between the basic solvents and basic sites (electron donor sites) of the oxides for electron acceptors. 

ACID-BASE STRENGTH DISTRIllUTION. 

Acidity and basicity at various acid-base strengths were measured 118j by titration 

with n-butylamine or trichloroacetic acid in benzene using the Hammett indicators listed in Table 

37. Both the acidity and basicity were determined on a common Ho scale, where the strength 

of basic sites were expressed by the Ho of the conjugate acids. Visible colour change was obtained 

only for p-dimethylaminoazobenzene, methyl red, neutral red and bromothymol blue. 



Table 37 lIammctt indicators uscd 

Colour 

Indicator pKu Basic Acidic. 

Crystal violet 0.8 Blue Yellow 

p-dimethylaminoazobenzene 3.3 Yellow Red 

Methyl red 4.8 Yellow Red 

Neutral red 6.8 Yellow Red 

Bromothymol blue 7.2 Blue Yellow 

4-nitroaniline 18.4 Orange Yellow 

Tables 38 & 39 show the acidity and basicity at various acid-base strength of 

rare earth oxides (Fig.lO & 11). The acidity at an Ho value shows the number of acid sites 

whose acid strength is equal to or less than the Ho value and the basicity at an Ho value shows 

the number of basic sites whose base strength is equal to or greater than the Ho value. 

Table 38 - Basicity and Ho, max. of La20 3 at various activation temperatures. 

nasicity (I()-4 mC<l· mo2 ) 
--

Activation TCIIII)Crature 110 110 110 110 11 o,lIIax. 

~3.3 ~4.8 ~6.8 ~7.2 

300 0.47 0.32 0.20 0.15 8.5 

500 0.78 0.47 0.26 0.20 8.6 

800 1.20 0.84 0.50 0.43 9.6 
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The acid-hase strength distrihution curves intersect at a point on the IIhscissa 

(Ho,max) where acidity = basicity =0 (Fig. 12& 13). Hence the strongest Ho value of the 

acid sites is equal to the strongest 110 value of the basic sites. Ho,max expresses the equal 

strongest Ho value of both acid and basic sites l19]. Each HO,max value was determined from 

a point of intersection of acid-base strength distribution curve at the abscissa. HO,max can be 

regarded as a practical parameter to represent the acid-base properties of solids, which is sensitive 

to the surface structure. A solid with a large positive HO,max has strong basic sites and weak 

acid sites. On the other hand, a solid with a large negative HO,max has strong acid sites and 

weak basic sites. 

The presence of acidic sites could not be detected in La20 J activated at various 

temperatures. The results obtained from two different methods (ie.the adsorption and the titration 

method) gave a similar tendency towards the basicity of the rare earth oxides. However,the charact­

eristics of basic sites estimated by the two methods are different: the basic sites estimated using 

the adsorption of electron acceptor arc associated with Lewis sites resulting from the electron 

transfer, while the basic sites esimated by the titration are contributed by Lewis plus Bronsted 

sites. 

The magnetic susceptibity of these oxides were measured using a simple Guoy 

type balance before and after adsorption. Magnetic moment of DY203 during adsorption decreases 

and reaches a minimum value at the concentration corresponding to limiting amount of electron 

acceptors adsorbed indicating the extent of electron transfer from the oxide surface to the electron 

acceptor (Fig.14). Data are in Tables 40-43. In the case of La20 3 because of its diamagnetism 

\0 \ 
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appreciable change in magnetic moment due to electron transfer could not be measured. 

Table 40 - Adsorption of TCNQ in acetonitrile on DY20J activated at SOO"C 

Initial concentration E(IUili brium Amount Magnetic 

Concentration adsorbed moment 

mol.dm-J mol.d m-3 lIlol.m-2 BM 

2.5X5X x 10"·1 1.2X_~" x 10'·1 :tXO(,.l x IO"r, " .;<;2 

5.1717 x ((,..1 2.().,).'U X ((fl I 50().') x 10" 3.72 

1.0343 x 10 3 3.X525 X 104 4_3959 X 10 5 3.02 

2.0687 x 10-3 1.23 \0 x 10-3 5.6732 x 10-5 2.43 

2.2530 x 10-3 1.2920 X 10-3 6_0229 X 10-5 2.10 

2.5858 x 10-3 1.5461 X 10-3 6.0325 x 10-5 2_11 

Table 41 - Adsorption of TCNQ in dioxan on Dy20 3 activated at SOO"C 

Initial concentration Equilibrium Amount Magnetic 

Concentration adsorbed moment 

mol.dm-3 mol.dm-3 11101.Jm-2 BM 

9.8906 x 10-6 1.0091 X 10-7 6_6979 X 10-7 5.12 

4.9953 x 10-5 3_0049 X 10-5 1.3480 X lO-6 4.78 

9.8906 x 10-5 5.5004 X 10-5 3.0411 X 10-6 4.51 

1.9981 x 104 1.3522 X lO4 4.3576 X 10-5 3_98 

3.9963 x ]()4 2.1999 X 104 1.2168 x 10 5 3.22 

4.9953 x 104 2.9972 X 104 1.3525 X 10-5 3.18 



Table 42 - Adsurption uf chloranil in acctonitrile on DY203 activated at 800"C 

Initial concentration Equilibrium Amount Magnetic 

Cuncentratiun adsurbed mumcnt 

mol.dm-3 mol.dm-3 mol.m-2 BM 

5.0594 x 10-5 2.0614 X 10-6 3.3706 X 10-6 4.86 

2.5297 x lO-4 5.3776 X 10-5 1.3480 x 10.5 4.32 

5.0594 x 10-4 5.6016 X 10-5 3.0411 x 10-5 3.72 

1.0119 x 10-3 4.4211 X 10-4 4.1899 x 10-s 3.36 

2.0238 x 10-3 1.3530 X 10-3 4.7432 x 10-5 2.79 

2.5297 x 10-3 1.7948 X 10-3 4.9583 X 10-5 2.78 

Table 43 - Adsorption of chloranil in 1-4 dioxan un Dy20 J activated at 8()()OC 

Initial concentration Equilibrium Amount Magnetic 

Cuncentratiun adsorbed mument 

mol.dm-3 mol.dm-3 mol.m-2 BM 

1.0493 x 10-5 4.213 x lW' 4.2533 X 10-7 5.98 

5.2465 x 10-5 4.0039 X 10-5 8.4158 x 10-7 4.42 

2.0986 x 10-4 1.9290 X 10-4 1.1485 X 10-6 3.96 

4.1972 x 10-4 3.9709 X 10-4 1.5328 X 10-6 3.51 

5.2465 x 10-4 5.0107 X 10-4 1.5964 X 10-6 3.51 



ELECTRON DONATING PROPERTIES OF TWO-COMPONENT 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 Ihe parelll oxides. The llIixl'd oxides of lalllhallUI11 illld dysprosiullI wilh alullIinullI 

were prepared for different weight pen.:elltagcs of La20 3 & DY203 by co-precipitatioll with alulllilllllll 

nitrate solution. The following mixed oxides were prepared: 10,20,45,60 and 75% (by wt. of 

rare earth oxide) and were activated at a temperature of 500°C. The specific surface area of 

these oxides are given in Table 44. 

Table 44 - Surface area of La20/AI20 3 and DY20/AI20, for various compositions. 

Composition Surface area (m2.g. t ) 

(% by wt. of rare earth oxide) La2O/AI2OJ DY20/A120J 

0 193.91 193.91 

51 214.90 224.62 

10 169.12 216.06 

20 157.47 196.40 

45 149.70 151.20 

60 144.65 143.80 

75 69.79 88.45 

100 38.28 24.41 

The electron donating properties of these mixed oxides were deternlined by using 

the same set of electron acceptors, given in Table 2 in acetonitrite and l,4-dioxan. Data are given 

in Tables 45-88. 

10"1 



Tuhlc 45 - AclsClrplicm ClI" TCNt,l In ul'l'icmitrill' (In Alz()3 udlmh'c1 ut SOOUC 

Initial concentration Equilibrium concentration Adsorbcd amount 

1l101.dlll·3 lIIol.d 111.3 11101. 11 r2 

1.4604 x 10.3 4.0390 X 10.7 1.5052 x 10's 

2.9208 X 10.3 1.9746 x 10'(' 3.0123 x 10's 

4.3812 X 10.3 7.1053 x IO-~ 4.4437 x 10's 

7.3020 X lO·3 9.9474 X lO-4 6.5056 x lO's 

8.4815 X lO·3 2.0193 X 10.3 6.6593 x lO's 

9.4239 X lO·3 2.7785 X lO·3 6.8527 x lO's 

Table 46 - Adsorption of TCNQ in dioxan on AI20 3 activated at S()()"C 

Initial concentration Equilibrium concentration Adsorbed amount 

mol.dlll·3 mol.dl11·3 1II01.m·2 

1.6163 x lO·3 7.9450 X lO·5 1.5835 X 10.5 

3.2326 X lO·3 8.7493 X lO-4 2.4317 X 10.5 

6.4652 X 10.3 3.6021 X 10.3 2.9518 x 10.5 

8.0815 X lO·3 4.6647 X lO·3 3.5217 X 10.5 

1.2015 X lO·2 7.6715 X lO·3 4.4691 x 10's 

1.3348 X lO·2 8.9502 X lO·3 4.5295 x lO's 
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Tuble 47 - Adsorption of chlonlllil in acctonit rile on AlzO, activatcd at S()()ne 

Initial conccntration Equilihrium CUlI(.'Cllt ration Adsorht'd amollllt 

1II01.dllr·1 1II0l.d 11 r~ 11101.111-1 

3.2642 x 10-4 2.0829 X 10-6 3.3416 X 10-6 

1.3057 X 10-3 3.0276 X 10-4 1.0324 X 10-5 

2.6113 X 10-3 1.3831 X 10-3 1.2648 X 10.5 

6.5284 X 10.3 4.9296 X 10.3 1.6467 x 10-s 

7.6577 X 10-3 5.5387 X 10-3 2.1837 X 10-5 

8.5088 x 10-3 6.3569 x 10-3 2.2181 x IO-s 

Table 48 - Adsorption of chloranil in dioxan on AI10 3 activated at S()()"C 

Initial concentration Equilibrium concentration Adsorbed amount 

mol.dl11-3 mol.dm-3 mol.m-2 

1.4511 x lO-4 9.4490 X lO-7 1.4861 X 10-6 

7.2556 X 10-4 1.6840 X 1(}-4 5.7434 X 10-6 

1.4511 X 10-3 6.9113 X 10--4 7.8366 x 10-6 

2.9022 X 10-3 1.9033 x 10-3 1.0317 x 10-5 

4.3533 x 10-3 3.2025 x 10 3 1.1864 x 10-s 
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Table 49 - Adsorption of TCNQ in acetonitrile on 10% La20/AI20 3 activated 

at SOO"C 

Initial conccnt nltion EClUili brium conccnt nit ion Adsorbcd amount 

lIIol.dlll-3 lIIol.dm-3 11101.111.1 

9.1523 x 10-4 1.0500 X 10-7 I.OR2 x 10-5 

1.8306 X 10-3 5.8520 X 10-7 2.163 x 10-5 

3.6613 X 10-3 2.1757 X 10.(, 4.327 x 10-5 

6.2240 X 10-3 4.2392 X 10-4 6.856 X 10-5 

9.1532 X 10-3 1.9920 X 10-3 8.467 X 10-5 

9.8680 X 10-3 2.6970 X 10-3 8.479 x 10-5 

Tablc 50 - Adsorption of TCNQ in dioxun on 10% LU2(~/AI203 activutt'd at soo"e 

Initial concentration Equilibrium concentration Adsorbed amount 

mol.dm-3 mol.dm-3 11101.111-2 

1.7062 x 10-4 7.307 X 10-7 2.167 X 10-6 

8.5312 X 10-4 3.731 x 10.() 1.0179 X 10-5 

3.4124 X 10-3 6.5137 X 10-4 3.3083 x 10-5 

5.0790 X 10-3 1.0528 X 10-3 4.7433 X 10-5 

1.0158 X 10-2 4.5428 X 10-3 6.6196 x 10-5 

1.2697 X 10-2 6.3558 X 10-3 6.7752 X 10-5 
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Table 51 • Adsorption of chloranil in acetonitrile on 10% LazO/AIZOJ activated 

at 500°C 

Initial concentration 

lIIul.ellll"J 

8.2113 X 10-4 

1.6423 X 10-3 

3.2845 X 10-3 

5.7479 X 10-3 

8.2113 X 10-3 

8.976 X 10-3 

Equilibrium concent.ration 

lIIul.ellll·J 

2.436 X 10-6 

1.773 X 10-4 

1.325 X 10-3 

3.5461 X 10-3 

5.823 X 10-3 

6.581 X 10-3 

Adsorhed amount 

lIIul.lII·l 

9.685 X 10-6 

1.731 x 10-s 

2.316 x 10-s 

2.602 x lOos 

2.823 x 10-s 

2.830 X 10-5 

Table 52 • Adsorption of chloranil in dioxan on 10 % LazO/AIZOJ activated at 

500°C 

Initial concentration 

mol.dm-J 

2.7932 X 10-4 

1.3966 X 10-3 

2.7932 X IO-!\ 

5.4222 x 10-3 

1.0844 X 10-2 

1.3555 X 10-2 

Equilibrium concentration 

mol.dm-J 

8.2113 X 10-6 

1.6510 X 10-4 

1.1896 X 1O~1 

3.6947 X 10-3 

8.7798 X 10-3 

1.1394 X 10-2 

III 

Adsorbed amount 

mol.m-z 

2.4134 X 10-6 

1.0941 x 10-s 

1.t1255 x J(r~ 

2.0413 x lO-s 

2.4402 x 10-s 

2.5561 x 10-s 



Table 53 • Adsoq)lioll of TCNQ ill nt.'('lcmilrilc (Ill 2() % 1."10/AI10j nl'livnl('d 

Ht 5()()"C 

Inilhtl concclllralicm 

mol.dm-3 

2.5848 X 10-3 

5.1697 X 10-3 

8.7855 X 10-3 

1.2924 x 10-2 

1.3615 X 10-2 

1.4798 X 10-2 

ECllIilihrill1ll ccmccn. ra.icm 

mol.dm-3 

1.8111 X 10-6 

1.8505 X 104 

2.1182 X 10-3 

5.1734 x 10-3 

5.7798 X 10-3 

6.8504 X 10-3 

Adsnrhcd HIIICUlnl 

mol.m-2 

3.2767 x 10-s 

6.3284 x 10-s 

8.4715 x IO-s 

9.8381 x 10-s 

9.9276 x 10-s 

1.0089 X lO4 

Table 54· Adsorption of TCNQ in dioxan on 20% LazO/Alz0 3 activated at 5()()"C 

Initial concentration Equilibrium concentration Adsorbed amount 

mol.dm-3 mol.dm-3 llIol.m-z 

4.7407 x 104 1.9077 X 10-8 4_8252 X lO-6 

9.4814 X 104 2.2893 X 10-7 9.6523 X lO-6 

1.8963 X lO-3 4.0540 X lO-5 1.8893 x 10-s 

5.0790 X lO-3 1.1455 X lO-3 4.9859 x 10-s 

1.0115 X 10-2 4.7232 X 10-3 6.8889 X 10-5 

1.2697 X lO-2 7.4427 X lO-3 6_6603 X lO-5 
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Table 55 - Adsorption of chloranil in acetonitrile on 20 % La20/AI20 3 activated 

at 500"C 

Initial concentration Equilibrium concentration Adsorbed amount 

mol.dm-3 11101.dm-3 11101.111-2 

2.6045 x 104 L4197 X 10-6 3.28~3 X 10-6 

1.3023 X 10-3 9.5469 x 10-5 1.5330 X 10-5 

2.6045 X 10-3 9.3507 X 104 2.1203 X 10-5 

5.2090 X 10-3 3.2985 X 10-3 2.4236 X 10-5 
, 

7.8136 X 10-3 1.0844 X 10-2 2.7659 x 10.5 

Table 56 - Adsorption of TCNQ in acetonitrile on 20 % LazO/AI20 3 activated 

at 500°C 

Initial concentration 

mol.dm-3 

2.6240 X 10'-\ 

1.3120 X 100:\ 

2.6240 x 10.3 

5.4222 X 10-3 

L0844 X 10-2 

1.3555 X 10 2 

Equilibrium concentration 

mol.dm-3 

4.~5()~ X 10·/ 

7.8423 X 10"'i 

9.0105 X 104 

3.7114 X 10-3 

8.7798 X 10-3 

1.1729 X 10 2 

113 

Adsorbed amount 

mol.l11-2 

2.J241 x 10-(' 

I.()n~ x \(r~ 

1.5338 x 10-5 

2.1663 x 10-5 

2_6155 X 10-5 

2.3149 X 10 5 



'I'll hit' ~7 - AclsUl'l'liulI 411' '1'( 'NC) III IIt,t'!ullltl'ih' 4111 4!i (/~, 1.lIl C )./ All C '.1 IIc:1i mh'«I 

at 50()"C 

Initial concentration Equilibrium concent rat ion Adsorhcd amount 

1ll01.dm·3 mol.d m·3 mol.llI·1 

1.9688 x 10-4 2.100 X 10.7 2.6275 X 10-6 

9.8440 X 104 1.0500 x 10-6 1.3137 X 10.5 

1.9688 X 10.3 2.100 X 10-6 2.6275 X 10.5 

3.9375 X 10.3 9.3306 X 10-6 5.2229 X 10.5 

9.8436 X 10.3 2.5776 X 10.3 9.7074 X 10.5 

1.3615 X 10.2 5.7798 X 10.3 1.0189 X lO4 

Table 58 - Adsorption of TCNQ in dioxan on 45 % La10/Alz0 3 activatcd nt 

5 ()()"C 

Initial conccntration 

11101. d 111.3 

3.6632 X 10.5 

1.8316 X 1{)4 

3.6632 X lO4 

7.3264 X 1{)4 

1.4653 X 10.3 

1.8316 X 1{).3 

E(IUilihriulll conccnt ralion 

1I10l.d 111.3 

6.9408 X 

3.1735 X 

3.3184 x 

1.3513 X 

7.2396 X 

1.7365 X 

,\ . 
~ . 

10 6 

1{).5 

10.5 

1{)4 

lO4 

1{)4 

114 

Adsorht'd amount 

11101.111'2 

3.9667 x 10.1 

2.0230 X lO-6 

4.4507 X 10 6 

9.7916 X lO-6 

1.9507 x 10.5 

2.2150 X 10.5 



Table 61 - Adsorption of TCNQ in acetonitrile on 60% LaIO/AIIOJ activated 

at SOO"C 

Initial conccntration 

mol.dm-3 

1.6681 X 10-3 

3.3361 X 10-3 

5.8382 x 10-3 

8.3403 X 10-3 

8.7889 X 10-3 

9.7654 X 10-3 

Equilibrium concentration 

moLdlll-3 

4.3192 X 10-7 

2.9340 X 10-6 

4.0957 X 104 

1.7965 X 10-3 

2.0114 X 10-3 

2.6868 X 10-3 

Adsorhcd amount 

mol.m-2 

1.5505 x 10-5 

3.1020 x 10-s 

5_0469 X 10-5 

6.0861 x 10-s 

6.4244 x 10-5 

6.5747 X 10-5 

Tahlc (,2 - Adsorption 01' TCNQ in dioxlIn cm (,U"'/,., L1I 20/AI20J udivutl'd 

at SUUne 

Initial conccntration 

mol.dm-J 

3.6632 X 10 5 

1.8316 X 10-4 

3.6632 X 10-4 

7.3264 X 10-4 

1.4653 X 10-3 

1.8316 x 10-3 

Equilibrium conccntration 

mol.dm-3 

5.1200 X 10 7 

2.7475 x 1O.{i 

5.4950 X lO-6 

9.6522 x 1O.{i 

1.3514 X 10-4 

2.6965 X lO-4 

lib 

Adsorhcd amount 

11101.11.-2 

4.9941 X 10-7 

2.4945 x 1O.{i 

4.9RR9 X 10-6 

9.9778 X 10-6 

I.R333 X 10-5 

2.1596 x 10-s 



Table 63 - Adsorption of chloranil in acetonitrile on 60% LazO/AI20 3 activated 

at S()()"C 

IlIitial l'Olll'l'lIt rat iOIl I(cllli I i hri 11111 ('Um'l'lI' rat iUII A dsorlH'cl IllllClllllt 

1II0Ldlll-J lIIoLd 111-3 IJ)ol.lJ)-2 

8.3550 x 10-5 1.0831 X 10-7 1.1529 x )().(, 

4.1775 X 10-4 1.0985 X 10.(, 5.75~5 X 10.(, 

8.3550 X 10-4 3.8681 X 10-6 1.1494 x 10-5 

1.8041 x 10-J 4.8269 X 10-4 I.H252 x 1 ()~ 

1.X041 x 10' 4.8269 X 10 4 1.8:52 x I()~ 

.t6WU x 10' 1.7h23 x 10' 2.551 X x 1 0 ~ 

4.5 \0) x I ()J 2.61()5 X J()J 2J)I:'l.' x I () ~ 

Table 64 - Adsorption of chloranil in dioxan on GO % La20/AI20 3 activated 

at 500°C 

Initial concentration 

III () I. d 111<1 

1.8546 X 10 5 

9.2728 x I ().~ 

1.8546 X 10-4 

3.7091 X 10-4 

7.4182 X 10-4 

9.2728 X lO-4 

Equilibrium concentration 

IJ)ol.dllrJ 

8.) 100 x 10-7 

4.13XH x 100(, 

1.0088 x 10-5 

2.8611 x 10-5 

1.5511 X 10-4 

2.7987 X 10-4 

111 

Adsorbed amount 

2.44<) I x \0 7 

1.22/I() X 10--(' 

2.4247 X 10.(, 

4.7283 X 10-6 

8.1134 X 10.(, 

8.9457 X 10.(, 



Table 65 - Adsorption of TCNQ in acetonitrile on 75 % La20/AI20 3 activated 

at 500"C 

Initial concent rat ion Equilihrium concent ration Adsorhcd al110unt 

mol.dm-3 mol.dm-3 l11ol.m-2 

9J{634 x IO~ 4.9_~HlX X 10 5 1.4136 X 10" 

4.9137 X 10-4 2.4886 X 10-4 6.9971 X 10-6 

9.8634 X 10'4 5.02RO x ](T4 1.3R54 x 10.5 

1.9727 X 10-3 1.0046 X 10-3 2.7708 X 10-5 

3.9453 x 10-3 2.3051 x 10-3 4.6958 X 10-5 

4.9317 x 10-3 3.2809 x 10.3 4.7309 x 10-5 

Table 66 - Adsorption of TCNQ in dioxan on 75 % La20/AI20 3 activated at 

500"C 

Initial concentration 

mol.dm-3 

2.7622 X 10-5 

1.3811 X 10-4 

2.7622 X 104 

5.5244 X lO-4 

1.1049 X 10-3 

1.3811 X 10-3 

Equilibrium concentration 

mol.dm-3 

1.4945 X 10-5 

7.4853 x 10-5 

1.4971 x 1 ()4 

2.9819 X lO-4 

7.0226 X 104 

9.5605 X IO-4 

118 

Adsol'hed amount 

11101.m-2 

3.6380 X 10-7 

1.8129 X lO-6 

_l(1256 x I ()" 

7.2510 x 10-" 

1.1504 x 10-5 

1.2181 x 10-5 



Table 69 - Adsorption of TCNQ in acetonitrile on 10% DYzO/Alz0 3 activated 

at 500°C 

Initial concentration 

mol.dm·3 

---_ .. - ------

3.15.N x Hr' 

5.2040 x 10·' 

7.XXI\X X 10 1 

8.6009 x 10·' 

9.5553 X 10.3 

1.0078 X 10.2 

- .---~ 

E(llIilibrillm concentration 

mol.dm·3 

... _-, . ._.h_, . . ........ 

2.22(11 x I ()"f. 

1.00 I X X 104 

X,(,X2) x 1 ()4 

1.3989 x Hr) 

1.9925 X 10.3 

2.3117 X 10.3 

Adsorhed amount 

mol.m·2 

~ ._,.~~",--,,,._,,. _ ,'r 
'. ____ 0··. __ • 

2.t) 1"/·1 x IO~ 

4.721\(, x IO·~ 

<1.I\XI)I) X 10.1\ 

6.6616 x I O·~ 

6.9948 x 10.5 

7.1688 X 10.5 

Table 70 - Adsorption of TCNQ in dioxan on 10 % Dy20/AI20 3 activated at 

5 ()()"C 

Initial concentration 

mol.dm·3 

9.4814 X 10-4 

1.8963 X 10.3 

2.8444 X 10.3 

4.7406 X 10.3 

6.4672 X 10.3 

9.2391 X 10.3 

Equilibrium concentration 

mol.dm·3 

2.2893 X 10.7 

4.0540 X 10.5 

2.5754 X 10-4 

1.4880 X 10.3 

2.2034 X 10.3 

4.3115 X 10.3 

120 

Adsorbed amount 

mol.l11·2 

8.7744 X 10-6 

1.7175 X 10.5 

2.3946 X 10.5 

3.0109 X 10.5 

3.9343 X 10.5 

4.5395 X 10.5 



Table 71 - Adsorption of chloranil in acetonitrile on 10 % Uy10/AI10 3 activated 

at 500nC 

Inith.1 concentrat ion E(IUilibrium coneent rat ion Adsorbed amount 

11101.drn-3 11101.<1 rn-3 l11ol.rn-1 

2.6175 x 1 ()"'I 5.76T~ x 1007 2J11 T~ x t (f(' 

I.JOHX X 1 If I '1.()2() 1 x 1 () ~ 1.17_\(, x 1 (r~ 

2.() t 75 x 1 (10.1 7.4hXJ x 1 (r'! L72()I) x HP 

5.2351 x 1 ()-3 2.7977 x 10 3 2.2535 x 10.5 

8.5070 x 10-3 5_6143 x 10-3 2.6777 x 10-5 

1.3088 X 10-2 1.0014 X 10-2 2.8397 X 10-5 

Table 72 - Adsorption of chloranil in dioxan on 10% Dy10/AI20 3 activated 

at SUU"(: 

Initial concent n.t ion 

11101.dm-3 

1.2754 X 10-4 

6.3771 X 10-4 

1.2754 X 10-3 

2.5508 X 10-3 

4.0813 X 10-3 

6.3771 X 103 

Equilibrium coneent ration 

mol.dm-3 

9.3485 x 10-7 

2.8380 X 10-5 

3.2252 X 10-4 

1.2938 x 10-3 

2_6243 X 10 3 

4.7411 X 10.3 

t~1 

Adsorbed amount 

mol.m-2 

I. 1699 X 10-6 

5_6392 X 10-6 

8_8151 X 10-6 

1.1629 X 10-5 

1.3479 X 10-5 

1.5141 x 10.5 



Tllhh' 7.' • t\CINOIl'lIol1 01 TC 'NC} III IH't'IUllllllh' 011 1U% 1)'\'1°/1\'1°, IIdlmh'cl 

ul 500"(: 

Initial concentration 

mol.dm·3 

4.7407 X 10 4 

9.4814 X lO-4 

1.8963 X 10.3 

4.8519 X 10.3 

7.7312 x 10.3 

1.1891 X 10' 

Equilibrium concentration 

mol.dm·3 

1.t)077 x IOH 

2.2893 X 10.7 

4.0540 x 10.5 

4.0630 X lO4 

1.9672 x 10.3 

5'()O()() x 1 () .1 

Adsorbed amount 

mol.m·2 

4.H252 x 1O(j 

9.6523 x 10'(' 

1.8893 x 10.5 

4.5214 X 10.5 

5.8668 x IO's 

(d8() 1 x 1 () ~ 

Table 74 - Adsorption of TCNQ in dioxan on 20% Dy/>/AI20 3 activated at SOO°C 

Initial concentration Equilibrium concentration Adsorbed amount 

mol.dm·3 mol.dm·3 mol.m·2 

2.2714 x 104 9.7485 X lO·8 2.3147 X 10-6 

2.2714 X 10.3 8.5787 X 10.5 2.2233 X 10-5 

4.542R x 10.3 1.1825 X 10 3 3.14()t) x 10.5 

7.9t199 X 10 1 t1.t1~~ I x 10-1 .l~~~2 x J(r~ 

1.1415 x 10 2 6.3947 x 10') 5.1056 x 10 5 

1.4267 X 10-2 8.8309 X 10-3 5.5354 x 10-5 
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Tuble 75 - Adsorption of chloranil in nccfonitrile on 20 % DY20/A1203 Hcfivated 

at 500"C 

Initial concentration Equilibrium concentration Adsorbed amount 

l11ol.dlll-3 11101.dlll-3 11101.111-2 

2.XltU X 11 ,.1 1.(11 0) x 10"' 2.X)~) x I (1"" 

1.4096 X 10-3 l.5168 X 10-5 1.4159 X 10-5 

2.8193 X 10-3 8_0645 X 10-4 2.0484 x 10-s 

5.6385 X 10-3 3.2611 X 10-3 2.4159 x 10-s 

7.8939 X 10-3 4.9685 X 10-3 2.9788 X 10-5 

1.4096 X 10-2 1.0950 x 10-2 3.2035 x 10 5 

Table 76 - Adsorption of chloranil in dioxan on 20 % Dy20/AI20 3 activated 

at 50()"C 

Initial conccntration 

mol.dm-3 

1.2751\ X I(r-' 

(,.1771 x 1(,-1 

1.2754 X IU.1 

2.5508 x 10-3 

4.0813 X 10 3 

6.3771 x I () J 

Equili brium concentration 

mol.dm-3 

9.11\85 x 10-7 

2X~X() X I (r~ 

3_2252 x In-I 

1.2938 x 10-3 

2_6243 x 10-3 

4_7411 X \03 

/23 

Adsorbcd amount 

mol.m-2 

1.2X(I() x I (f" 

1l.20_\:\ x I ()', 

9HJ71 x IU(, 

1.2793 x 10 5 

1.4828 X 10-5 

I .(,(,)(, x IOs 



Tnhh.' 77 - AdsurpliulI uf TeN() ill lIC:dullilrilc.' UII 45(y,., DY20/AllO., ac.'livnh'd 

at 5()()"C 

Initial concentration 

mol.dl11-3 

2.0794 X \O.J 

1.0397 X 10 3 

2.0794 X 10 1 

4.1589 X 10-3 

8.3177 X 10-3 

1.0397 X 10-2 

E(IUili brium concent ration 

mol.dm-3 

3.IOU X IO H 

3.7209 X 107 

I.4RR3 X 10" 

4.8837 X 10-5 

1.4980 x 10-3 

2.8875 X 10-3 

Adsorbed all10unt 

mol.m-2 

2.74X5 x 10" 

1.3737 X \05 

2.74R5 x 10~ 

5.4301 X 10-5 

9.0147 X 10-5 

9.2173 x 10-5 

Tllhll' 7H - Adsnrptinn uf' TeN(} in dim",,, UII 45 % UY10/All0, 1I(.,tivllt('(1 III 

5HO"C 

Initial concentration 

ll1ol.dm-3 

2.0324 X lO4 

1.0162 X 10-3 

2.0324 X 10-3 

4.0648 x 10-3 

8.1297 X 10-3 

1.0162 X 10-2 

Equilibrium concentration 

1110 I. d 111-3 

9.7244 x 10-8 

3.1896 x 1 ()Ii ~ 

R.5574 x I ()S 

6.0291 X 104 

3.350 I x 10-3 

4.8914 X 10-3 

Adsorhed amount 

lI1ul. 11 1'2 

2.6X23 X 10" 

1.33X() x IO-~ 

2.574() X I ()-~ 

4.5755 x 10-5 

6.3209 X 10-5 

6.9702 X 10-5 



Table 79 - Adsorption of chloronil in acetonitrile on 45 % DY20/A1203 activated 

at 500"C 

Initial concentration Equilibrium concentration Adsorbed amount 

mol.dm-3 mol.dm-3 mol.m-2 

2.6094 x lO"I 6.3052 x 10-7 3-4357 x 10-6 

1.3047 x 10-3 3.922R X 10-6 1.7196 x 10-5 

2.6094 X 10-3 2.1802 X 10-4 3.1639 x 10-5 

5.2188 x 10-3 2.0100 X 10-3 4.2385 X 10-5 

9.1329 x 10-3 5.3399 x 10-3 5.0071 x 10-s 

1.3047 X 10-2 8.7907 X 10-3 5.6177 X 10-5 

Table 80 - Adsorption of chloronil in dioxnn on 45 % lJy20/A120 3 activated 

at 500"C 

Initial concentration Equilibrium concentration Adsorbed amount 

mol.dm-3 mol.dm-3 mol.m-2 

2.6289 x 10-4 2.9342 x 10-6 3-4379 X 10-6 

1.3145 X 10-3 4.R910 x 10-5 1.6721 x 10-5 

2.6289 X 10-3 6.5146 X 10-4 2.6136 x 10-5 

5.2578 X 10-3 2.6411 X 10 3 3-4576 x 10-5 

1.0516 X 10-2 7.5988 x 10-3 3.8557 X 10-5 

1.3145 X 10-2 9.878\ X 10-3 4.3091 x 10-5 

IZS-



Table 81 - Adsorption of TCNQ in act'ntonitrile on 60 % J)y10/AI10 3 activated 

at 500"C 

Initial concentration 

mol.dm-3 

2.0843 X 10-4 

1.0422 X 10-3 

2.0843 X 10-3 

4.1687 X 10-3 

8.3373 X 10-3 

1.0422 X 10-2 

Equilibrium concentration 

mol.dm-3 

1.2374 X 10-7 

3.4030 X 10-7 

9.5901 X 10-7 

1.0828 X lO-s 

7.073 X 10-4 

2.5145 X 10-3 

Adsorbed amount 

mol.m-1 

2.6()()6 X 1O.{j 

9.2650 x IO.{j 

I.R542 X 10-5 

3.7021 X 10-s 

6.7937 X 10-5 

7.0408 X 10-5 

Table 82 - Adsorption of TCNQ in dioxan on 60 % Dy10/AI10 3 activated 

at 500"C 

Initial concentration 

mol.dm-3 

1.1768 X 10-3 

2.3537 x 10-3 

4.7074 x 10-3 

9.4148 X 10-3 

1.1768 X 10-2 

Equilibrium concentration 

mol.dm-3 

4.0706 X 10-s 

1.1705 X 10-4 

1.3459 x 10-) 

5.7692 x 10-3 

7.9265 X 10-3 

126 

Adsorbed amount 

mol.m-1 

1'()464 X 10-5 

1.9R63 X 10-5 

2_991R x IO~ 

3.2421 x 10-s 

3.4172 x 10-5 



T .. ble H3 - Adsorption of chloronil in ncclonilrile on GO % Dy10/AI20 3 lIc1ivalcd 

at soo"e 

Initial concentration 

mol.dm-3 

2.6240 X 10-4 

1.3120 X 10-3 

2.6240 X 10-3 

5.2481 X 10-3 

7.8721 X 10-3 

1.3120 X 10-2 

Table H4 - Adsorption 

at S()()"C 

Initial concentration 

mol.dm-3 

2.7932 x 10-4 

1.3966 X 10-3 

2.7932 X 10) 

5.5863 x 10-3 

1.1173 x 10» 

1.3~)()6 x I (t-' 

Equilibrium cOllcentration 

mol.dm-3 

4.9509 x 10-7 

7.8423 X 10-5 

9.0107 X 10-4 

3.0885 X 10-3 

5.5763 x 10-3 

1.0446 X 10-2 

of chloronil in dioxan on 60 

E(luilibrium concenl ration 

1110l.d m-3 

8.2113 x 10" 

1.6510 X 104 

I. I 8W) X 10 1 

3.5504 x 10-1 

RH)!)5 x Hr1 

1.1J43 x 10-) 

% 

Adsorbed amount 

mol.m-2 

2.3241 X 10-6 

1.0979 x 10-5 

1.5338 x 10-5 

1.9213 x 10-5 

2.0433 x 10-5 

2.3799 x 10-5 

Dy20/AI20 3 activated 

Adsorhcd amount 

mol.m-2 

2.41 ~4 x 10-6 

1.0941 x 10.5 

1.'1255 x IO'~ 

I.X 107 X IO-s 

2.2020 x J(r~ 

2.4242 x 10>5 



Table 85 - Adsorption of TCNQ in acetonitrile 011 75% UYzO/AI20 3 activated 

at 5()()"C 

Initial concentration 

mol.dm-3 

~C~55() x HP 

4.1775 x I (fl 

8.3550 X 10-4 

1.6710 X 10-3 

2.9242 x 10<1 

4.1775 X 10-3 

Equilibrium concentration 

mol.d m-3 

I_WUI x 10.1 

I.OtJX5 X IU" 

3.8681 X lO-6 

9.6701 X 10-6 

1_9339 X 104 

1.0289 X 10-3 

Adsorbed amount 

11101.m-2 

I_XX:;2 x lW' 

tJAI74 x 10"" 

l.R797 x 10-5 

3.7542 X 10-5 

6.171 I x I O~ 

7.1223 x 10-5 

Table 86 - Adsorption of TCNQ in dioxan on 75 % Dy20/AI20 3 activated at 

50()OC 

Initial concentration Equilibrium concentration Adsorbed amount 

mol.dm-3 mol.<lI11-3 mol.m-2 

4.9366 x 10-5 3.1913 X 10-7 1.1077 X 10-" 

2.4683 X 10-4 6.1832 X 10 7 5.5617 X 10" 

4.9366 X 10-4 5.3255 X I()" 1.1053 x IO~ 

9.8732 X 10-4 3_2507 X 10 4 1.4975 x 10~ 

1.9746 x 10 1 5.3105 X 104 3_2575 X 10 5 

2AMn x J(P X_52W x I () '\ J,().1J() X I () 5 

12.8 



Table 87 - Adsorption of chloranil in acetonitrile on 75 % Uy10 IAI 0 activated 
~ Z ~ 

at SUU,,( ~ 

Initial concentration Equilibrium concentration Adsorbed amount 

mol.dm-3 mol.dm-3 mol.m-2 

7.0685 x 10-5 1.4977 X 10-6 1.563R X 10-6 

3.5342 X 10-4 2.6097 X 10-6 7.9134 x 10-<' 

7.0685 X 10-4 4.7107 x 10-5 1.4906 x 10-5 

1.4137 X 10-3 2.l145 X 10-4 2.7152 X 10-5 

2.4739 X 10-3 1.2193 X 10-3 2.R369 x 10-5 

3.5342 X 10-3 2.2714 x 10-3 2.R530 X 10-5 

Table 88 - Adsorption or chloranil on 75 % Dy20/Alz0 3 activated at 5()()"C 

Initial concentration Equilibrium concentration Adsorbed amount 

mol.dm-3 mol.dm-3 11101.111-2 

1.0493 x 10-4 1.8103 X 10-6 2.3293 X lO-6 

2.0986 X 10-4 1.1833 X 10-5 4.4750 x 10-(' 

4.1972 X lO-4 2.7146 x ) 0-5 x.xn) x )0 6 

8.3943 X lO-4 2.6171 X lO4 1.3050 X 10-5 

1.0493 x 10) 3.4443 X 10-4 1.5938 x 10 5 

1.3966 X 10) 6.7000 X ){)4 1.6430 X 10-5 



I,'il '" 1.').'\,,1(, show Ill\' illl'll'USl' ill lilllilill)', UIIIIIIIIII IIf l'h-vllelll IU'l'l'pll1l udslllhl'd 

as a function of the composition of the mixed oxides. Surface hydroxy Is may exist on all the 

oxides. However, surface hydroxyls on metal oxides are shown to differ in their chemical properties 

and the difference in acidity among the hydroxyl groups of several oxide surfaces have been reported 

[20]. These results suggest that the hydroxyl ions on the metal oxide surfaces have different electron 

donor properties. In the mixed oxides La/>/I\1 20] & DYzO/I\ll), the limiting amount of the electron 

acceptors adsorbed increases with increase in percentage of La20) or DY203 as a consequence 

of the increase in concentration of AI-O-La or AI-O-Dy bonds. Further addition of rare earth 

oxides decrease the limiting amount without changing the limit of electron transfer may be due 

to the increase in concentration of rare earth oxide in the mixed oxide lallice because rare earth 

oxides have lower electron donocity than 1\1/)]. The surface electron proper! ies 01' alumina are 

promoted by the rare earth oxides in the mixed oxides without changing the limit of electron 

transfer. 

The concentration and strength of acidic and basic sites on the surface of these 

mixed oxides were measured by titration method using Hammett indicators. Data are given in 

Tables 89 & 90. Ho,max values obtained from Fig.17 & 18 parallel the electron donating propel1ies 

of the mixed oxides. 

1.30 
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Table 89 - Basicity and Ho,max. of La20 3 and its mixed oxides 

% by wt. of La20 3 Basicity (10'4 mcq. m'2) 

in LUzO/Alz03 110 110 110 110 Ilo,max. 

~ J.J ~ 4.H ~ (,.H ~ 7.2 

0 0.38 0.25 0.07 0.05 7.5 

10 0.38 0.25 0.07 0.05 7.5 

20 0.36 0.24 0.07 0.05 7.8 

45 0.30 0.21 0.07 0.05 7.8 

60 0.29 0.20 0.07 (LOS 7.8 

75 0.27 0.20 0.07 0.05 7.4 

100 0.26 0.15 0.07 0.05 7.2 

13.s-



Table 90 - Basicity and Ho,max of Dy103 and its mixed oxides 

% by wt. of UY203 Basicity (10.4 meq. 111·2) 

in DY20/A1203 Ho 110 Ho 110 Ho,max. 

~ 3.3 ? 4.8 ~ 6.8 ~ 7.2 

0 0.38 0.25 0.07 0.05 7.5 

10 0.36 0.23 (U)7 0.0) 7.6 

20 0.33 0.21 0.07 0.05 7.8 

45 0.32 0.21 0,()7 0.05 7.8 

()O 0.2<) 0.20 o.m 0.0,) 7.X 

75 0.27 0.18 0.07 0.05 7.2 

100 0.25 0.15 ---- ---- 6.5 

13b 



CATALYTIC ACTIVITY 

In an attempt to correlate the electron donating proeprties of rare earth oxides 

with their catalytic activities, the reduction of cyclohexHllone with 2-proPHllol using LaZ0 3 Hnd 

DYZ03 activated at 300, 5()() and XOO"C and its mixed oxides with alumina as catalyst have been 

studied. 

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 [211. One 

example is the reduction of aldehydes and ketones with metal alkoxide and alcohol. This is 

called the Meerwein-Ponndorf-Verley reduction. It was discovered in 1925 and has been used 

successfully in a number of instances 1221. Aluminum isopropoxide has been found to be the 

best reagent for this reduction. However, this method calls for both addition of at least 100 

to 200 % excess aluminum isopropoxide and the neutralisation of alkoxide salt with strong acid. 

As other catalysts for this reduction, complexes of cobalt, iridium, rhodium, ruthenium, indium, 

molybdenum and zirconium have been reported [23-29 J. Although these catalysts have many advantages 

over conventional metal alkoxides, the isolation of products is always attended by tedious workup. 

Heterogeneous methods for the reduction are known, and zeolites and oxides 

of aluminum, magnesium, silicon, calcium, barium, strontium, zirconium, titaniulll, vanadium, Illolyb­

denum, zinc and thorium have .been reported to be successful catalysts 130-33J. These methods 

have several advantages in the isolation of products. However, they need to be carried out in 

the vapour phase, and require high reaction temperatures in flow reactor systems. 

/31 



Posller ct al1341 reported that dried chromatographic alllmina served as a catalyst 

in the liquid phase. Several aldehydes and ketones could be reduced by lIse of this catalyst and 

products were easily isolated by filtering of catalyst and subsequent evaporation of solvent. However, 

this reduction requires water free conditions. The reduction of aldehydes and ketones with 2-

propanol proceeded efficiently over hydrous zirconium oxide in the liquid phase 1351. 

LIl20 3 activllted between 300·800°C, DY203 activated at 800"C and mixed oxides 

of lanthanum and dysprosium with aluminum has been found to be effective catalysts for the liquid 

phase reduction of cyclohexanone. The reaction was followed by product analysis by means of 

a gas chromatograph. No by-products were detected. The reaction showed a first order dependence 

on the concentration of ketone. The activity is reported as the first order rate coefficient for 

the formation of cyclohcxanol per gram of the catalyst. Data are given in Tables 91-93 and 

in Fig.19 & 21. 

Tablc 91 • Catalytic activity of LaZOJ activated at variolls temperatures for 

t11(' n',llIrI iOIl of l' ,\'('lohl'x:I 11 0 1Ie.' to c: ,,,doht'Xllllol --_. __ ..•.... ' ,.,.. 

AdivuticlII 'l'l'IIIJ1l'rllturc ("C) 

300 

500 

800 

J3f? 

I~atl' COllstant (In ~ Si) 

0.1476 

0.3516 

2.7295 



Tuhh.' 4)2 • Cullllylit' udivily of Lu10./AI10.\ 1'01' VUriollS l'CUIlPO!-iilioll!-i IIdivIIll'd III 

SOO"C 

% hy w1. of Lu 20 J 

in Lu20/Alz0 3 

() 

10 

20 

45 

60 

75 

lOO 

(l.(l75.11 

0.0<)44 

O.232H 

O.5H71 

1.3725 

(UH()<) 

0.3516 

Table 93 . Catalytic activity of 0YzO/AI20 3 for various compositions activated at 

5 ()()"C 

% by wt. of 0Y203 

in 0Y20/AI203 

o 

10 

20 

45 

60 

75 

lOO 

/3Cf 

Rate Constant (I O's S·I) 

0.0753 

0.2412 

1.3534 

2.2122 

2.1441 

0.3516 

() 
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An MPV type mechanism has been proposed. A similar mechanism has been 

proposed for the reduction of aldehydes and ketones with 2 - propanol over hydrous zirconium 

oxide from kinetic studies and kinetic isotopic effect studies i [32]. 
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The catalytic activity data can 1)(' t'Ont'latt'd with the t'lt'ctron d()n:llillg properties 

of t he cata I ysts. The challge ill ca t a I yt ic act i v i ty as a runc t ion or act i va t ion tClllpera tUIC a lid cOlllposi t ion 

of the catalyst, (Fig.22 &24) can be understood in terms of the electron donocity of the oxide 

surface. A weak electron acceptor like PDNB (1.77 eV) can accept electrons from only strong 

electron donor sites whereas a strong electron acceptor like TCNQ (2.84 e V) can accept electrons 

from both weak and strong sites. The strength of an electron donor site can he expressed in 

terllls of the e1cctron allinily or the an'l'ptor whirh ran 101111 ani()n radical on the adsorption 

site. Hence the limit of electron transfer of lanthana, dysprosia and its mixed oxides with alumina 

is between 2.40 and 1.77 eV. The change in catalytic activity of these oxides as a function 

of activation temperature and composition is comparable with the plots of limiting amount of 

chloranil adsorbed implying that all the electron donor sites available on the oxide surface are 

not effective in bringing out this reaction and those sites which can form chloranil anion radicals 

(2.40 e V) are effective in catalysing this reaction. Infonnation on the base-strength distribution 

of catalyst surfaces wiil be essentially important for quantitative investigation of solid-base catalysts, 
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CONCLUSION 

The experimental investigations carried out to study the electron donor properties 

and catalytic activity of rare earth oxides revealed the following interesting results. 

The amount of electron acceptors 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 c\ectron ac<.:cptors. Thc limiting amount of c1c<.:tron acceptors adsorhcd on thc oxidc 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 electron donor site of lanthana and dysprosia 

is located betweeil 1.77 and 2.40 eV in terms of the electron affinity of the acceptor. 

In the case of mixed oxides with alumina, surface electron properties of alumina 

gets modified by the rare earth oxide without changing the limit 'of electron transfer. 

Jf)O 



For the paramagnetic oxide, dysprosia, the magnetic moment changestluring 
J 

adsorption indicating the extent of electron transfer from the oxide surface to the electron 

acceptor. 

The basic sites were estimated by two methods, ie the adsorption and the titration 

method gave a similar tcndency towards the basicity of the rare earth oxidc. 

La20 3 activated between 300-800°C, DY203 activated at 800"C and mixed oxides 

of lanthanum and dysprosium with aluminum are effective catalysts for the liquid phase reduction 

of cyclohexanone. The reaction showed a first order dependence on the concentration of ketone. 

The change in catalytic activity of these oxides with temperiltlll'c IInd cOlllposition implied that 

all the electron donor sites available on the oxide surfm;e are not elfective in hringing out this 

reaction and those sites which can fonn chloranil anion radicals (2.40 e V) are effective in catalysing 

this reaction. 



hI!' Ihl' PlllllllJaglll'lic oxide. dysprosill. Ihl' IIIl1glll'lic 1II0llll'III l'hllllgl.s~lmillg 

adsorptioll illdil'alillg Ihe cxlcllt 01 cleClrlIlI Inlllsfcr lrolll the oxide surlace 10 Ihe electroll 

acceptor. 

The basic sites were estimated by two methods, ie the adsorption and the titration 

method gave a similar tendency towards the basicity of the rare earth oxide. 

La20 3 activated between 300-800"C, DY203 activated at 800"C and mixed oxides 

of lanthanum and dysprosium with aluminum are effective catalysts for the liquid phase reduction 

of cyclohexanone, The reaction showed a first order dependence on the concentration of ketone. 

The change in catalytic activity of these oxides with temperature and composition implied that 

all the electron donor sites available on the oxide surface are not effective in bringing out this 

reaction and those sites which can foml chloranil anion radicals (2.40 e V) are effective in catalysing 

this reaction. 
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