CHAPTER III

THEORETICAL CONSIDERATIONS

substance that in smald 2 ‘ cay s.a arge change. More precise
definitions of catalysis hat. constitutes a catalyst have
f the causes of -catalytic

phenomena has gr ! ay there is iversal agreement on

. depending upon the

e f u’@mental investigator

and practltl and among , researchers concerned with
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react;Ionqut.hout being appreciably consumed In the process.

investigator; for 9

A catalyst cannot change the ultimate
equilibrium determinated by thermodynamics; its role is restricted

to accelerating the rate of approach to equilibrium.
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3.1.1.2 Catalyst Activity

The activity of a catalyst refers to the
rate at which it causes the reaction proceed to chemical
equilibrium. The rate may be expressed in any of several ways. The

performance of an industrial reactor is frequently given in terms of

all

onditions
catalysts are nonuni heéte in the sense that chemical
and physical pro i ill with 1 on on the surface. Even

in a pure metal th cq .r : ions, such as at lattice

S F

defects and at edges and. erf,' ryst llites, are different from

atoms in a surface plauﬁr-%* of catalyst surfaces can

be demonstrateg spized by a variety of

i, o
methods. The varBt. at of adsorption with
coverage or the fhange in actlv&llon energy of adsorption with

coverage xﬁ ‘lﬂaﬂ%&ﬁdﬂ §H “elpdraturppogranned  desorption

studies m be used. Morg than one maximum 1 chemisorption
o T AT, PR b e o
kind Of chemisorption may occur. Some catalysts may be effectively
poisoned by adsorption of an amount of material comprising much less
than a monolayer, demonstrating that only a fraction of such a

surface is effective for reaction.

These facts and others led to the concept,

introduced by H.S. Taylor (1984), that reaction take places only on
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specific locations on the catalyst, termed sites. Those that are
active for one reaction may not be so for a second reaction, but it
is usually difficulty to identify their identity and structure
precisely. ‘In some cases a site may be a group or cluster of
neighboring atoms on the catalyst surface; sometimes it may actually
be a species adsorbed onto the catalyst. The term active center is
frequently used as a synonyn “:’ or to refer to a group of
sites. A catalyst w11Lh;b"" & go reconstruction during
reaction, causing ﬁ:ﬁ &talm nature of the surface

a,n{i N the sites. For some

ep ,_nde of the site, shape, of

. @e('.nl crystallite and is
" ,etal atoms exposed to the
DMS ';)er square centimeter).
hslt.Ive in contrast to

structure-sensitive react.ﬁ:ﬁ‘s‘_u qﬂ' es do vary with the detailed

structure of the
and denandmg\l;‘. - structure-se — also used. The

_1 ,; ructure-msensltive

concentration of g‘i\ie"‘ ; A alyﬁ is usually much less

than that on metals’'and is t.yplca of the order of magnitude of

e S BABARE T
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The primary effect of a catalyst on a chenmical

reaction is thus to increase its rate, and this must mean to
increase its rate coefficient. The consequential effects may be
analysed in terms of either the collision theory or the absolute

rate theory.
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Figure 3.2 Potential energy profile for an exothermic reaction,
showing the lower activation energy of the catalytic

reaction.
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“ : theory, the rate
coefficient k is given bj
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collisian frequency, R the gas constant and T the absolute
temperature. Let us consider, for example, a unimolecular
transformation (A — B) in which the slow step is the adsorption of
the reactant: the collision frequency in question is then the number
of collisions per unit time between the reactant molecules and the

catalytic sites or species. Now the concentration of the latter will

be quite small and so the mumber of relevant collisions will be much
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smaller (by a factor of some 10 ) than the mmber of collision
between reactant molecules alone, which is relevant to the
uncatalytic reaction but irrelevant to the catalytic reaction.
Therefore if the catalytic reaction is to complete effectively with
the uncatalytic reaction, then its exponential term must be some
10'% times larger, which means that its activation energy must be
about 65 kJ mol " less. There\&\'ﬁ small relief in the form of
a higher steric factor to contribute more than

a factor of 10~ Wmoéf in conclusion is not

’ {\\Qe that an activation

really altered. Negl:
energy difference o ’he rates of catalytic
and uncatalytic r
catalysis, for which

exceed 100 kJ mol

In terms 5

coefficient is gl(\ffn by ~

wheres k is the Boltzmann constant, AG' is the Gibbs

oo o e AN NSRS, o 1o

effect of a cat.alyst, must. Jbe to dec ase the fage energy of
B AA R ERTH AT sror
and anqenthalpy of activation. Now the entropy of activation in

catalytic reaction will usually be less than in the corresponding
uncatalytic reaction because the transition state is immobilized on
the catalyst surface with consequent loss of translational freedom.
There must therefore be a corresponding decrease in the enthalpy of
activation to compensate for this, or more than to compensate if

efficient catalysis is desired. Thus according to either theory, the
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activation energy for a catalytic reaction ought to be less than for
the same uncatalytic reaction. There is much experimental evidence
to show that such is indeed the case: some values of activation
energies for catalytic and uncatalytic reactions are given in Table

3. 1.

React.ion catalytic) Catalyst.

Au

Pt

ZNZO —_ ZNz + 0z -

Au

Pt

Pyrolysis of (c, -
I, vapour
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energ)ﬂ pwi]eﬁm«;mu m :'] }Weﬂg a&gaﬂ (Figure

q
3.3): the latter makes it plain that the effect of a catalyst is

either to increase the rate coefficient at a given temperature
(except at very high temperatures) or to decrease the temperature at
which it achieves a given value. Some care is necessary in drawing
precise comparisons between homogeneous and heterogeneous reactions.
For example, the dimensions of the rate coefficients and of the

pre-exponential factors differ, and this affects their values:
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furthermore the value of the pre-exponential factor for a catalytic
reaction depends on the active surface area of the catalyst. It must
however be emphasized that the lowering of the activation energy Is
a fundamental principle of catalysis, and that it applies to all

forms of catalysis-homogeneous, heterogeneous, and enzymatic.

3.1:3 Classificatir

of catalysis: they : _ S ‘ 1ty wherever catalysis

occurs. In fact it is'p bl¢ tol alytic systems into two

c at.%} the catalyst from the
reactants, we speaksof, heterogeneous catalysis. A number of phase

combinat ion ﬁu& ‘Sl Pk Uhogs WY Bl 5l 2] other possibie

phase combinations rarely arise in catal is.
ARIANN I UAIINYINY

There is however one extremely important group of
substances which cannot be accommodated within this classification.
Enzymes are neither homogeneous nor heterogeneous catalysts; they
are large complex organic molecules, usually protein, which form a
lyophilic colloid: this is neither a homogeneous nor a heterogeneous
system, but something in between. We must therefore regard enzymatic

catalysis as something quite different from the other two forms of
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catalysis. However, it is not within the scope of this thesis to

discuss enzymatic catalysis in any detail.

3.1.4 Classification of Solid Catalysts

When industrial scientists are called upon to devise

increasing standards.ehab are p aced o 'ccessful catalyst, so
: t.he finished product
becomes greater. " the most important

capabilities of it becomes easier to

-F,p = L
Table 3.2 Phase combinat/i . or_¥ *rogeneous catalysis

L
Liquid ﬂ Gas t] ’J Y ﬂ«ﬂm‘% wgf]aﬂ alkenes catalysed by

phos phori 1c

o) 11 801 3 LR V) o

catalysed by gold

Catalyst

Solid Gas Ammonia synthesis catalysed by iron
Solid Liquid+Gas Hydrogenat.ion of nitrobenzene to

aniline catalysed by palladium
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Catalysis is essentially a chemical phenomenon. The

ability of a substance to act as a catalyst in a specified system
depends on its chemical nature. With heterogeneous catalysis we are
concerned with the specific chemical properties of the surface of
the chosen substance. These of course reflect the chemistry of the
bulk solid, and some useful insight into the catalytic activities of

Class

Metal

ogeno lysis
ﬂUﬂ%%ﬂﬂ‘ﬁW 119
Sem1conduct.1 oxidationg
wacy ) ) SR ] 341 B

sulphl desulphurization Cr,0,, Bi ,0,-MoO_,

(hydrogenation) WS,
Insulator oxides dehydration Al 20,5 Sio »» MgO
Acids polymerization

isomerization H_PO,, H_ SO ,

cracking, alkylation { $i0,-A1,0_, zeolites
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Table 3.3 present a preliminary and somewhat superficial
classification of solids into groups depending on their catalytic
activities. This table may be in part interpreted using the
qualitative concept of compatibility between catalysts, reactants,
and products. For catalysis to occur, there must be a chemical
interaction between catalyst and the reactant-product system, but

hemical nature of the catalyst

this interaction must not chat

except at the surface. Thus

of a surface interWh dbes
of the solid. / \ :
Tabl fows & :

ility we mean the existence

__;

rat.e into the interior

This is because thes@ s

bulk. Only those‘ijnob e p@ladlum, platinum and

silver) that are reqﬂﬁant to oxidation at the relevant temperature

- 5 m@ugaqowgm VIO S cic - otr B

are excel lent oxidation catalysts beca they 1nter@. with oxygen
o AEARL RGN NAAIIEA R . corer
chromlu% oxide cu' 'cr - e > (’copper chromite’) they are not well
suited for hydrogenation because of the likelihood of reduction to
metal. Those oxides which may be for hydrogenation or
dehydrogenation are of course immune to reduction by hydrogen at the
temperature at which they are active. Similarly metal sulphides
catalyse reactions of molecules containing sulphur: if oxides such

as alumina, silica, and magnesia which do not interact much with



20
oxygen are poor oxidation catalysts, but they easily adsorb water
and thus may be used to catalyse dehydration. The concept emerges
that we must first understand the adsorption of molecules at solid

surfaces before we can proceed to a deeper knowledge of catalysis.

3.2 Carbon Monoxide and Its Chemistry [28,29]

3.2:1 Introd

colourless, odorless,

28
Sy

flammable, toxid am reforming or partial
oxidation of carbg ACE0 T is used as a fuel, a
metallurgical reducing . --' in the manufacture of
a variety of chem"l , .’ nethano - acetic acid, phosgene, and
oxo alcohols. Increase “monoxide from coal in

chemicals and fuels ikely if economic coal

gasification tec ol

eﬁby Lassonne in 1776 by

heating a mixture qf harcoal and °?';nc oxide. It provided a source

i p;wq PSP )G tonm sos ana s

used as a pr1 ary raw mat.erlﬁi in Germa synt.hetlc f manuf acture

o) §50) 0 P TR T Cm—

studl extensively in the rebirth of modern inorganic chemistry in
the 1960s. Most recently, carbon monoxide emission from wvehicle

exhausts has been recognized as a primary source of air pollution.

3.2.2 The Structure and Chemical Properties

Proposals purporting to explain the structure of
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carbon monoxide are almost as old as organic chemistry itself.
Pauling suggested that carbon monoxide could be represented by three
important resonance forms each of which made an approximately equal

contribution to the normal state of the molecule as follows:

+- P

+
S0 sC 32207
The triple bonded s %) is currently thought

to be the most imp o and the one best describing

7NN
ey \\

(c)

carbon monoxide. Acg is structure will be

discussed first.

le ‘contains 14 electron;

six contributed by carbon and eight by oxysen. In the ground state,
| st E

the electron distribution rbon is 1522522p2, and the eight
4 <

. ; ‘_ o el 2 2
electron of oxyge @ iy 2
= L e e Thil D

~. A triple bond may

be formed bet r}-i ‘ ransfer of one p

electron from the Ecygn atom 1 is-@ired, to the vacant p

orbital in carbon.f The transfer produces two ions with identical

e Gt d VIO SN 115
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2s 2a Z,

This structure may be represented as :C:2:0: in which
only the valence (L shell) electrons are shown, or by the equivalent
formulation C=0, in which the formal charges are not shown and the
coordinate bond (formed by a transfer of one electron from oxygen to

carbon and giving rise to a shared pair in which both electrons are
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contributed by oxygen) is shown by the familiar arrow. The transfer
of the electron produces a structure with three covalent bonds;
additional stability is provided by the coulombic interaction of

the oppositely charged atoms.

The bonding between carbon and oxygen in carbon

monoxide is the best descr1 ylecular orbital theory. The ten
valence electrons from c \‘ ‘ ioxvosen fill the lowest energy
orbitals of carbon mone ‘

electronic conf i P

predicts one 6 -ang

b 4a b 2

S W which
and 6 orbital of
molecular carbon mong } remair ‘ ] 3, b t. available for bonding
with transition detalf afofsh, The '8y of 1070 kJ/mol (255.7
kcal/mol) is consiste th, the ormulation and is the
highest observe bond 3 atomic molecules. The
fundamental adsorption i ‘ : od’ spectrum of carbon monoxide
is located at 21/ u‘- oV

S

+ C=0

oY
ﬂumwﬂmwmm

"lmﬁﬂmﬂ@ﬂ’@maﬂ@
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(b)

+

Figure 3.4 (a) Formation of a6 -bonding between a transition metal
and carbon monoxide. (b) Metal-to-carbon monoxide w -bond

formation.
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The bonding between carbon monoxide and transition

metal atoms is particularly important because transition metals,
whether deposit.ed on solid supports or present as discrete
complexes, are required as catalysts for the reaction between carbon
monoxide and most organic molecules. A metal-carbon ¢ -bond forms by

overlapping of metal d- 6 orbitals with 6 orbitals on carbon.

Multiple bond character betwe cen ‘t.'al and carbon occurs through
formation of a metal-to-CO % -k )Iap of a metal d-w orbital

ibdl (ﬁ monoxide (Figure 3.4).

results from the combined - and
\\\m 6
. monoxide to react more

with the empty antibone
A weakened carbon-
¥ -bonding, allowing

readily.

significant reactions of

carbon monoxide were perforised as

G’

- T ——
287 Hz’j' w136 réj% Jith) Jaken over & catalyst

to produce ﬂyd.rogen and carkon d10x1de This rea.ct is used to

) 5] 7] SR IR 8 e

hydroge -to-carbon monoxide ratio than the feed.

CO + H,0 —— H, + CO,

- Oxidation

Carbon monoxide can be oxidized without a catalyst
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or at a controlled rate with a catalyst. Carbon monoxide oxidation
proceeds explosively if the gases are mixed stoichiometrically and
then ignited. Surface burning will continue at temperatures above
900 °C, but the reaction is slow below 650 °C without a catalyst.
However, the reaction has been found to be catalysed at lower

temperatures by many oxides such as CuO, NiO, Mno, .

2%

disproportionates into

elemental carbon and 5O .ﬂ €
T
22'; :
cé‘?‘“

}*J ..J.f

. \ lyst surface.

hermodynamically favored by

decreasing '?" T 7;__‘:‘ . Decomposition is

extremely slow b%w 400 C sence Fﬂ: catalysts; however,

between 400-600 C.p surfaces, 1cularly iron, cobalt, and

iy profll %%%% RN
AR AAIRI AN INENA L

Methanol is manufactured by the reaction between
carbon monoxide and hydrogen at 230-400 C and 5-60 MPa (50-600 atm).
The reaction is extremely exothermic, and plants must be designed to

remove heat efficiently.

OO+2HZ—->CH30H
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- Acetic Acid

Manufacture of acetic acid by methanol

carbonylation has become a leading commercial route to acetic acid.

CH,OH + CO ——> CH_COOH

175-195 'C and pres ' - a8l (3 ), @ These conditions
dramatically lower : re vessels. Yields

of 99 % acetic acid bé sthanol ere readily attained.

: ‘yticaly hydrogenated to a
mixture of straightschain aliphatic, olefinic, oxygenated

rocarion Sl ) 12 &mm '}ﬂﬁn
AR M AT U NI Y

The Fischer-Tropsch process was developed in
Germany to manufacture synthetic gasoline during World War II.
carefully promoted iron and cobalt catalysts operating at conditions
varying from 190-350 °‘C and 0.7-20 MPa (7-200 atm) were used.
Depending on the specific operating conditions, products containing

up to 75 % liquid hydrocarbon or 55 % oxygenated organic molecules
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were obtained.

3.3 Oxidation of Carbon Monoxide

3.3.1 Introduction

ions of the mechanism of this

amples of researches in the
field of heterogene is.# [301 has pointed out
that although an omis . on in which a surface
carbonate ion is pr ain t 1 . u the temperature range
100-200 'C; other :';/ e oked to explain the
catalytic oxidation v at " he \ that ©0, could be
\ ature oxidation was not
perimental results in terms
of a simple Langmuir-H" : od- anism, since co, does not

inhibit the rea A h adsorbed CO, seems to be

oxidation, such a
stable surface stye ca mp@ by admitting o, gas

to the outgassed met.',]ntl)mde cataly

Flie ’as%cgvmdwg Y Foe atsorstion of

CO at metal oyldes and subsequently the 1dat10n of at both high

s QEARHFAHRIBRE MY « on

correlaalon between catalytic activity and the stability of adsorbed

species.

3.3.2 Adsorption of Carbon Monoxide

The earliest experiments on the adsorption of CO on

the oxide of zinc, chromium and manganese established that the gas
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could be adsorbed in two distinct ways. At room temperature, CO was
adsorbed reversibly on ZnO and the gas could be recovered without
change on heating the oxide to about 100 °C. The heat of adsorption,
as measured by calorimetric experiment, was between 10 and
20 kecal moled, so that chemisorption rather than physical
adsorption was occuring [31]. On the oxides Mn_O_ and Mn_O_-Cr,O_,
00 was irreversibly adsor “f’ nse that Co, was desorbed on

heating. The heat of r 30 kcal mole 'and a

considerable amount wy

in spite of the fact tha

cou!d wd after CO adsorption

1 prior to CO adsorption

C£321. This unsatura' wefully measured and it
was found that the |
one-half of the amo

calorimetric data,

It S Eostulate a mechanism of

adsorption and oxis jat.lon mVGKrmé ®" surface complex. Table

3.4 shows that ‘f. ,,—.-,_,_.,_;._ oha bly reached  when

oxygen is admitt@ ;
mixture of 2CO: 10, is’ ﬂsorbed at arh_gx1d1zed surface. Furthermore,

if the heaﬂiuigr'a %%J% § %geﬂfjm the quantity

Q. + 1/ZQ ), which represents the sum of (i), the heat of

e R BV WA BRI B 0

surface at which €0 had been presorbed, then the resulting value

B
orpiﬁl})n and also when a

65 kcal mole‘1 is in close agreement with the heat of combustion of
CO (g). Noting that the heat of adsorption of C0, on Mn, O,
corresponds very closely with the heat of dissociation of manganous
carbonate, it was concluded that the adsorbed state common to these
processes is a surface carbonate ion. It was supposed that the CO

interacted with an oxygen ion of the metal oxide lattice, producing
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Table 3.4 Heats of adsorption on Mn,0_.Cr_ O,

Heat of adsorption of CO, Q__ 46 kcal mole
Heat of adsorption of O, after presorbing €0, Q_, 78 keal mole
Q, +1/2Q, 85 kcal mole

Heat of adsorption of a mixt

and 1/2 mole of 0,, Q,_ 85 kcal mole

Heat of adsorption of CO , ¢ 20 kcal mole

the surface carbonai® iou, : b ation towards oxygen
after CO adsorpts ‘red  as a resu f an anion vacancy
produced by the CO ion Ih “” : is represented by Garner

[31] as:

For g,—type oxides (e. g. Cu,0), such an irreversible

adsorption ﬁ ﬁﬁq%ﬁw Bﬂﬂ@n of positive

holes, sincellthose electrons ‘}‘eleased by formation of the surface
= MIRINIUURIS RYTNY e
hole ufiits. The adsorption will therefore result in a decrease in
semiconductivity and is depletive, since the electron released will
gradually from a potential barrier to further adsorption. On the
other hand, for n-type oxides the electron released by irreversible
CO adsorption will enter the conduction band of the solid and result
in an increase in conductivity. Since there are vacant levels

present in the conduction band which enable the incorporation of
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more electrons, the adsorption will be cumulative.

More elaborate calorimetric experiments by Stone and
co-worker [33,34,35]1 showed that, with cuproixs oxide, pre-adsorption
of oxygen considerably increased the heat of adsorption of o.
Similarly, pre-adsorption of CO enhanced the heat of adsorption of

was stable in the presence
of excess oxygen, but O . % desorbed _if excess (0 was present.
i N, ‘)

Experiments in which € b confirmatory evidence

B

that the surface com: 7 3 for M“:t u . Only when there was

some pre—adsorbed o face was co, adsorbed,
and this was adsor. e \\ \ when co, and O, were
premixed in the r . he equation can thus

28 kcal )

1 kecal (2)

| m.buﬁon of €03
41181, wﬂmwmﬂﬁm
o oRIAE) ) TR BN Bt

60 kcaﬂ is liberated when CO is adsorbed on a surface containing

o, (gll) 3-Q

Using the acceprt.edEata for

presorbed oxygens
(3)-(1)+(2)3 CO (g) + 20 (ads) = (I)s (ads)+ 60 kcal 4)

This may be compared with the experimental value of 49 kcal. From

the calorimetric data for the adsorption of CO on a baked-out surface;
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Co (g) = CO (ads) + 20 kcal (5)

one therefore predicts that the heat of adsorption of CO on a

surface containing presorbed oxygen is 96 kcal;

2X(D+(4)-(5) 33 0, (g)+C0(ads = 96 kcal (6)

in comparison w1t. he 100 kcal m@bained by calorimetry.
These reactions w aces of nickel oxide
and cobalt oxide and s ‘ ‘ (ygen was also admitted
after €O adsorptiow , as before, surface

unsaturation toward

Afterd cg adspprpti jn' *, the surface would not
adsorb any further g nt.‘{-‘bi’*" ) e results are therefore
in accord with the view ormation occurs by CO
interactio ith 4 g ""ZW"‘""“"'—'- Acant face site

er n wi Ve x * surfac ¥

which will displam 5 OX %1 therefore remains

unoccupied left accPrding to this &' echanism. o, complex formation

also occurﬁy%m%rﬁ?w s&*ﬂpﬂo gen site, but in

this case no ancy remains e,nd the surf ace will not be unsaturated
o ) 6 G 0 L) PG Ber i
mechaniSm and that of the theory proposed by Garner [31] is that no

lattice oxygen ions have been invoked. The mechanism is represented;

0.0 0760~ 0 0 1/20, cCO O O

§ ol o o | i b 9
M M M—M M M —0 M M M
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Although it seems to be substantial evidence in

favour of formation of a CO, surface complex, it remains doubt as to
the exact role of lattice oxide ions. Winter [36]1 showed that when
outgassed nickel oxide, prepared as an oxide film on a metal base,
was exposed at 540 °C to oxygen containing 1BO, complete exchange of

all the surface oxide ions of the oxide occurred. CO was then

18 22—

0 ions, at 200 °C, and no

of 2C0,:10, was in ¢ ‘ 2 e solid at 50 °‘C the mixture was
converted to co,, ‘ 1 fract
gas phase. It seems . . hi | at least,, oxide ions of
the lattice play ‘ '

the scheme outlin

ied the exchange of oxygen
with outgassed cuprous aﬁw.ﬁﬁ&} s case found that both CO and

. i‘ surface at room
temperature. Andjh at.ﬁemperat.ure as low as

-78 °C. Since there owould not. have been any adsorbed oxygen at the

ot of G BN B o >

0, are adsoftbed species is tehe ca.rbonat.e ion, as ori nally propose
" @"W s ﬁﬁ%ﬁd%ﬁ@ﬂ%ﬂ@ﬁ%}“m i
view the difficulty of accounting for the energetics of

dissociation of the carbonate ion to give desorbed CO, which is the
stable gas-phase species remaining after the oxygen-exchange
experiments. Cuprous oxide is a unique oxide, since it has a
body-centred anion lattice with cations arranged in tetrahedral
coordination around them. Figure 3.5 shows, diagrammatically, the

arrangement of copper and oxygen ions in the (001) and (111) planes.
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Half of the oxygen anions present at the surface protrude from the
geometric plane containing the cuprous ions and half are buried

beneath this plane.

YHINYNINYINT

Figure 3.5 %0 oxidation. CQ?ss—section through a (001) plane of
= /s
3 WTRERHUNATH B TR
: )

Stone suggested that at temperature of 200°C, at with

Winter outgassed his oxide, some of the oxygen ions in the "buried"
position are converted to the "protruding” position and are thus
favourably disposed for exchange with gas-phase atoms. Furthermore,
there is hardly a distinction between such protruding oxysen anions

and adsorbed oxygen. In the (011) plane, as depicted in Figure 3.6.
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exchange w1tl'ﬂ-|rever51bly adsogbed CO or CO Cuprous ox1de therefore

e @ TG A S FNHAR B e

to be exchanged with comparative ease at each of the three main

geometrical planes. On the other hand, there are no favourably
displaced oxygen ions in the NiO lattice and nickel ions in the flat
(111) plane are somewhat inaccessible. Thus, it is understandable in
these terms why there is a much lower activity in oxygen exchange
with CO and co, when NiO is used as opposed to Cu ,0- Further support.’

for this argument comes from the work of Teichner [37,381 who found
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that CO and 00, exchanged oxygen with high specific surface area NiO
which had not been sintered. If NiO is prepared in this way, it is
to be expected that there will be an adequate number of oxygen ions
suitably displaced for exchange with gaseous oxygen. Also, there is
enhanced chemisorption of CO, and the labile oxide ions may again be

responsible for this increase in activity.

/& complex proposed by

Eischens and Plisk&fI nﬂtechmque of infrared

spectroscopy, is off v
to the metal atom throu

The structur

atl ca.r onate ion with binding

a: - shown below.

the previous evixﬂuc' 1 ﬁte type complex in

which o, is bornec% through an ad%?}'bed oxygen ion. More recent

et o0 P O T e e

oxidation cofditions is proe(lded by the work of Bl holder C401].
neel M TR4F ‘i‘ﬂi‘i}%’}’%"/}'&i’}'ﬂ o g
oxidized! at the surface only and that an absorption band at
1330 cm , additional to Jthe ones detected by Eischens and Pliskin,
appeared. By comparing the observed absorption bands with those
shown by monodentate and bidentate carbonates, it was concluded that
the spectra was more in accord with a surface carbonate complex

than the structure proposed earlier.
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3.3.3 Mechanism of Oxidation of Carbon Monoxide

At temperature of about 25 °C, a mechanism involving

'

the co_ complex explains the observed fact;

Co (g) = CO (ads) (7
(8)
(9

(10)

if the catalyst i ) : ‘ dioxide and oxygen are
desorbed, as woul d. Atpovel feature of this mechanism is
that the product of r i0 i cal “ enhance formation of the
intermediate surfac iplex CO_ may be attained by
gaseous (O, reaction with-ads § sed /o as shown by equation (2).
However, there e - : \ that CO, may not be
desorbed spont :
Winter [14] stud1ed the oxidation of CO over Cu,0 and confirmed the

presence oﬁ %E}Q% %W:ﬁn’}ﬂ ‘éatalyst after an

experiment. 1The catalyst wa§ active in oxygen excha e with CO and
. ‘ﬂ P & B B Y a Py igrta in
co, déring €O oxidation. Stone [30] attributed the results of

Winter’s oxygen, was playing the major role during the catalysis.

Calorimetric measurements have, in fact, provided
additional evidence in favour of the scheme represented by equat.ion
(7) to (10). When admitting CO to a cobaltous oxide surface at which

oxygen had presorbed, the heat of adsorption gradually fell for the

L TI9TB0AA
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first few incremental doses, but no O, was desorbed. Another few

incremental additionals, however, caused the heat of adsorption to

fall drastically by as much as 20 kcal mole ' with the concomitant

formation of gaseous CO,. From the two thermochemical equations

and (5), written here again for conveniences;

(ads) + 60 kcal (4)
A - 20 kecal (5)
..-#

CO (g) + 20 (a

the heat of formation ¢
(DH+(5)3 CO (ads ads)='0_ (ads). + 40 kcal (9a)
Now the standard hea rmat j () is 27 kecal mole 3

27 kcal (11)

and rewriting equa nion (1) for the " of] oxygen;

0

z (g) Q,(ads) + 28 kecal (1)

ﬂﬂﬂ’.]“flﬂﬂ‘ﬁﬂﬂ’]ﬂ‘i

4)

the st.andard eat of f ormatlgn of the complex I be computed

ron R RIAN T ITU wnwma e

£2X(1)3+(92)+(11)-(5)3C + 3/20,(g)= CO (ads) + 143 kecal (12)

3

Recalling that the standard heat of formation of CO, (g)

94 kcal mole--1 H

c+0, (& = CO, (g) + 94 kcal - 13)

is
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the heat of reaction when gaseous 00 gaseous CO is admitted to a

surface containing the co, complex must be 18 kcal;
2X(13)—(12)-(11);OOa(adsHCO(g) = ZCOz (g) + 18 kecal (10a)

From these thermochemical considerations, it appears that the

decrease in heat of adsorp , expected when reaction (10)
o} 3 = 22 kcal, 1in close

takes over from reas

increase 1in the 0), in which o, is

formed by the i th gaseous CO, is now
endothermic and k ts of poisons. Such a
poisoning effect inter [14]1. The decreased

_ ” 2 e ‘.-"' T e
activity of NiO is t.hus‘érﬁ'fﬁf e Ich terms. Some activity is

an alternative
reaction path 1nvcm' : |Esm. Thus Teichner and
coworker [37,411 l?,ve explained t&gir results using high area by

supposing uﬂ %&h’gﬁq Eﬂ WEW%G’}D%ISHI in which the

co, complex decomposed by gaseous (00} and so aff or a possible
o] V5 T AR D1 BB e 0
preparea at a relatively low temperature showed that the product co,
inhibits the reaction rate. When incremental doses of €O were
admitted to NiO, in which oxygen had been presorbed, the
calorimetric heat of adsorption at half coverage was 70 kcal/mole.
Since NiO is a p-type semiconductor and the adsorption of oxygen is
cumulative, an increase in the number of positive holes results,

thus increasing the conductivity of the oxide. When oxygen is
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adsorbed, the heat evolved at half coverage is 10 kcal/mole and the

first step in the adsorption sequence is writtens
Ni*" + 1/20, (@) = O (ads) + Ni°' + 10 keal (14)

The subsequent step in which CO interacts with the adsorbed oxygen

can either be written process in which co, is

spontaneously desorbed or as tu > step;

—

W™ o e ) 0o, tadsh+ Ni“* + 70 keal (15)

\ e heat of combustion

(16)

By addition of i (
of gaseous CO app ' %ﬁ - w

considered co, to adsor surface of the oxide.

gole . Thus, Teichner

Supporting evidence for is indicated by a change in

colour of the nickel oxi ck ellow (indicating a change

in the defect -;.fi—'?:.":m"'% ————— = -‘#3 that no 002 was
detected in the gaﬂp 4

AR I VIEHE IR o crmirs

calorimetr 1ca1‘|]y two other rgactlon setgfnces. adsorbed on

s A IR P A e i

heat o adsorption was 134 kcal mole 1, at half coverage was 115
kecal mole_i, and gradually decreased thereafter. The reaction

proposed to account for these observations may be writtens

CO_ (ads) 17)

CO (ads) + o, (&

Next., gaseous CO was admitted to the catalyst at which the surface
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complex had been preformed. The initial heat of adsorption was 65
kcal mole falling to 40 kcal mole '. At the same time the
conductivity of the sample decreased and the solid turned from black
to yellow. Gaseous CO, was also detected. By writing down the
thermochemical equations, it is possible to demonstrate that at the
most active part of the surface neither gaseous nor adsorbed co,

could be produced. On the e surface where the heat of
reaction is approxima
are accounted for by

reactions;

100 kcal

r of positive hole
, would be released.
Teichner and co-workers [421 s = “la: adsorbed €O, is produced
by that part of t.he a ; the heat_of reaction is 100

o, is formed by gﬂt “pa Ace whﬁh reacts with a heat

of approximately 40 ‘kcal mole . °.‘}ms, the only combination of

thermochemicﬂ feadat fon Juhich/sagisiiep | the | formation of both

adsorbed and glaseous Co, are; ¢

awwmmm URIINYAY

0 (ads) + 0 - CO:3 (ads) + 100 kcal (19)

00, (ads)+ CO = 200, (ads) + 65 keal (20)
and

CO2 (ads)+ Oz = COB (ads) + 40 kcal (21)

(I):3 (ads)+ CO = ZCOz (g) + 65 kcal (22)

The average heats of adsorption of CO (g) and Co, on the NiO powder




used are 29 kcal mole ' and 31 keal mole ', respectively;

Co (g) CO (ads) + 29 kcal (23)

CO,(g) 3 (ads)+ 31 kcal (24)

It is therefore easy to see that both sets of equations conform to

,/)ombust.lon of CO, viz. 67 kcal

(g)+ 66 kcal (25)

the accepted value for the b

-1
mole ;

1

1/2£(19)+(20)+(23) 3-

1/2£(21)+(22)+(23) 33 _(g)+ 67 kcal (26)

It to monitor, mass
spectrometrically, d to note at what stage

in the reaction leased from the surface. Kinetic

catalytic

activﬂ \ﬁ.ion' is conf irmed

experimentally. Howeger, it does no cord with the observation of

Dry and St.orﬂdux m%ﬁ’%ﬁﬂw@ﬂ@ﬁ 443, in vhich it

was shown t t the apparenz. act.lvatlon energy v ied with the

i G f i S B v ’}ﬁ B bt e

of 1lithium ions increased the activation energy, while at

temperature above 300 C the addition of lithium ions decreased the
activation energy. With regard to such a reversal of behaviour at
high and low temperature, Stone concluded that it is likely that one
or other of the species participating in the reaction is adsorbed
more strongly than by the pure oxide and that the electronic

boundary layer theory is not the correct premise on which to base an
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argument..

To summarize, it may be said that there are some
measures of agreement in that co, poisons the reaction at low
temperature and that such a prediction cannot be made on the basis

of the electronic theory of catalysis. Of greater significance is

the fact that a compensat. \ e operates and this poses the
x that a change in the
lyv' inereases: the positive  hole

‘

tion energy, also decreases the

.\\‘\\ adsorbed CO and

lattice which cons:
concentration,
Arrhenius frequency £ ‘/
lattice oxygen is rz
will contain a cofitributdon £rom. adsorption, and if this
varies with alte

activation energy.

3.4 Supports and Metal=Support Inteéractions in Catalyst Design [45]
{ o : &

3.4.1 “ c

ﬂ %@%wﬁ%ﬁ WA YGere are umarly

prepared by ispersing the nﬁit.al onto a hlgh surf ace&}rea support,

o s B T 1R Wi Eloﬁ}ﬂ EJailable for

1nterac110n with gaseous reactants. For industrial

applications, supports are sought which possess high surface area,
high thermal and high chemical stability, and high mechanical
strength. While it was originally thought that the support was
simply an inert carrier of the active component, work conducted in
the late 1950s by Schwab (1978) and Solymosi (1967) revealed that

significant changes in the catalytic properties of a metal could be
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achieved by varying support composition. Extensive evidence
supporting this view has appeared over the past 7 years, engendered
by an interest in the so-called strong metal-support interaction
(SMSI) reported by Tauster and coworkers at Exxon (Tauster, Fung,
and Garten, 19783 Tauster and Fung, 19783 Tauster, Murrell, and

Fung, 1979).

3.4.2 Classifics rt Interaction

can influence the : : |
particles, the surf ‘ ‘f@\of the particles and
the nature of the

should properly be attr o 80~ 1pp interactions, since

changes in particle sus-@"mé logy can be achieves in other

ways (e.g., smffrmg,'"'"'r’éaiéper on). Thus, we might refer to
changes in particle size 1 pport. composition as
a nonspecific ef Ect ? erLrJ changes as specific

effects of support CcompPO sition.

ﬂuEJ’D‘HEJ‘iﬁWEHﬂ‘ﬁ

The d1st1nct.19ns betwee spe01f ic aw, nonspecific
arel) WARARFRH R BRI i
recognlaa for structure-sensitive reactions (Bond, 1982). For such
reaction, the overall changes in the activity and selectivity of a
given metal wupon changing support may be due only in part to the
alteration of support composition, the balance being due to changes
in particle size and/or morphology. To properly assess the influence
of metal-support interactions for structure-sensitive reactions, it

is therefore, necessary to know a priority the degree to which
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specific activity and selectivity are influenced by metal
dispersion. Unfortunately, though, much of the recent literature on
metal-support interactions has failed to distinguish between the
effects of particle size and specific supports. This has made it
difficult to compare the results of different authors and to

properly quantify the magnitude of specific support effects for

various metal-support systems\\\ | ,///

3.4.3 Influene

eractions on Adsorptive

Properties
The interactions on the
chemisorption of H, X . gated for virtually all

of the group VII

increasing degree of | ort:. on is manifested by a
S 'f? ‘

decrease in H, and CO ‘M

-
.-"" ..-'H-.-

temperature of ca‘tﬁlyst reﬁuét’“rorf.

capacity with increasing

to note that thg}t.ro g sions of aﬂ
observed for the oxides of Nb, Mn, ¥V, Ta, and Ti, all of which can

be reduced ﬂ.ou EJega %ﬂ Bﬂﬂ @ewqrgl §udes listed in

Figure 3.7 H‘auster et al., 4981). Th1§‘correlat10nq§.xggests that

e AR | ) WG Rl Y o] Gt e

mlgratlon of oxidic moieties onto the surface of the supported metal

on of this effect is

It is significant

chemisorption is

particles. The validity of this interpretation is supported by the
work of Resasco and Haller(1983), which shows that the chemisorption
capacity of Rh/TiO, decreases proportionally with the surface
diffusion of Tiox species. Further substantiation of the decoration
model of chemisorption suppression comes from the observation that

similar effects are observed with small as well as large metal
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Log (H/M)

Figure 3.7 Hydroge j ion on Ir supported on various oxides
as a ;“; on, in } ‘drogen for. "1 ‘hi &b
: omic ratio of hydrogen

o\
'i\. Tauster et al. (1981).

particles. If, 7ificat.ion in chemisorption

behavior were rring at the point of

metal-support » 12 then the in Tue _\ h interactions on
large particles ‘gxld DE sma@r than that observes
for small particles. -

ﬂumwﬂmwmm

The means by which metal.oxide moieties present on
e AR RS DI NI VIRUAR Horrri o
the met.gl particles is not yet fully understood. It is obvious that
the primary effect is simple site blockage, but there is now growing
evidence that metal sites adjacent to metal oxide moieties might
also by affected. An illustration of this is shown in Figure 3.8
for the case of TiO_ deposited on the surface of a Rh foil. With
increasing TiOx coverage, the CO chemisorption capacity falls off

more rapidly than would be predicted by simple site blockage.




AcolBrig M/Agq (O)

Figure 3.8 Normalize : \\ of a Rh foil decorated
with Ti0 4 a5 -' ' ' O_ coverage. Adsorption
temperatin n/Levin et al. (1985).

P TN

Levin et al. (1986a) M" data can be explained
! :

| on those sites that

are immediately @ace o 5 am% covering the surface
of the Rh foil, in 1t.10n to t.ho Rh sites covered by the TiO

. ) WRH LA TR BN o st 0

perimeter of %he T10 islandsgare a.ffect. by a pert. tion in the

aoes5) 5 Ao 15 b A ’@%&l ’}ﬁ Becribed 1y

Felbelmann and Hamann (1984,1985).

by assuming that &0

In addition to altering the chemisorptive capacity of
a metal oxide moieties may also alter the distribution of adsorption
states. Two cases are illustrated in Figures 3.9 and 3.10. In both
instances the chemisorpbive properties of Pd/SiO2 have been altered

by the promotion of the catalyst with Tiox. It is evident from both
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A: 2% P4/Si0,
Z Hy/Hg, 65 = 1.03
B: 0.16% Ti/(2%Pd/Sio) |
Hy/H, 65, 20.74
5L C: 031% Ti/(2% Pd/Si0,)
Ha/H, 85 = 0.62
& D: 1.6% Ti/(2% P4/5i0,)

Hy /Mg, 8}, = 0.26

[ 10° (s

2

\0\ omoted Pd/ 810 From

Figure 3.9 Temperabl srammed de on spectra for H

e e e e e
— . r———
:.— 11695 T 2Y% PRS- . ]

Zeo X |

J 5 031% Tunex sy g
Ay wﬂﬂ%’ §ng
waaﬁ1

0.5

600 700 800 900
T (K)

o]
300 400 500

Figure 3.10 Temperature-programmed desorption spectra for CO
adsorbed on Pd/SiO2 and Tioz-promoted Pd/SiOz. From

Rieck and Bell (1985).
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figures that with increasing addition of TiO_, the initial level or

C0 chemisorption, given by e, or eco,décreases. while TiOx promotion
appears to have no effect on the distribution of H, adsorption
states, the distribution of CO adsorption states is affected
significantly. The most pronounced effect is the preferential

suppression of CO chemisorption on Pd(100) surfaces, characterized

by the peak at 630 K. A furthe ‘e@ffect of TiO promotion is the
shift in the onset of CO_ /lower temperatures. Since
o, is formed via 0Q diSsoc: at;'n Went reaction of the

released oxygen a shift"in the CO, peak is

evidence of an enhar co. d ssoc1at.10n.

3.4.4 Strohg Me Support

-} 7

-hN sl

Sl )b\

It was obs rveﬁ" hat. aduced support interacts so
s . . %

strongly with noble metal that - s the precious metals H

2

—reduction of oxidation

of Pt-supported on 'I‘1O at 400-500 ‘C under hydrogen or oxygen

sanirs. (110 WY o 2. e

decreases; a8! reduced T10 1°§ oxldlzed the H, uptake increases.
i ‘ﬂ*‘ﬁ TRETPIRIRINTGD PO

hydrégen or oxygen atmosphere, respectively. When Pt./Al or
Pt,/TiOz are reduced at high temperatures, the hydrogen adsorption
capacity for Pt is greatly reduced. This is known as the SMSI
phenomenon (strong metal support interaction). There are two

explanations for SMSI:



O Consumption (H/Pt )
[0} 1.0 2.0 3.0

Increase of Hz chemisorption (H/Pt)

Decreose of Ha chemisorption ( H/Pt)

ISE
500'C
) OUT
‘FOR 1h
S TORR )

Figure 3.11 ion-.of Pt supported TiOz

" oxiygen atmosphere.

U

1. Pt alloys w1t.lg'zgluced a.luml or titanium and losses its

hydmgemﬂwmamwmm

2. The red ed titanium or aluminum. oxide becomes an n-type

e R NI T HBVI BBANY et

elect.ro%s to Pt. This reduces the hydrogen uptake capacity of Pt.
The latter explanation is preferred.
In another study, three samples were prepared by

impregnation of TiO2 with Pt, Rh, and Ni. A fourth sample was

prepared without any metal. The electrical conductivity of the four
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samples was measured under the following conditions: catalyst
treatment at 200 °C temperature, 250 torr H ., bpressure, then
evacuation at 400°C, followed by reducing the temperature to 25 °C,

and finally introducing H , at 50, 100, and 150 torr pressure.

The data indicate that Tioz, after evacuation,

behaved as degenerate semic Anbia ith low activation energy.

However, metal, whic is th ce of hydrogen spillover,

partially reduces t drogen ‘atmosphere. The hydrogen

donates electrons conductivity. After

evacuation at 400 e, and T10 loses

stivit o reverse spillover.

electrons, thus r
Reducing the tempera ; 00.3c educes conductivity by

an order of magnit & S. AN 2 at i b process with activation

energy of 8 kcal/mol o H_ increases the conductivity

o l - .
at. 25 C. Hydrogen behaves & g impurity and converts to H+,

400 7@ hydrogen is removed

by reverse spillovery o,

ﬂumwamwmm
ammnmwnwmaﬂ

2H™ ==

and TiOz conductivity decreases (see Figure 3.12). The reduced
Pt./TiOz has high electron density and 1low hydrogen uptake
capability. The reverse is true with an oxidized catalyst. This
indicates that SMSI is due to increased electron density of TiOz

and, possibly, the transfer of electrons to Pt crystallites.
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........

log o (Q-'em-!)

Figure 3.12 i onditct ivity of Ti0_ and of Pt, Rh, and

X 3 k'
Andi ated conditions.
J“\‘g:f Fi \ \\
M%?f 24
Figure .19.1".6#‘ 10, conductivity versus H,

(lower scale) and H, 1/2 " tial pressure. The data
confirm the theo ot @dsorbed B elegtrons to Rh/TiO,. It
has been shown ";Tj-mm" H atoms generated
by a microwave d%m , pil E er produced by Rh. In
both case, the Tt) surface is peduced. Reduced titanium oxide

SO T T, SRS et ion

(Fermi energy). The increase of elect ropotential apd transfer of
o] 89 ) A0 ¥ Bhbiase
at room temperature. This condition is favorable for the creation of
SMSI between metal and TiO,. SMSI has been observed between

Pt,/AIZOS, Pt./ZnAlzos, and others.

Strong metal-support interaction was reported in 1978
for Pd/Ti0,. The catalyst was reduced at 500 'C in a hydrogen

atmosphere. After evacuation, the catalyst was cooled to room
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PY2/Torr /2
H2

5 _ 10} 15
.
3
s b I
2
" i :
25 F
Figure 3.13 Rh/TiO _as a function of P
and lipg
temperature. Z.€ t. e reduction of TiOz

with the result ths t. loss of H, or uptake

capacity. This prop I. However, the SMSI

i ; .-| ,J ’ -
does not affect catalytic act -; ignificantly. The SMSI is
i .v“d d }:

normally associated of oxides and increases

]
their electron lensity of semico g‘l oxides. SMSI

d

occurs with other Bble m oxid -:j and zeolites.

ﬂ N&VQ%‘E m @W E er}g , stoichiometric

metal ox1des reduce to a nopstoichiometric oxidatiop, state. Some

owtaesol R PEPNFIBENH Vi 3 R Bave. i

depends on the temperature of reduction and the specific oxide.
Hydrogen spillover lowers the reduction temperature of oxides
significantly. Pt and Pd are most effective in this case. A large
number of metal oxides have been reduced by spillover from Pt or Pd,
at a much lower temperature than is the case when the reductant is

Fe O WO_, Re,O

e 2"3% 3 277°

molecular H,. The metals are Co O, V.O_, VO

a‘a’® “z°s5®

Ccro,, Ni O MnO,_, NiO, CuO, Cu,0, ZnO, SnO_,and Ag, 0. SMSI takes

o R
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place between many metals and metal oxides. They usual ly do not lose
their catalytic activity, but they may lose €O and H, uptake
capability. It is important to mention that reduced metal oxides
have oxygen vacancies, and their SMSI property frequently is

reversed with oxidation.

oxides on the properties of
7,
——

It was fi eported about ten year ago that certain

3.4.5 Influence of

transition metals [473]

transition metal an_jhave . a ramatic effect on  the

N tals when they are in

\

chemisorptive a

close contact originally termed

Strong Metal-Suppe rachio - but 1s eurrently referred to as

T g

decoration effect. T of is effect was on the

-\".Frf; 4
suppression of hydrogen and - oxlde adsorption capacity of

noble metals. It has a._noble metal is supported

on TiO,, the mate : e stoichiometry of
i

roughly one H atoE or atarexposed noble metal
atomy - 1f the matefgg is reduced@t 200°C. If the material is

reduced at ﬂou fibs horliby U6 Gheidard H 6r| 3 is essentially

completely s'yppressed. ThlS‘ls illustr t.ed with t ical data in
Table stw ﬂﬂ @mtﬁtwq ?%Elsqca Hque to Tio,
as the gupport.. Figure 3.14 shows the extent of suppression of the
hydrogen chemisorptive capacity as a function of reduction
temperature for various oxide supports. In general, oxides that are
readily reducible at intermediate temperatures all show this effect.
The effect is reversible. That is, reoxidation with oxygen followed
by a 1low temperature reduction at 200°C restores most of the

adsorptive capacity.
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Log (H/M)

700

Figure 3.14 Hydrog ] \ m supported on various
oxides & \

at each u ures. T, is the activation

on in hydrogen for 1 h

A

omic.ratio of hydrogen

—;-7—7 —in-ti ;alyst. (From Science,

i

211, 21 sht America Association for
the Advaiic ent of 301

ﬂ‘lJEl’Wlﬂ‘i’l‘ﬁWﬂ'm‘i

e influence cof the oratlon ef the
catalyQ ﬁ’ﬁeﬂlﬁ ﬂ@%ﬁlﬁﬁ@ ﬂ E}.’] aagmn. Some
typical xamples are shown in Table 3.6. It can be seen that the
decoration effect suppresses the activity of Pt for benzene
hydrogenation and cyclohexane dehydrogenation, but enhances the
activity in 00 hydrogenation. The activity of the Fe catalyst in
ammonia synthesis is slightly decreased, but the activation energy
is greatly increased. In the case of butane hydrogenolysis, the

selectivity and the activity are both altered.
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Table 3.5 Suppression of H, Adsorption Capacity due to Decoration
Effect. (From Science, 211, 1121 (1981), copyright

American Association for the Advancement of Science).

2% Metal on TiO, H atom adsorbed/Total metal atoms
Supported Reduction at 500 °C
Ru 0.06
Rh 0.01
Pd 0.05
Os 0.11
I 0.00
Pt 0.00

has been shown that

CO hydrogenation or C S 1S : anced by the decoration
effect, although @ tonb-olilg sement, mﬁ vary from very little
to rather substantial., In ethane hydrogenolysis on titania-supported

w0 af]| it ANTNING AT et e

increasing reduct.lon temperature (F‘ e 3.15), whereas the

cwolomi IRV I A At reme

almost unchanged.

It is now rather well established that this effect is
not due to the formation of alloy (e.g. Pt-Ti alloy), the
encapsulation of the metal by the support, sintering of the metal,
poisoning of metal by impurities in the support, or simply electron

transfer between the bulk of the support and the bulk of the metal
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.. - Rates at 573 K
g+
g A _cycloh
_Ccycionhexane
X A
2%
m.
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§a
©8
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cs

Figure 3.15 Ethane « ohexane dehydrogenation

on unction of catalyst

om J.Catal., 82, 279 (1983),

crystallite. These conclusic : wriety of experimental
observations.

ﬂumwﬂmwmm

example, ;t.ransnuss elect.rorb. microscopic

el [T AT, Y T

and Ho er spectroscopy shows that the bulk of the iron

crystallites is the same whether or not the sample is exhibiting the

decoration effect, even though the titania support near the metal
crystallite is reduced from TiOz to Ti40_7.

The current picture is that the origin of the effect
is the migration of small particles of reduced titania (or other
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Table 3.6 Effect of Decoration on the Catalytic Properties of Noble
Metals

Reaction Other
Reaction Catalyst Rate Effects

', =:===:==‘h—g cat.’

ole/h-g cat.

‘\g;;:;
nation at 523 K 528 Kjre ,/’:\\\\\K ‘\ e/h-g cat.

CH, hydrogena-
tion at 288 K

C H__ dehydroge- 2

6 12

—
"
J -

7 ' -g cat.
Al AN N
s b
CO hydrogenation ! Ay Ay
i 2 :‘- ; ‘ 1

at 524 K #3 K rediced “49.0111 molecules/s-Pt_
M T

773 K reduced )76 molecules/s-Pt_

= j; A : ‘£
o i i

assumed the
,:' & ion as low-

\perat, :;. > reduced

ample)
i UH RN IN Eﬂﬂi
at 673 K 713 K reduged 0. 0 Eact. 100 kJ
RN TN UATINYIRY weie
798 K reduced 0.011 ks Eact=220 kJ
mole '
C,H,  hydro- 4.8% Pt/TiO,
genolysis 623 K reduced Relative product formation rate:
at 623 K C1=35, C2=47, C3=25, i-—Ca=88

773 K reduced €,=0.65, C,=1.1, C,=0.7, i—C4=0
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reduced support) onto the metal crystallites to "decorate" the metal
surfaces. These decorating reduced oxide particles may partially
block the metal surfaces from gas molecules, affect. the electronic
structure of the neighboring metal atoms, or provide an oxide-metal
interface for interaction with molecules. Depending on the reaction,

one or more of these effect may participate to affect the observed

characteristics of the re&ew' /
Thaf;:zsszggsﬁon‘

suggested by‘ Dumesige*™on’ the

1s cal picture was first
stem. Using  Mossbauer

lk properties of Fe

not. Thus the effeft Must 'ﬁ1r.Lﬁ~‘- phenomenon. It is then

proposed that titani - ‘_f 3 ‘f"'; he on crytallites. Such a

l-’ .’_1.:_>r‘ .
depend on the time a11355£;£ the reduced oxide particles to
St ) S
migrate onto th?nﬁetal cry§k£ihi” erface between the

metal and the oxide: Th been conf irme At It is observed that
- '—" & - o

using the rate of ethane as ahE}asure, the extent of

the decoration efféct, depends linearly on the square root of the

oo o S U S UEIAAD, woeer. 7o

a given reduéyion time, the hjdrogenolyqéﬁ activity degreases as the
imvrde] Y| QAN B dldeer) HHEL ] el snorensine
suppr9551on of the hydrogenolysis activity as the reduction time
increases is found to parallel a similar suppression by the addition
of copper to a nickle catalyst, which is interpreted by the
breaking-up of nickle ensembles on the surface by copper atoms. Thus
the data are consistent with the model that the surface mnetal
ensembles are broken up by reduced titania particle decorating the

surface.
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Recently, it has been further proposed that the

metal-oxide interaction occurs through the interaction of metal
atoms with oxygen ion lattice vacancies in the reduced oxide. At
temperatures sufficiently high to induce the decoration effect, the
oxide support is reduced so that it has a high concentration of

anion vacancies. The high concentration of anion vacancies enhances

near-surface region of the

bulk, and results in
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catalysts. In the&s of Pt f the act iv%ion energy is reduced
from 126 to 80 kJ/mole. Furthermore, a small amount of deposited
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opt. imum coverage of 8%, (recéntly ther is doubt. this number
secench] W HEHHR A HR %%E@ﬂm&ioyew he
act.1v1t.y is four times that of a clean Ni surface. On the other
hand, complete suppression of the chemisorptive capacity requires

complete coverage of the metal surface by the oxide particles.

The extent of election transfer between the metal and
the decorating particles is not established. For example, a study of

Pt crystallites supported on a TiO, single crystal surface by XPS




59

and AES suggests electron transfer from Tio2 to Pt, while a XANES
study suggests electron transfer from Pt to Tio, .

The influence of the decorating effect on the heat. of
adsorption depends on the system. On Pt supported on titania, the
effect results in a decrease in the initial heat of adsorption of H,

However, the integrai+=h at of Hsorptionof CO and H, on Pd is not
affected. |
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