CHAPTER III

THEORY

Catalytic oxidation can be categorized as complete oxidation and selective
oxidation. Complete oxidation is the combustion of organic compound to the

combustion products; CO; and HyO manonkul (1996)]. It is a practicable

method for elimination of organic | gaseous streams. While selective
oxidation is the reaction. between ! oxygen to produce oxygenates
(such as alcohols, alde i which are produced from partial

h as ethane and propene which

can be produced from i ‘[Thammanonkul (1996)].
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in many other cases chemisorbed oxygen would lead to a different set of products
than lattice oxygen and both mechanisms could be significant. On the basis of other
studies advanced the hypothesis that surface-adsorbed oxygen may in general lead to

products of complete oxidation and the lattice oxygen is needed for partially oxidized

products, but more study is need to teat this proposal [Satterfield (1991)].



3.1 Mechanism of oxidation reaction

The mechanisms of oxidation reaction on the catalyst surface were shown as

follow:

1. Reaction between reactant and adsorbed surface oxygen species,

Reactant (fluid phase) Reactant (surface species)

Oxygen (fluid ph ’ // Oxygen (surface species)
Reactant (surface species) + surfac — Product (surface species)
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Reactant + Cat ized form) => Prog '»\ atalyst (reduced form)

Oxygen (fluid phase) [wst (o ed form) — Catalyst (oxidized form)

Cobalt oxide 1577 eld’of heterogeneous catalysis.

Among the transition metal ox1de Co304 shows the highest catalytic activity for the
combustion of, moma. This is the
reason why C@gﬁﬂﬂﬂm? wﬂ are normally included in the
formatlons of catal sts for m ﬁg st in view of
develo f Hﬁﬂ jnﬁgﬂﬂf supply In

addition, it is also active for hydrogenation and hydrodesulphurization reaction
[Busca er al. (1990)].

Co30;4 is a black material having the structure of a normal spinel; it is
thermodynamically stable up to 900°C with respect to the lower oxide CoO. This
implies that Co3;O4 is the oxide stable under the conditions of catalytic oxidation.

Both Co3;04 and CoO are readily reduced to the metal in the hydrogen flow near
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300°C. The surface of Co3;04 shows Co>" ions in excess. This surface is very
reactive, even with respect to a stable molecule such as ammonia and methanol.

which are readily decomposed at room temperature [Busca ez al. (1990)].

For the gas-phase oxidation of hydrogen. ammonia. methane, ethylene.
propylene. carbon monoxide. or :oluene. the order of activity varied somewhat with
the reactant. but the general pattern of activity found was [Satterfield (1991)].

Ti<V<C1‘§ 0>Ni<Cu>Zn
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oxide: the least active wi
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3.3 Acidic and Basic Catalyst : .
o

The correlatiofy of catalyti réngth of the acid or base is
of considerable impo@nc.
proton is transferred frodn atllle catalyst to 215 reactant (acid catalysis) or from the

reactant to tﬂﬁgﬁﬁﬁﬂ ?.%E«j;@]dﬂh‘i catalyzed change is

thought to be y a protolytic reaction between the reactant and the
¢

cataly mmll(al 1vi 1mﬁvmﬂwt uto an unstable
state vxac imm ﬁﬁﬁmmc pare ‘i the'vel Fthe protolytic

reaction) leads to the reaction under consideration. Thus, acid catalysis of a basic

of acid-base catalysis in which a

—

reactant is represented by the general scheme R+AH" — RH'+A, whereas RH'+B —

R+BH" represents basic catalysis of an acidic reactant.



12

3.4 Chemisorption at oxide surface [Bond (1987)]

On the basis of their electrical conductivities, solids are traditionally divided

into four classes as shown in Table 3.1.

Tab!e 3.1 Classification of solids by clectrical conductivity

Class Conductivity ~ Chemical class Examples

range (Q cm’’

Superconductors up to 1 -

Conductors 10 Na. Ni, Cu, Ptetc.

Semiconductors ', \ Ge. S1. Ga, As etc.

?‘\ Zn0,Cu,0, NiO,
0% \ : Iphides ZnS.MoS,, NiS etc.

ey \\ nd post-
— transition eléments
Insulators 0 Tic oxides MgO, SiO>., AlLOs
etc.
(7

There are two classe Group IV elements such as silicon

and germanium, and analogous Group III-Group V compounds like gallium arsenide,
.. € . L

ﬁﬂmif :ﬂ Ede!II‘] an inherent feature

1 e, ,m s thes stances are in solid state

devices, they are not catalytically cfive and will nétbe considered r. Of greater

AL (VK Al K1 TaYa X /LT Y i

precise gtoichiometry: these substances are termed extrinsic or defect semiconductors.

are termed in

of their chem

The more non-stoichiometric they are, the greater their conductivity. Another
important general feature of semiconductors is that their conductivity increases with

temperature according to a relation similar to the Arrhenius equation.
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3.4.1 The Band Theory of solids

Let us consider the sequential cendensation of atoms of sodium from the
vapour; in the resulting crystal each sodium atom is surrounded by others in a body-
centred cubic structure. and the atoms are held together by what are best described as
resonating covalent bonds. In effect, the 3s valence electrons are not specifically
attached to any sodium ion but form a collective electron 'sea' which permeates the

olar size there will be 6x10? of these

array of sodium ions. In a ¢
indistinguishable 3s electrons: ter a difficulty: the Pauli Exclusion
Principle states that not ) atom can have the same set of
quantum numbers, and th (ferent spin states. The sodium
crystal is like a gian held together by the same
number of electrons. olved in the late 1920s by
assigning to each electrg erent from that of all others,
so that, in contrast to
determined by the q b of permitted energy levels in
which electrons can exi s idea + 5 scha ally in Figure 3.1; the concept
can also be developed on bonding and antibonding molecular

orbitals formed in pairwise interactic S

7

’QW']&

Figure 3.1 The change from a 3s level to a 3s band as the average interatiomic

distance between sodium atoms decreases.
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The valence electron in the free sodium atom is described as 3s'; there is
a corresponding 3s band in the solid which, like the orbital in the free atom, can
accept one more electron of opposite spin for each ion present. This gives the
electron configuration of magnesium, a crystal of which has a filled 3s band.
Similarly metals having p. d or f valence electrons will have p, d or f bands. In the
case of sodium and magnesium there will also be fills 1s, 2s anc 2p bands lying at
lower energies than the 3s band. but just as core electrons do not contribute to the

chemistry of the elements so we

focus on those for the valenc

The next i
constant across the band:

levels having energies

e density of electron levels is

). is defined as the number of

that N(E) will increase
band structures as s nd\ magnes ~ igure 3.2. For sodium. the
3s band is half-filled:

when electrons are added #o a bas e leévels are occupied first, and the

higher levels progressively. T_‘ : _: ; evel in the band that is occupied by
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Figure 3.2 The density of electron energy level N(E) as a function of the energy £ for
the 3s band. Er (Na) represents the Fermi energy of sodium and Er (Mg) that of

magnesium.
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There is now one simple rule relating the electron occupation of bands to
the electrical conductivity of the solid. It is this. Conduction is only possible if the
valence band is incompletely filled. This may be understood qualitatively if we
assume that an electron has to be excited to a slightly higher level in order to move: if
there are no vacant levels. there can be no excitation. The first difficulty is that
according to this rule magnesium should be an insulator, not a conducting metal, as it
has a filled 3s band. The answer is that the filled 3p band overlaps with a vacant 3p

band (see Figure 3.3). so that it has lled hybrid sp band, and hence does not

i

violate the rule.

Figure 3.3 The overlap of fhe 3s-an: bands in magnesium.

In an insul her€ will be filled 2sp valence

bands correspondingito t

e Mo and There is a large forbidden

: ott@ of the empty 3s conduction

energy gap between ﬁ top ©

band (see Figure 3.4). ‘Tlon. obtain conductJO} it would be necessary to excite some
e

electrons ﬁoﬁﬁ ﬂt?%ﬁ\ﬂﬁ Wﬂﬂtﬂ %nd, but the gap is too
large for the wsual thermal or radiative methods of excitation to be effective. This
difficultygi t it . t 1 ﬁ: ili A ia: indeed all
insulat mjﬁﬁ'ﬂﬁmmns mﬂn ﬁﬂ ware. With
intrinsic semiconductors the band gap is much smaller, and excitation by heating or

by light is easily possible.
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Conduction band

N(E)

n of the defect semiconductors
and will take zinc oxide a €l oxide as ou es. Here it is easier to look at

the chemistry first, a and Theory description. We have

seen that nickel o ed " ingair \-\ additional oxygen: this is

accompanied by the ickel ions from the 2+ to the

3+ state, 1.e.

s
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For each oxygen molecule uséd: four Ni”* io} 0 be created: they are referred to

2+

as positive holes 1 .- y ;;- on jumps from an Ni

ion to an Ni”~ ion, edrbut there is no other effect:

the jump however ﬁonstitutes the mechanism of “the electrical conduction.

Conductivity . ‘ﬁ ‘ ;{ ' i%igns in the lattice: this
depends exp%ﬂﬂn mn ﬂﬂgjmge. The conduction
mechanism is called positive-hole cénduction, and=eompounds of thi§ kind are p-type
semic Wr’s-][ ﬂﬁaﬂ ]ﬁm&*%;}r}yj &Il;:l)a %lwn in Figure
3.5 Thgre is a large gap between the valence and conduction bands, but the Ni*" ions
constitute an acceptor level just above the Fermi level, so that electrons can easily |
jump from the top of the valence band into one acceptor level, thus creating the
conditions for electrical conduction. Incidentally, the valence electrons of Ni** are

assigned to a level rather than a band because their concentration is low and they

effectively act as isolated, non-interacting species. The concentration of Ni** ions can
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be increased by valence induction: addition of a little lithium oxide generates

additional Ni** ions in order to preserve the charge balance.

Acceptor level

Valance band Conduction band

N(E)

E
Figure 3.5 The Band Theo

Zinc oxidedoses oxX: - 0 This is accompanied by the
afoms according to the reaction
: N

e impurity semiconductor.

reduction of some zinc ig

Electrical conduction is d »d with the zinc atoms, and since

they are negative species zinc be an n-fype semiconductor. In Band
S cc itgated just below the bottom
7 ‘-,o’ duction band is relatively
easy. and the conducﬁns or ele ks on are Ia (see Figure 3.6). Electrons

attached to the zinc atbrins  are assigned to a.cﬁscrete energy level, because (as with the

Ni** ions aﬂ/w ’c}r!ﬁ%}lﬂ %’ w W ﬁ not interact. The

concentration ©f zinc atoms can also be increased through valence induction by

RN ING A

Theory terms. the Zin

of the vacant conduction
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Donor level

Valance band Conduction band
N(E)

E

Figure 3.6 The Band Theory diagram for an n-type impurity semiconductor.

e requirement for p-type semi-

11 have iple higher oxidation state: thus

A useful gene

conductivity is that the

cobalt(Il)oxide and cop: )0 »f e also i this group. For n-type semiconductivity
an accessible lower ‘ (1 \\: ‘:\\\ de the zero-valent state) is
needed: thus cadmiumfOxidé ad jon(IT A 2 aroup (see Table 3.2).

Table 3.2 Classificatio

Effect of heating in air

Oxygen lost £ '_:—’ iy D¢ 7nC Fe>0Os. TiO,, CdO. V,0s. CrOs.

Oxygen gained 004Cuy0, SnO. PbO, Cr 05
i — - .‘
e X )
3.4.2 Chemi@-pti ing oxides|

L%

Ly
ﬂ%lﬁ‘?ﬂ%ﬁm‘w Eﬂﬁ?ﬁ of simple gases on
semiconductirig oxides follows simply from their ¢ emistry. Reducing gases such as
hydr. rho i ‘ si ! i ﬁf ibly: on heating,
onlyimmﬁrgmmmﬁn lﬁﬂ:i ﬂ)gen probably

dissociates heterolytically on adsorption. viz.

H, + M*' + 0* > HM" + OH"

The hydroxyl ion will decompose on heating to form water and anion

vacancies, and an equal number of cations will be reduced to atoms.
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Carbon monoxide usually chemisorbed first on the cation, whence it

reacts with an oxide ion:

(CO) ses M™ + 0> - M + CO,.

Here is the first stage of a process that can lead ultimately to the

complete reduction of the oxide to metal. These steps are also similar to those

involved in the catalyzed oxidation olecules.

Xy en@ oxides occurs by a mechanism

involving the oxidation o at the surfaeeto Ni°":

High ¢

the first step in the i1

and it is easy to see that this is
rred to above. When the n-
type oxides (exemplifi y stoichiometric. they cannot
chemisorb oxygen: when over ey a en-deficient, they can chemisorb just

as much as is needed to resto e w

and reoxidizing the z inc

Y N
343 Adsorpgn on i

ﬁcﬂle&iﬁsﬁ lﬁ}%ﬁgﬂcﬁ Kélnﬂl‘e'ﬁ oxidized nor reduced.

they cannot cliemisorb oxygen to any sngmﬁcant extent; they cannot chemisorb

AT T TR~

MY+ 0 —H9 3 (HO ... M¥) +OH

ietry by refilling the anion vacancies

MY + 0% By (CH;0™ we M) +OH"

Indeed under normal circumstances the surface of oxides such as

alumina and silica are covered by a layer of chemisorbed water: the surface is then
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said to be fully hydroxylated. and indeed these hydroxyl groups are very firmly
bound. Their complete removal by heating is almost impossible. When the oxides
are suspended in water the M-OH groups can dissociate either as acids or as bases,

depending on the electronegativity of the cation. e.g.

Mg-OH — Mg* + OH

4F
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