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measurements showed that catalytic activity was determined by the avail-

ability of d electrons for covalent bond formation when hydrogen was

11
chemisorbed. Dowden and coworkers showed a twin peaked activity pattern

across the first period of transition metal oxides with maxima at

0 5
Cr203 and Co3O4. Low activity was shown by the more stable 34 , 3d

10 3
and 3d configurations, whereas high activity was associated with 34 ,

6 7 8 . 12
3d , 3d and 3d electronic configurations. Richardson and Rossington

studied the dehydrogenation of cyclohexane on a number of oxide catalysts

3 2
and found that the highest activity was associated with the d , 4 and

1
d configurations.

The local symmetry of a transition metal salt depends on the
effect of electrostatic potential on a 'free ion' as the electron
distribution in the outer shell of the transition ion is remarkably

affected if the ion is subjected to the electric field of an ionic or

13
dipolar matrix. Bethe described this effect when the ion is situated

14
in an electric field of prescribed symmetry. Van Vleck extended and

developed the mathematical basis of Bethe's crystal field theory.

15
Haber and Stone were among the first workers to carry out an

experimental study on the solid gas interface considering CFSE as a
major factor. They reported that illumination (at 650 mu) of a nearly
stochiometric nickel oxide surface carrying adsorbed oxygen gives rise
to oxygen desorption. They proposed a mechanism based on a relaxation
process from octahedrally coordinated nickel ion to a tetrahedral

3 16

3 . cs .o
structure ( A2g > Tlg). Jogenpier and Schuit criticized this inter-

pretation and recommended that a more complete theory based on a molecu-

lar orbital treatment be developed, but did not do so themselves.

17
Dunning has discussed the importance of crystal field effects which



may contribute substantially to the surface energy.

Dunn et al18 pointed out that crystal field effects are usually
small and may be masked by other factors. The only way to separate
the factors is by a thorough comparison of several members of a tran-
sition series including those which have zero CFSE.

The aim of the present study is to investigate the possible
coordination symmetries of gations on the surface before and after
adsorption, by evaluating the contribution of crystal field effects
on heat of adsorption and comparing the experimental CFSE effects with
the calculated CFSE effects for various models of surface structure.
Such a calculation is discussed later (section 6.30). Heats of
solution have been used to estimate surface structures. Crystal field
effects associated with various models are discussed in detail in sec-
tion 6.00 and compared with experimental results.

Whenever a gas comes in contact with a solid surface the gas
molecules are concentrated near the solid surface due to adsorption
forces. At equilibrium, the concentration of gas molecules is greater at
the surface than in the bulk gas phase. These adsorption interactions
originate from the electrical interaction of the nuclei and electrons
comprising the system. In principle, these interactions can be calculated
using guantum mechanics, However such a calculation requires the knowl-
edge of exact positions and orientations of the molecules relative to
the surface. In other words, the adsorption energies can be evaluated
from electrical, magnetic and geometrical properties of the adsorbate
and the solid adsorbent. These calculations have also to account for

the effect of lateral interactions of adsorbed molecules on the adsor-
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bent field and the entropy change during the adsorption process.

Dubinin et a;lg have reviewed the excellent work of Kiselev and
coworkers, Crowell and coworkers, Pierotti, Graham and many other
authors regarding calculations of the energy of adsorption of simple
molecules. From their work it seems possible to make approximate
estimates on the basis of a general theory of intermolecular forces
for very simple systems inyolving monoatomic gas molecules and uniform,
nanjyideal surfaces. However, for most real surfaces the crystal planes
are not geometric planes intersecting an ideal crystal. Moreover, there
are difficulties of determining the effect, due to forces of adsorption,
on various internal degrees of freedom of real polyatomic adsorbate
molecules. This effect will be discussed later. In view of such
difficulties it becomes necessary to introduce a variety of simplifica-
tions and approximations. The example of one such simplification is to
divide adsorption into physical adsorption (weak interaction) and chemi-
sorption (strong interaction). 1In addition adsorbents may be calssified
as ionic, covalent or metallic.

Physical adsorption is considered to arise from van der Waal's

20,21
forces . The physical and chemical properties of the molecules
are not drastically altered but somewhat modified. In chemisorption,
actual bonds (covalent or ionic) between admolecules and the surface
are formed as in a normal chemical reaction. Physical adsorption
processes occur in gas-solid interactions such as chemisorption,
catalysis or heterogeneous chemical reaction.

In the absence of precise knowledge of the exact state of the

system, quantum mechanical calculations become impossible. Direct

experiments still remain the only practical source of our knowledge of
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adsorption interactions. Thermodynamic quantities have been evaluated
from the adsorption isotherms determined under various conditions and
these quantities have been used to interpret the state of the systems
of interest.

Trichlorofluoromethane, CFC1l the adsorbate used in this study,

37
has 3N degrees of freedom. Ideally we should account for the trans-
formation (alteration or reétriction) of three translational, three
rotational and 3N -6 vibrational degrees of freedom during the adsorp-
tion process. A polyatomic molecule may lose all translational and
rotational degrees of freedom in the extreme case of immobile localized
adsorption. The three translational degrees will be transferred into
three vibrational degrees. The rotational degrees of freedom will also
be transformedinty vibrations of various mcdes e.g. bending, rocking,
torsional about an axis or internal rotation. In the other extreme
possibility, a molecule may lose only one translational degree of free-
dom and retain all of its rotational and vibrational degrees of free-
douw. The translational degree of freedom is replaced by a vibration
normal to the adsorbent surface. Adsorption of such a kind is more
probable when weak physical adsorption forces are involved. However
hindered rotation or translation, due to the nonuniformity of surface
resulting in uneven potential barriers is much more likely to be pres-
ent. Rotational motion may even be completely transformed into vibra-
tional motion on adsorption. The selection of a model of adsorption

is a very difficult problem. Entropy determinations alone are not
sufficient and independent methods such as spectral or magnetic investi-
gations are useful to confirm the model. A comparison of entropy changes

as a function of surface coverage for a particular model, with the
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experimentally observed entropy of adsorption data may help to visualize
the state of an adsorbed layer on the surface.
22

Machin observed that the isosteric heat of adsorption at zero
surface coverage was maximum with those adsorbents having the largest
crystal field stabilization energy. Accordingly the adsorbents used
for the present study were the sulphates of the first series of transition
metal elements from manganése to zinc and calcium. The crystal field
perturbations are two orders of magnitude greater for d electrons of
first series than for f electrons of the lanthanide serieszs. The
f electrons of the lanthanide ions are shielded by s and p electrons
which lie outside f electrons and screen them from the ligand environ-
ment. No such protection is available for the d electrons of the ions
of the first transitional series. In the ions of the actinide serxies, it
appears that crystal field effects are of an importance intermediate
between those for the first transition series and for the lanthanide

23 14
ions . Dunn et al have shown that if the spectroscopically obtained
CFSE for the aqueous ions in the series calcium through zinc is sub-
tracted from their hydration energies and the resultant plotted

against the atomic number of the corresponding elements a better straight
line relationship is obtained than for the corresponding trivalent
ions of the series. This observation shows that the properties other
than those altered by crystal field effects vary more uniformly for the
divalent ions of the series than for the trivalent ions.

The aforesaid considerations led to the choice of divalent ions
of the 3d series for the present study. In the case of anions, oxides

were avoided due to semiconductivity complications. Furthermore, stoichio-

metric oxides are difficult to prepare. The other factors con-
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sidered were firstly, the ease of preparation and secondly, the stability
of the compounds at high temperature. Sulfates of Ca(II), Mn(II) and
Zn(II) ions with empty, half-filled and completely-filled d orbitals

7 8
and having zero CFSE and Co(II), Ni(II) and Cu(II) ions having 4 , d

9
and 4 orbitals, were selected for this investigation., Ferrous sulfate

was omitted because of the difficulties involved in preparing the salt
22 24 25
14

without partial decompositidn ' .

The choice of the method of measurement of extent of adsorption
at different conditions is discussed in detail in section 4.20. The
microgravimetric method has been selected and a suitable vacuum micro-
balance has been constructed. For determining the heats of solution
necessary for the calculations of CFSE, a twin calorimeter was designed
and a volumetric BET apparatus*has been used to check surface areas
of the adsorbents before measuring heats of solution.

The thermodynamic analysis of adsorption is useful for the
determination of the adsorptive characteristics of real adsorbents.
Infrared, field ion microscopy, low energy electron diffraction etc.
describe the adsorption phenomena on the atomic scale but the interpre-
tation of the results of these methods is still only possible for simple
systems eg. single crystals.

The preparation and annealing of the adsorbents is described in
detail in section 4.34. The stability of the compounds and surface
areas of the samples were the main considerations for adopting the
method described. Ideally it would be desirable to prepare substrates
consisting of single planes of specific crystallographic orientation
to extend Machin's qualitative treatment. 1In order to minimize the

uncertainties in surface structure characterization, the anhydrous

* 28
The famous Brunauer, Emmett and Teller apparatus .
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transition metal sulphates used as the adsorbents in the present work
were annealed at 200, 300, 400 and SOOOC. The surface structure of

the adsorbent may change at elevated temperature as the lattice ions
should have enhanced mobility and the tendency of the ions will be to
move to more stable situations. The possibility of decomposition of
sulphates at the surface at higher temperature limited annealing tempera-
ture to 500°C. Even at this temperature in some cases partial surface
decomposition may start at reduced pressures. For these reasons and
others to reduce the effects of sintering, the heat treatment for cobalt,
nickel and copper sulphates was done in an argon atmosphere.

The effect of heat treatment was assessed by measuring the
adsorption isotherms at three temperatures between -10° and 2OOC, from
which the isosteric heats and differential entropies of adsorption were
determined. The correlation of the annealing effect on heats of adsorp-
tion has been used to give insight into the surface structure before
adsorption by comparison with suitable models (section 6.30).

In the discussion the word 'model' has been used in two different
ways. One refers to the state of the adsorbate on the surface and the
other to the configuration around surface cations. The entropy considera-
tions refer to the model for the adsorbate state, and the crystal field
effect considerations refer to the latter surface structure model.

The choice of trichlorofluromethane (CFCl3) as the adsorbate is
due to several properties described below:

Firstly, freon 11 (CFC13) is a heavy molecule suitable for the
gravimetric method ofadsorption studies. Secondly, the molecule is

26
quasi~spherical and has a small dipole moment . Thirdly, the vapour

pressure at the temperature of isotherm measurement is convenient and





















































































































































































































































































































































































































































































































































































































































































































THEORETICAL ENTROPY (e.u.)
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Figure 54.

Theoretical entropy for mobile model
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Figure 58. Excess heat of adsorption for
adsorbents annealed at SOOOC
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Figure 59.
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Figure 62. A surface area change with annealing temperature
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Melting Point (or decomp. point) °C

Figure 63
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Figure 64.

Crystal field splittings for various symmetries
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Figure 65A. Octahedral field around a cation

Figure 65B. d orbitals in an octahedral field

























