CHAPTER 11
THEORY AND LITERATURE REVIEW

Chemistry is an area of vital impostance in today’s society, and within
chemistry, catalysis is 2 mamstay, not only"in many industrial applications, but
also in numerous processes in the chemistry of life. Catalysis performs a key
role in processes such as'the conver§ion of crude oil into a while scale of useful
products, in the prepé.mtion of _maﬁy»;nuﬁ‘ients, m the conversion of coal via
synthesis gas intosproducts liké d@otgols, gasoline, and in the removal of
noxious components frq? exhéuét gagcs.
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Catalysis is the sCience of accelerating chemical reactions that under

normal conditions proceed_‘m_l—& slowilzr.not at all. The rate of a chemical

reaction can be controlled by a few parameters onljé-; temperature, pressure and

composition. In addition, the choice of a suitable catalyst may change the
reaction pathway. AS a consequence, the overall reaction rate may be increased
and / or new: pathways; and therefore-new |prodcts;\may become feasible. A
chemical reaction is the result of a collision of two or more molecules or
atoms:, The: funetion, of \a-catalyst:is merely toccapture theparticipants of the
reaction, to bring them in close contact and thus to guide them through some
reaction pathway. The combination of catalyst and reactant(s) dictates the
pathway. The characteristics are important in describing a catalyst. First of all,
its activity that is the rate at which the products are generated. The higher the
activity, the better the catalyst; Secondly, there is the selectivity. In most cases,

a catalyst produces a wide range of products, some of which are useful and



others are not. By selectivity in general we mean the fraction of useful
- products, usually expressed as a percentage. A ' .zh selectivity indicates that

the catalyst produces mainly the desired products.

The concept of catalyst as a method of controlling the rate and
direction of a chemical reaction has capture the imagination of scientists and
technologists. Berzelius, in 1835, GO’QJ‘dmated a number of disparate
observations on chemical transfor_matlons by attributing them to a ‘Catalytic
force” and coined the term eatalysxs to refer to the "decomposition of bodies”
by this force. At al?hé'same mﬁf Mitscherlich introduced the term ‘contact

group/of phenomena. Ideas of what constitutes a catalyst
and the mechanism/;:talync acti have undergone continuous refinement
since, spurred by the/en}mnous mdus{nal importance of catalysts as illustrated

action” for a simil
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catalysts, and an underst_agdmg of Wyms from both the theoretical and

practical point of view is essential to chemists and chemical engineers.
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Theories of Catalytic Reaction

A basi¢c concept is that a catalyzed reaction involves the transitory
adsorption:(almest always-chemisorptien)-of one or:more of the reactants onto
the surface of the catalyst, rearrangement of the bonding, and }desorption of the
products. This leads to three groups of theories of catalysis: (11)



1. The Geometrical Theories

This theories emphasize the importance of the correspondence
between the geometrical configuration of the active atoms at the surface
catalyst and the arrangement of the atoms in the portion of the reacting
molecule that adsorbs on the catalyst, this portion sometimes being called the
index group. In one sense the usefulnés‘s of this approach is limited in that
seldom can one change the geometrical an';ngement of atoms in the catalyst
surface without changing semething else. Studies of reaction rates on different
crystal faces of a metal‘have show_p that the rates indeed may change with
geometry, and it is found that infroduction of defects by cold rolling of a sheet
of metal, by grinding, ox'by radioacti\?'e bombardment may substantially change
the rate of a reaction if/the reacnon {emperanne 1s sufficiently low that the
defects do not rapidly anneal or thaxr }he structure does not assume a more
stable configuration. An aspe;;t of the geomcmcal approach of great usefulness
is the observation that reaction select_}w’ty- may be markedly altered by the
number and arrang€ment of sites required for gg);_ngqging reactions, which leads
to the concepts of the importance of ‘ensembles” or ‘si;eciﬁc grouping of atoms
at the catalyst surface and structure sensitivity as affected by particle size,

alloying, and Othier variables.
2.(FheElectronic Theories

This theories proceed from the fact that chemisorption involves
the distortion or displacement of electron clouds, and they attempt to relate
activity to the electronic properties of the catalyst. This may be in terms of the
electronic structure of the solid as a whole, or in terms of the orbital around
individual atoms. In the charge-transfer theory of catalysis (11) it is posﬁllated
that the reaction rate is controlled by the availability of charge carriers-



electrons or holes-in the catalyst. These are visualized as being nonlocalized,;
1.e., a sea of electrons or holes is available. Chemisorption is then related to the
electronic properties of the catalyst, for example, the ease or difficulty of
removal or donation of an electron to or from the lattice-as predicted by

applying band theory as developed for metals and semiconductors.

This approach, of considerable interest in the 1950s, is now seen
to be too broad and is inadequate or,inapplieable for most cases. More recently
attention has been direeted to the properties of atoms as individual entities and
to the electronic effects gaused by the nearest neighbors in the solid rather than
by the solid as a wholes Tn' many césqs it is difficult to separate geometrical
effects from localized clectronic” effects; the relative importance of the two
probably varies greatly from/case io case.

i F/R
3. Other Theories™ il
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The é_bove two theories represent prilf_iarily a physical approach

in that the catalyst is regarded as essentially a static material having the
property of converting reactant to product. The chemnical approach on the other
hand regards-the, catalyst, as/a chemical intermediatethat forms an unstable,
surface, transitory complex with the reactants. This decomposes into the final
products, returning the catalyst to its initial, state, The; rates-of these processes
and the: structures formed “are “assumed to obey ‘chemical principals. If the
energy of formation of the unstable intermediate is low, the affinity between
catalyst and reactants will be weak and the overall rate is limited by the rate of
formation of the intermediate. If the energy of formation is high, the
intermediate compound will be stable and the rate is limited by the rate of
breakup of this intermediate. .
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This leads to the concept that the maximum rates is obtained
when the bonds between the adsorbed complex and the catalyst surface are
neither too strong nor too weak. This is a useful concept but limited in that the
energetics are generally unknown, more than one intermediate is frequently
involved, and one is more generally concerned with selectivity rather than

activity as such.
Definitions of Catalyst 3

The basic coficept”of a cata.}yst 1s that of a substance that in small
amount causes a large change. ‘More precise definitions of catalysis and of
what constitutes a_eatalyst have gradually evolved as understanding of the
cause of catalytic phenomena has gmwn Even today there is no universal
agreement on definitions, the’ pomt of 1qew varying somewhat depending upon
the investigator ; for example; as betwecn ﬂle fundamental investigator and the
practitioner, and among rescarchers concemed with heterogeneous catalysis,
homogeneous cataly51s _polymerization reactions, zmd enzymes. For purposes
however our defirifion is: A catalyst is a substance fhat increases the rate of

reaction without being appreciably consumed in the process (11).

This basic concept, stemming from the chemical approach to catalysis,
is that.a reaction.involves a-cyclic progess-in.-which a site on, a.catalyst forms a
complex ‘with' reactants, from “with products ' are then desorbed, thereby
restoring the original site. This ieads to the idea that a catalyst is unaltered by
the reaction it catalyzes, but this is misleading. A catalyst may undergo majbr
changes in its structure and composition as part of the mechanism of its -
participation in the. reaction. A pure metal catalyst will frequently change in
surface roughness or crystal structure on use. The ratio of oxygen to metaﬂ ina
metal oxide catalyst will frequently change with temperature and composition



of the contacting fluid. In both cases, however, there is no stoichiometric
relationship between such changes and the overail stoichiometry of The
catalyzed reaction. Many so-called polymerization catalysts or initiators are not
termed catalysts within the above definition. Thus in the use of an organic
peroxide consumed to quantity of monomer reacted is indeed
nonstoichiometric, but the peroxide becomes completely consumed in the
process; hence it cannot be regarded as é‘ﬁue catalyst.
J

A catalyst is defined asa ‘Substance™ the acceleration of a rate by an
energy-transfer procéss is'not regarqed as catalysis by this definition. Excluded
cases include excitatian by !:hem}ql energy (increased temperature), by
bombardment of redctafits by chmgéq_ of high-energy particles, by electric
discharge, or by photoéhenﬁ_cél ii%g(iiate. For example, the reaction of
hydrogen and oxygen is ificreased by irradiation by ultraviolet light and even
more so if a small amount of Idﬁ;rculyl_;‘::ﬁ_gr 18 present and illumination is by a
mercury vapor lamp. Here the ;éactim%: accelerated by energy transfer to the

reacting gases frqﬁj_lmercury atoms, which in turn‘ate activated by irradiation..

As a second exafn"iﬁle, the rate of thermal decomji‘ééition of a vapor at low
pressure is usually increased by the addition of 4 second ‘inert” gas which
furnishes agtivation | energy by rcollisions: | These: vaﬁoﬂs ~methods of
accelerating the rate of a reaction are more clearly understood as aspects of the
mechanisms of homogeneous-gas-phase reactions rather than as catalysis. A
catalyst "cannot ' change “the " ‘ultimate = equilibrium = determined by
thermodynamics; its role is restricted to accelerating the rate of approach to

equilibrium. This point is developed later.
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Categories of Catalysts

Catalysts are known in may varieties, but in principle they can be
classified into two categories (12) : homogeneous and heterogeneous catalysts.
Homogeneous catalysts can be mixed perfectly with the reactants. i.e., up.to
molecular scale. Homogeneous catalysm mamly occurs in the liquid phase. The
reactants and the catalyst are liquids of dlssolved in the liquid phase. All the
enzymes at work in our bedy are,homiogeneous catalysts. In heterogeneous
catalysis, the catalysi;the Tcactants, and the produets are in separate phases and
therefore the mixing'is far from per{ect. The catalyst is usually a solid and the
reactants are liquids op'gases. .The- automotive catalyst is an example of a
heterogeneous catalyst. The reactants' hydrogen, carbon monoxide and nitric
oxides, and the produéts, water carbon d10x1de and nitrogen, are gaseous while
the active catalyst is a combmanon pf, several precious metals supported on

add ol

some (inert) support. i 7]

Industrial Heterggeneous Catalysts

The first hetcrogeneous catalytic process” of industrial significance,
introduced in-about 1875, wtilizedplatinum to oxidize 8O, to SO;, which was
then converted to sulfuric acid by adsorption in an aqueous solution of the acid.
This came to-replace, the lead-chamber,process fqr manufacture of H,SO,, in
which the' same series of reactions were catalyzed by a homogeneous catalyst,
nitrogen oxides, probably via nitrosylsulfuric acid, HNOSO,. In the contact
process platinum in turn was superseded by a catalyst comprising vanadium
oxide and potassium sulfate on a silica carrier, which was less susceptible to
poisoning, and essentially this same composition is used in present-day SO,

reac tors.
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Other inorganic chemical catalytic processes followed, notably the
~ development by Ostwald in about 1903 of the oxidation of ammonia on a
platinum gauze to form nitrogen oxides for conversion to nitric acid and the
synthesis of ammonia from the elements during the period of about 1908 to
1914 by a process developed by Bosch utilizing a catalyst developed by
Mittasch. The industrial synthesis of: mt;thanol from carbon monoxide and
hydrogen appeared in about 1923, and the synthesis of hydrocarbons from
carbon monoxide and hydrogen by the Fischér-Tropsch process in the 1930s.
The catalytic partial oxidatiori 6f methanol to formaldehyde as an industrial
process started in Germany about "11890, that of naphthalene to phthalic
anhydride was commergialized /in thé 1920s, and that of benzene to maleic
anhydride in 1928. The partial _,oi.idafiog of ethylene to ethylene oxide was
commercialized by Union Cafbide in 1987 (11).
P B Ji-:_‘ !

In the processing ‘of --;petroleum;éy:‘fuels the first catalytic process,
catalytic cracking, appeared in éia;ut 193§Ihls first used an acid-treated clay,
then later a Syntheﬁé}!ﬂi%wnajatalysr,md_maérecenﬂy zeolite crystals
incorporated in a siiicﬁla-alumina metrix. Reforming, u’siiig a molybdena/alumina
catalyst to increase the octane number of gasoline by cyclization of paraffins
and dehydrogenation(to aromatics, ‘was-intfodaéed in)the United States and
Germany just prior to World War I1. In the early 1950s this was superseded by
a reforming process, using-a-platinumy/alumina catalyst. Catalytic' Hydrocracking
first came into use in England and Germany prior to World War II;
subsequently it became relatively uhecbnomic, but more recently, with the
advent of new types of catalyst, it has been revived. Hydrodesulfurization and
hydrotreating processes have grown rapidly during the past two decades and

are now of major importance in petroleum processing.
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Classification and Selection of Catalysts

Catalysts effective in practice range from minerals used with little or no
further processing, to simple massive metals, to substances of precise and
complex composition. The latter may have to be carefully prepared under
closely controlled conditions, and the1r effectiveness in use may also require
careful control of the environment in ;th’e"ieaftor. The desired catalytic action
may range from the acceleration of,a simpi; organic reaction which can go in
only one direction toa highly selective organic reaction which may involve
complicated interacti‘dﬁ ) among manii intermediate Species.

In the choosin"g:.. or develop‘ing‘f')f a catalyst the difficulty of the problem
may vary greatly a§ mdwated by a scheme of the order of increasing
complexity, suggested by S. A Rpgmskn,. 1968 (1 1):

f f*
1. Selection among known cataly}ts
(1) F (_jx known reactions i'jrl

v |

. -'JII . L‘J - .
(2) For.reactions analogous to known catalytic reactions

(3) For new reactions

2. Search for new catalysts
(1) Forwell-known catalytic-reactions
(2) For reactions analogous to those well-known A
(3) For reactions of new types, having no analogous among well-

known reactions

Only a few broad generalizations can be offered at this point about

correlations between the nature of a catalyst and the reactions it catalyzes.
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More specific correlations within groups of catalysts or groups of reactions will

be discussed later.

Solids exhibiting catalytic activity process, in general, strong
interatomic fields, such as that involved in ionic or metallic bonding. Organic
covalent compounds in general are nongatalytic. A fundamental requirement is
that the desired catalytic structure be sta"bl‘c\ under reaction conditions ; e.g., a
desired metal must remain metallic and hot be converted to an inactive
compound.

|

The metal that catalyze hydr(;gqnation reactions do so usually because
they adsorb hydrogen with dissociation and the bonding is not too strong.
These are essentially the elements in ér_oﬁp VI (Fe, Co, Ni and the platinum-
group metals) plus possibl}; ,-ooppe;'?i m group 1B. However, hydrogen
adsorption is also affected by unpurltu‘.sdm the metal and by various species
adsorbed on the surface. Thus under a pz;—xngxglar set of circumstances hydrogen
adsorption can be low on pure copper but may be ;Eonsiderably enhanced by
the presence of impurities, e.g., carbonaceous residues. Almost all of these

reactions are of the liomolytic type (those involving ioncharged intermediates).

Some metals also catalyze oxidations by chemisorbing oxygen, but the
base metals,in-general cannot-be used, in the metallic form-since they usually
are converted to the oxide throughout their bulk. Only the platinum-group
metals ( Ru, Rh, Pd, Os, Ir, Pt ) and silver and gold are sufficiently resistant.
Of these, gold has little adsorptivity in general and hence has little catalytic
activity, and within the platinum group osmium and iridium are véry scarce. Of
the others, Pt and Pd are the most important. Note however that the oxide form
of many metallic elements, both base and noble, may be acted for oxidaﬁon

reactions.
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Oxygen is more strongly adsorbed by metals than is hydrogen;
apparently the bonds are generally too strong to be easily rearranged, so higher
temperatures are generally required for oxidations to occurs on metals than for

hydrogenations.

The oxide catalysts may be devided into two groups by structure. If the
structure is ionic and oxygen atoms c¢atibe readily transferred to or from the
lattice, the substance may be a good catalyst for partial oxidation reactions.
The easy movement of oxygen atoms (it is not clear in some cases whether
these are radicals or+"ions) causes the compounds to be generally
nonstoichiometric, and the ratio of ’oiygen to metal may vary significantly with
the composition of the rgacting mixtufe [Examples are the complex molybdates
containing several metals and vanouSJmultlmetalhc oxide compositions. The
second group consists/ of dehydrogenauon catalysts in which the oxygen is
more tightly bound and the ox1de musr- ‘not be reducible to the metal by
hydrogen at the reactlon temperatures Thns the ox1des suitable for partial
oxidation reactlons, are generally not Sullab_e_fQL dehydrogenatmns Some
oxides such as chromla may be regarded as being mtnnswally dual-function in
nature, catalyzing acid-type reactions. Metals as such usually are not suitable
for dehydrogenations because mnder reptesentative teaction conditions they

become rapidly;deactivated by carbonaceous deposits.

A number of solids are acidic (11) and can catalyze a wide variety of
reactions similar to those catalyzed by strong mineral acids. These include
materials in which two or more elements are tightly linked together in the
structure via oxygen atoms, such as in silica-alumina and in various zeolites
(crystalline aluminesilicates and related materials). Solid acids may also be
formed by treating alumina so as to incorporate a hélogen into its structure.
Many salts such as metal sulfates and phosphates exhibit little or no acidity as



prepared in the hydrated form but acquire moderate acid strength after heat
treatment. The development of acidity here is associated with the gradual
removal of water. In the case of acid-catalyzed reactions the strength and
nature of the acidity (Lewis or Bronsted acids or both) are of central

importance rather than the particular elements present as such.

Paraffin isomerization and hydrdcxackmg are examples of reactions
requiring that the catalyst incorporate a meta]llc and an acid function in order
to accelerate each of two diffeient intermediate steps (or groups of steps) in the
overall reaction. \

A number of industri_ally significant reactions are catalyzed by metal
sulfides, but the mechaniéms: 6f .actidn z;re perhaps not as well understood. A
metal sulfide such as mickel sulﬁde 1s Ian “effective catalyst for hydrogenation
reactions, and this is of pafrtxcular unppnance in dealing with feed streams
containing sulfur compounds. These can ,a‘gisprb on other metal catalysts, such

as platinum, thereby making them inactive.

Some catalysts, such as a mixture cobalt and molybdenqm on a support,
actually are more activesm the sulfide form thanjimthe netallic form for at least
some hydrogenations. Metal sulfides such as those of tungsten, of a mixture of
cobalt-and-melybdepum; or of a mixture-of nickel an molybdenum are active
for hydrodesulfurization and hydrodenitrogenation. Some sulfides are probably
significantly acidic, thereby being bifunctional in themselves and capable of
catalyzing both hydrogenation-dehydrogenation reactions and acid-catalyzed

reactions.

Many industrial catalysts are very complex. Promoters and carriers play

an important role, and the trend is towards more precise tailoring of the catalyst
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structure, in which each ingredient and each step in preparation contributes

towards better activity, selectivity, or stability.

Catalytic Activity

The activity of a catalyst refers to the rate at which it causes the reaction
to proceed to chemical equilibrium. Thesrate may be expressed in any of
several ways. The performance of.an industiial reactor is frequently given in
terms of a space-tim€ yield (STY), which is the quantity of product formed per

unit time per unit volumeé of reactor. |

With Mars 4nd /Kiévelen mechanism (13) bearing in mind one can
expect a relation to’exist bc_twcén ’:he metal-oxygen bond strength and the
catalytic activity. Alsb e coordination of the metal ion (tetrahedral and
octahedral), the crystallographic struc@:‘fof the oxide and the acidity of the

oxide, which plays a role in‘ab's'tractioﬁ“-'bﬁH-atoms,r can influence the activity

of a catalyst (14) = 5

Reaction Pathways

Consider a gas-phase reaction which may occur either homogeneously.
The two fiéaction pathways-occur simulfaneously, but in ordér for the catalyzed
reaction to be observed it must occur measurably faster than the homogeneous

reaction. We know inquire into how the catalyst brings this about.

The rate of a single elementary step of a homogeneous reaction is
proportional to a rate constant k that varies with temperature according to the
Arrhenius relationship, k¥ = Ae"E/RT | where E is the activation energy and R is



the gas constant. The preexponential factor 4 is a constant that in collision
theory is identified as a collision number for b .olecular processes and, for
unimolecular processes, as a frequency factor or the probability of reaction of

an activated molecule.

The ability of a catalyst to increase a reaction rate can be ascribed in a
general way to its causing a reduction inthe activation energy of the reaction.
But even for the simplestkind of reaction, the'l single-step conversion of A to B,
the situation is considerably more complicated than this simple statement may
imply. The catalyzed Teaction mvolves three rate processes: adsorption, the
formation and breakup of an actlvated complex, and desorption of products.
Each of these has itsown agtiyation energy. The rate of each is also determined
by the total surface azéa of the 'catalysjt p}esent (or, more precisely, the number
of active sites) and by the concentratlpn on the catalyst surface of various
adsorbed species. The 1dcal1zed homogencpus reaction has a single activation

energy, and its rate is a fung:__tl_qn,lof the g?SrBhgse concentration.

In order fox*‘z;r_eaction to be noticeably catalyzed, the various factors that
determine the overall rate of the heterogeneous reaction must in the entirely of
their interactions.outweigh that of the different group-of-factors that determine
the rate of the homogeneous reaction. Generally the most important effect of
the catalyst. is. to.provide .a. pathway .whereby the activation energy for the
formation of the intermediate surface complex'is considerably less than for the
homogeneous reaction. Because the activation energy appears in the rate
equation as an exponent, a slight change in acti?ation energy has a marked

effect on the rate.

The rate of the catalyzed reaction is proportional to the active surface

area, and the rate of a homogeneous reaction is proportional to the volume of



fluid. Hence the maximum ratio of the catalyzed rate to the homogeneous rate
occurs with the use of high-area (porous) catalyst pellets packed in a reactor.
Catalyst such as those frequently utilized in practice have areas of the order of
100 m2/g or more. Arguments based on the absolute theory of reaction rates
show that, although it is not usually observed, it is entirely possible for the
observed rate of a catalyzed reaction to proceed faster than the corresponding
homogeneous reaction even when the éétivation energy for the rate-limiting

step on the catalyst is no léss than that for the homogeneous reaction (15).

The changes”in energy assolqiated with the different steps in a simple
exothermic reaction can be depictéd-as shown in Figure 2.1. Ep,p, is the
activation energy for the homogemeous reaction, E,; for adsorption of
reactants onto the catalyst, Ecat for theafonnatlon of the activated complex, and
E 4. for the desorptionof products }‘34}‘ 1s the heat of adsorption of reactants,
taken to be exothermic, and’ Ades 15 the hea{‘ of desorption of products, taken to

be endothermic. The overall energy chaﬂge upon reactlon 1s AH and is, of

course, the same fox:xh&tw&pathways—
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Figure 2.1 Energy changes associated with individual steps of a reaction



From experimental rate data, an ‘apparent activation energy”’ can be
calculated from the slope of an Arrhenius plot of the log of an observed rate
constant as a function of the reciprocal of the absolute temperature. To proceed
from this to calculation of the activation energy of a surface process in the
general case requires a knowledge or assumption of the mechanism of the
surface reaction, identification of 'the rate controlling step, and heats of
adsorption and desorption. This treatmént also shows that there is no reason
why a straight-line relationship between log #and 1/ should be expected to be
encountered over a substantial range of temperature. It will usually be found
that the apparent or €ffective activati?n energy for a catalyzed reaction is less
than that for the Same’ réaction preceeding homogeneously, both being
determined from the'slope/ of aii A.rrhemus plot. It is to be emphasized,
however, that there is‘no ﬁmdamentaf geasop why this should always be the
case. Nevertheless, a eonsequence of ,thls common behavior is that with
increased temperature a point will usually b@ reached beyond which the rate of
a catalyzed reaction w1ll be exceeded byﬁ:e > rate of the homogeneous reaction.

With some :eudothermic reactions high temije_fauues ‘are required in
order for a substantial' amount of the product to be present at equilibrium, and
it may be found: that these temperatures-are;so high"that no significant increase
in rate is achieved by any catalyst. An example is the dehydrogenation of
ethane to form ethvlene and-hydrogen; in'which a temperaturs of about 725 °C
is required for 50 percent conversion to equilibrium at atmospheric pressure.
Little increase in rate is obtained with a heterogeneous catalyst, For conversion
of a higher paraffin such as butene, however, a specified degree of conversion
to equilibrium can be obtained at considerably lower temperatures than with
ethane, and a substantial increase in rate is observed with use of a catalyst such

as chromia-alumina.
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Catalytic Oxidation

Partial oxidation processes using air or oxygen are used to manufacture
a variety of chemicals, and complete catalytic oxidation is a practicable method
for elimination of organic pollutants in gaseous streams. In the manufacture of
organic chemicals, oxygen may be incorporated into the final product, as in the
oxidation of propylene to acrolein ot é-tl:ylene to phthalic anhydride; or the
reaction may be an oxidative dehydrogenation in which the oxygen does not
appear in the desired product; as in the conversion of butylene to butadiene.
The desired reaction mdy Or fay not involve C-C bond scission. Closely
related are ammoxidation feactions k(also termed oxidative ammonolysis ) in
which a mixture of air and ammoma 1s reacted catalytically with an organic
compound to form/a mtnle as m the ammoxidation of propylene to
acrylonitrile. With the advent of more actlve and selective catalysts, direct
oxidation processes have gradually replﬁgd earlier processes that utilized such
oxidizing agents as nitrogen dioxide, ch;qmm acid, and hypochlorous acid.

Catalytic oxidation processes for manufacture of organic chemicals have

several features in common.

(1) They are highly exothermic. Heat- and mass-transfer effects
may be, very important; so-multitude heat-exchangeireactors on|fluidized beds
are usually used. An important element of reactor design is to prevent catalyst

deactivation by excessive temperature or runaway reaction.

(2) Certain composition regions méy be explosive. The ratio of
organic compound to air (or oxygen) in the feed stream may be selected in
large part to avoid these regions. For the same reason, air may be introduced at

multiple points. Operation may be either ‘fuel-rich” or ‘fuel-lean”



(3) The desired product must be sufficiently stable relative to the
reactant under reaction conditions that it can be removed from product gases in
an economic yield, usually involving rapid quenching, before it decomposes or
undergoes further reaction. Most of the compounds currently made industrially
have ring structures that are highly stable, for example, phthalic anhydride,
maleic anhydride, and ethylene oxide'; or a conjugated structure which imparts
stability, such as C=C-C=C, C=C-C=N:‘ and C=C-C=0. In contrast, although
there have been many attempts, to develop a process for the direct
heterogeneous oxidation 0L.méihane to formaldehyde, no economic method has
been invented sinc€ the product 1% so much less stable than the reactant.
Sometimes relatively good selectivity to a desired product can be achieved at
low percent conversions: Iny "'that case Ihe product 1s typically removed from the
reactor exit gas and the rmnammg stream sent to a second reactor. Alternately
the stream may be recyeled, perhaps aftqr punﬁcatlon, to the reactor inlet.

% 7

Effective catalysts for oxidation reactions fall into three categories.

(1) Transition metal oxides in which oxygen is readily transferred
to and from the structure. Most but not 2ll of the industrial catalysts of this type
are mixed oxides containing) twoor 4nore | cationss and the compounds are
nonstoichiomefric. Examples are an iron molybdate catalyst for oxidizing
methanol ;to formaldehyde;- bismuth molybdates for oxidizing propylene to
acrolein.or ammoxidation are propylene to acrylonitrile, and catalysts based on
vanadium oxide for converting benzene to maleic anhydride and naphthalene or
o-xylene to phthalic anhydride.

(2) Metals onto which oxygen chemisorbed. Ex_ampleé are
ethylene to ethylene oxide on a supported silver catalyst, ammonia oxidation to

nitric oxide on platinum gauze, and methanol to formaldehyde on bulk silver.
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(3) Metal oxides in which the active species is chemisorbed
oxygen, as molecules or atoms. These may also provide a significant additional
mechanism under some conditions with metal oxide catalysts that also contain

interstitial oxygen as an active species.

Practical oxide catalysts may ;be much more difficult to characterize
than other types of catalysts. In the case'of a supported oxide catalyst, methods
for determining active area in contrast o tot;l area, analogous to the use of
selective chemisorptionfor.supported metal “catalysts or base titration to
estimate the number” of acid sites'-1 on an acidic catalyst, are much more
rudimentary. Knozinger (L6)/ has recently reviewed in detail methods of
specific adsorption th“at may be smtal{le Many of the oxide catalysts may be
more or less amorphous, and even when an X-ray pattern can be observed, the
contribution of the crystalline phase to total catalytic properties may be far

from clear. Some useful catalyst compos:ﬁvns may contain as many as four or

five metal elements, each of _yhl_ch mugi}fl_z%pjesent for optimum performance,

but their role remgigs obscure. Defects in a crystal ,_{tructure appear to play a

role, but the extent to which they exit under reaction conditions is speculative.

In a few gases, at reaction temperatures the catalyst appears to be a
liquid held in'the ‘pores of a support rather than a solid. This is the case under
at least. some_reaction conditions for the-yanadium oxide-potassium sulfate
catalyst used for oxidation ‘of sulfur dioxide ‘to sulfur trioxide, and also for

some metal chloride catalysts used in oxychlorination.

Several general conclusions about the use of the this heterogeneous

catalytic oxidation of volatile organic compounds are:



(1) Applications of catalytic oxidation for volatile organic
~ compounds control have primarily involved dire« uansfer of technology from
related applications, such as the use of an automotive catalyst downstream of a

burner. Little has been done to develop catalyst specifically for this need.

(2) The use of catalytic oxidation as a volatile organic
compounds control technique is more widéspread in Europe than in the United
States, perhaps because of higher energy costs and more stringent
environmental regulations.

|
(3) Very little has. been reported on the systematic scientific

study of volatile organic compounds xplxtures Reported work (17) tends to be
either well characterized research om pure components in air or anecdotal
studies of ‘real” streams where only grqs$ performance 1s reported.
1 --‘_ £7
(4) Both metal omdes and' ‘supported noble metals are active for

many deep ox1dat1<ms The mechanism of deep- catalyﬂc oxidation involves

both lattice and sulface oxygen for metal oxides and probably reduced metal

sites for supported noble metals.

(®) Modeling of the catalytic oxidation of volatile organic
compounds-interest may-be-complex; espeecially for mixtures, because of both
surface kinetic' and mass transfer effects that can vary with experimental
conditions. These effects may result in inhibition or enhancement of the

oxidation of a given compound.

Heterogeneous catalytic oxidation is a well studied and industrially
useful process. Industrial catalytic oxidation of vapors and gases is a very
broad field and is deal: with in several texts and review articles (11, 18, 19, 20,
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21). Catalytic oxidation, both partial and complete, is an important process for
such reactions as the partial oxidation of ethene and propene, ammoxidation of
propene to acrylonitrile, maleic and hydride production, production of sulfuric
acid, and oxidation of hydrocarbons in automotive exhaust catalysts. By far,
the majority of oxidation catalysts and catalytic oxidation processes have been
developed for these industrially /important partially oxidized products.
However, there are important diffefengég-«bgtween the commercial processes
and the complete catalytic oxidation of volzitile organic compounds (VOCs) at
trace concentrations*ifi_air, For instance, in partial oxidation, complete
oxidation to CO, and Ph@ i an unqesirable reaction occurring in parallel or in
series to the on€ of interest: Other differences include the reactant
concentration and t€mperature, the ‘,gy});e of catalyst used, and the chemical
nature of the oxidizable Qbmi)dunii. ,
§ i Sl

General Mechanism of Catalytic Oxidation

A general -@ﬂ}’(ﬁ'th—tﬂnmmimuf_tﬁ;i{ heterogeneous catalytic
oxidation of low ;ﬁ{bleculm_weight vapors at trace'-'ic_i)ncentrations i air does
not exist. However, as with many catalytic reactions. certain observations have
been consisteritly made-that have; led-to) gefieral hypétheses about how the

reaction takesgplace.

The mechanism of complete catalytic oxidation depends on the type of
catalyst used. Basically two types of conventional catalysts are used for
oxidation reductions: metal oxides and noble metals (supported- or

unsupported).



1. Metal Oxides

Metal oxide catalysts are defined here in as oxides of occurring
in groups III-B through II-B of periodic table. These oxides are characterized
by high electron mobility and positive oxidation states. These catalysts are
generally less active than are supported noble metals, but they are somewhat
more resistant to poisoning. This poisgﬁ"’fregjstmce may be due to the high
active surface area of metal oxides _Jcompar;d to supported noble metals. The
literature on catalytic-oxidationnover metal oxides is more extensive than is that
on noble metals. A" vamety of sixigle and mixed metal oxides have been
evaluated for compléte gxidation of frace levels of volatile organic compounds

in oxidizing gas streams,

5, g

As oxidation cé@i}'sts, tl}refe oxide are further classified in the
literature. Golodets has divided them by the stability of the oxide (22). Those
forming the most stable oxides ;(AH°293?:‘5.-'&5_kcal/g-mole 0) are the alkali and
alkali earth metals @MS_Q,LMM;FMC earth metals ; and
the actinides , Ge:; In, Sn, Zn, Al. Those oxides Sth intermediate stability
(AH,95 = 40-65 kcal/g-atom 0) include Fe, Co, Ni, Cd, Sb, Pb. Oxides that are
unstable (AH%g3"</40 kcal/g‘atom ‘0) are ‘the moble metals Ru, Rh, Pd, Pt, Ir,
Au, as well as/Ag. The usefulness of this criterion for classifying oxidation
catalysts is that Presumably the |mietdls’ that”do| fiof’ form itable bulk oxides
remain as reduced metals during oxidation reactions at moderate temperatures.
This suggests that the mechanism of oxidation, even when these metals are
supported on refractory oxides such as SiO, or AlOs;, may involve only

molecular O in the incoming gas stream.
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By contrast, the lattice oxygen of some metals forming stable or
intermediately stable oxides is known to be involved in the oxidation of
hydrocarbons and other reactants in O, - containing gas streams. This has been
demonstrated over numerous metal oxides by using O, in the gas stream and

measuring the O'® and O'® content of the oxidized products.

Another consequence of tﬁc’ "_,olqssiﬁcation of oxide catalysts by
oxide stability is that there are somg,optimﬁﬁ;level of metal oxygen interaction
in an oxide catalyst.~Fhis is-because ‘the catalytic activity (of a metal oxide
catalyst) is inverse?a(éd to, the 'i\ftrength of chemisorption of (the volatile
organic compound and exygen). prov1ded that adsorption is sufficiently strong
for (the volatile orgélz compound‘and oxygen) to achieve a high surface
coverage”. This statc.lhel;ft suggests e qualitative behavior shown in Figure
2.2, often known as af\rolcan plot {f the chemisorption is too strong, the
catalyst will be quickly dEactwated as acﬁw sites are 1rreversibly covered (this
is one definition of p01sqn_1_x_1g):-:- If chgmx&o;phon i1s too weak, only a small
fraction of the su(fg‘;_:e is covered and the catalytic ax:fmty is very low.

Adsorption : Adsarption
~<~——+Tog Weak —j=—— Too/Strong ~—»

— s s s o o s )

Catalytic Activity

Parameter Measuring Strength
of Adsorption

Figure 2.2 Catalytic activity as a function of adsbrption strength (19)

I1%$2010%



It 1s interesting to examine the quantities used for the abscissa of
Figure 2.2. Bond suggests using the initial heat of :xdsorption (22). Satterfield
(11), discussing metal oxide catalysts more specifically, suggests using the heat
of reaction, Qq, for reoxidation of the catalyst. Balandin specified that the
maximum volatile organic compound oxidation rate would occur when Qq~
Q1/2 where Q1 is the overall heat,of reaction for conversion of volatile organic
compound to products ( e.g., VOC, O, GO and H,0) (23, 24).

2

Metal oxidé catalysts can be generally divided into three groups
insofar catalytic oxidation reactilons are concerned. These are n-type
semiconductors, p<type senﬁcqndue}qrs, and insulators. The basic for this
classification is eleCtrigal cox}ducti\fity (which 1s related to their catalytic

. £y
properties).

; F
add Sl
In n-type metal oxades, electrical conductivity arises by means of
quasi-free electrons that exist because ‘:‘Ef-qgn_‘excess of electrons present in the

lattice. N-type metal oxides are generally not :éic.tive oxidation catalysts,

although vanadiu pentoxide (V20s5) is a notab“l'é"exception. P-type metal
oxides are electron-deficient in the lattice and coniduct electrons by means of
positive "holes}. ; These, oxides care-generally~active dxidaﬁon catalysts.
Insulators haye very low electrical conductivities because of the strictly
stoichiometric, metal-oxygen ratio, in, the, lattice, and ~verv. low electron (or
‘positive hole”) ‘mobility and ‘are” generally not active catalysts. However,

insulators are often used as catalyst supports.

One direct result of the different electrical and chemical
properties of n- and p-type oxides is that n-type oxides lose oxygen upon
heating in air whereas p-type oxides gain oxygen. Fierro and de la Banda (25)

discuss the desorption of oxygen from various classes of metal oxides more
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quantitatively, showing that the less stable the metal oxide is (as measured by
the heat of formation per oxygen atom), the more easily the surface is reduced
to form oxygen adsorption sites. This is important because the difference in
their catalytic properties is a direct result of their respective interaction with
oxygen at reaction conditions. Oxygen adsorption occurs far more readily on p-
type oxides because electrons can be easily removed from the metal cations to
form active species such as O, wherea&’ @,such mechanism is available on an
n-type oxide. On n-type oxides, oxygen adsmfftlon occurs only on pre-reduced
surfaces, i.e., replacing'0Xide fons removed in areducing pretreatment.

)
As t le) .i-»"considqr the mechanism of CO oxidation as

described by Bonds On' p ,_fe bxris such as NiO, adsorbed O. which is
adsorbed CO via :

formed upon O, adsorpti eacts wi

.-’)' T #

o .‘.i' g ‘1_1;"‘
O3 ANI >4+ 20°

=) fQO(g) ":‘?I_.Cg(nds)

£

¥ Ni?
y

= COuaite GO, —

On n+fypé oxides such a8 Zn0, €O 6xidation ‘o¢curs via lattice 0> °

COM 07| 25 0O24/ 28
€O " = CO0"

followed by oxide regeneration :

2e-+7Zn"? —» Zn°

Zn® + 0, - 27Zn*? + 20?
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The difference between these mechanisms for the two types of
oxides, p-type oxides involving adsorbed O~ and .ype oxides involving lattice
07, leads to profoundly different activity for deep oxidation reactions. Because
adsorbed oxygen species are more relative than are lattice oxide ions, p-type

oxides are generally more active, especially for deep oxidation.

The oxidation of CO /over metal oxides demonstrates the
differences in these oxide catalysts as opposed to noble metals. First, over
noble metals, CO 4518 N0t thought to be active in the catalytic reaction (the
mechanism is Eley=Ridgal, ¢/, involving abreaction between adsorbed oxygen
and gas phase CO): §e_cdnd, and pa;?Ely as a consequence of this, the formation
of an adsorbed carbonate i.ntcl_media‘lfe does not occur over noble metals (22)
but has been shown {0 be presént at l‘éast on NiO at some conditions (18). This
adsorbed carbonate inﬁennedi:at:ég in aj,??%léi.ted study on formaldehyde oxidation
on NiQO, is shown to be augoc‘:-izalytic;{i‘.;d_wg, the presence of CO; in the feed to
the catalyst increases the rggctipn rate@#fqmﬁng carbonate sites that oxidize
formaldehyde directly (26).

- As shown by Golodets (19), the formation of the carbbnate
intermediate-also may be interpreted in terms of-the~more conventional redox
or Mars and yan Krevelen cycle (27), which explicitly involves the oxidation
and reduction.of-the.metal-oxide (11); The Mars and van Krevelen mechanism
of catalytic oxidations over metal oxides is a redox thechanism involving both
gas phase and lattice oxygen :

Me-O + R — RO + Me
2Me + O — 2Me-O

where Me is a metal cation and R is a hydrocarbon reactant.
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The activity of the catalyst for deep oxidation may depend on the
type of oxygen involved in the reaction. The various types of oxygen present
on the surface of metal oxide catalysts have been the subject of much study.
The existence of O,., atomic O and of the regular O ions in the oxide lattice
is beyond doubt (28, 29). Low-temperature ESR studies have shown that the
interaction of gaseous diatomic oxygen with an oxide surface proceeds through
the following steps :

J

Odlg) Heo — O3

Oy fr & =20

Olaed > 07
Where O is directly mcorporatcd mtc the oxide lattice (in the Mars and van
Krevelen mechanism aboye). For comp}ete oxidation of trace contaminants at
the conditions (17), the'extent o which lattice oxygen (O %) and chemisorbed
oxygen (O,” O participate-in the mech;afr-lisirl-is not qlear. This is in contrast to
industrial partial deauon_rcacuons_whemsclecﬁjve oxidation is dependent
only on lattice o@gen (30). Although complete oXi:iation to CO, is possible
when no oxygen is ﬁresent in the gas stream, the consensus seems to be that
both chemisorbed and ‘lattice ©xygen can partiCipate ‘m complete oxidation,

although lattiéé oxygen certainly accounts for selective oxidation (25).

Additional views on complete oxidation as compared to selective
oxidation center primarily on oxygen mobility which results from so-called
‘weak” metal-oxygen bonds. Weak metal-oxygen bonds, i.e., low energies of
oxygen binding to the oxides surface, are necessary for catalysts that
completely oxidize reactants. Haber postulates that ‘Surface adsorbed” oxygen

may generally lead to complete oxidation, whereas lattice oxygen is needed for
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partially oxidized products. Presumably. this surface-adsorbed oxygen is more
mobile than is lattice oxygen. Though in principle either O,. or O° may
promote complete oxidation, O may be the more reactive (i.e., ‘mobile”)
because it is known to oxidize CO and H, even at -196 °C(28). Oxidation on n-
type oxides is thought to involve lattice oxygen, while on p-type oxides the
reaction involves an adsorbed oxygen. Haber’s postulate suggests that p-type
oxides are active for complete oxidation, butat least some n-type oxides can be

used for partial oxidation: This is generally-true.

Finally;” Sattcifield ql) states that ‘highly mobile” oxygen
should result in a highlyaciive, nonsgh;ctive catalyst. Germain in fact says that
for simple metal oxiﬁes therc_l is a',[ﬂigect, but limited, correlation between
activity and oxygen mobility. S'atterﬁéldp also points out, however, that oxygen
mobility as a sole critérion for catalys,t actmty and selectivity is somewhat
limited. For instance, this cqncept does nm account for the effect of partially

—

oxidized intermediate adsorpuon on selgcmﬂty in senes-type reactions nor for

the effects of nuxedl oxide composition and catalyst ﬁurface defects on catalytic

reactivity, especlally in partial oxidation reactions.

Mixedmetals, oxidesare=used quite, often” in industrial partial
oxidation reactions, examples béing Bi,O;-MnOs for the oxidation of propene
to acrolein.and V205-M003 for oxidation of benzene-to~maleic anhydride.
Some mixed oxides also are’ quite active deep oxidation catalysts, a good
example being MnO,-CuO. The difficulties in understanding mixed oxides are
of course more formidable than they are for single metal oxides. It is a well-
established empirical fact that mixed oxides behave quite differently than as
individual oxides in most catalytic reactions. This situation is further
complicated by the often dramatic effect of ‘promoters™, such as alkali métal
oxides that are added to the catalyst intentionally.
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The mechanism of catalytic oxidation on mixed metal oxides is
thought to be similar, at least in principle, to that on single metal oxides. The
interesting aspect of these mixed oxides is their generally higher activity
compared to the single oxide components. This is thought to be due to the
readily available multiple energy levels of the metals and their associated
oxygen anions, which makes available to the organic reactant more accessible
active oxygen anions. This also may resule‘in higher surface mobility of oxygen

and /or the activated complex as well as elSeiron transport through the lattice,

Although many attem'pits to examine the mechanism of catalytic
oxidation have been Teporigd, th§ eXac;t mechanism even for intensely studied
reactions such as CO’omdauon 1s~not=-wmplete1y understood. However, certain
general statements abﬁut p-type omdd‘g and V205 deep oxidation catalysts can

be made :

1) High activity c?Tgljsts are generally metal oxides in

which the metal. Lan assume more than one V,alcnce state, are p-type

semiconductors, anﬂ produce highly mobile chemlsorbed surface oxygen (a
consequence of this-last characteristic is an intermediate heat of adsorption of

O3 that produces, the familiar <Velcano”plot).

2) Mixed. metal  oxides- often, have -linique properties
relative to the individual 'oxide Constituents, primarily in'terms-of activity and
stability (22).

3) Lattice oxygen, as well as gas phase oxygen, -
participates in the catalytic oxidation process. Various attempts to explain
exactly how the process occurs usually include a redox cycle at the oxide

surface with anionic oxygen from the surface (either chemisorbed or lattice



oxygen) reacting with a chemisorbed or gas phase organic reactant. Whether
the reactant is oxidized directly in the gas phase by an adsorbed oxygen specie
(a so-called Eley-Rideal mechanism) or adsoebed and then reacts (a Langmuir-
Hinschelwood mechanism) is especially important in considering mixture
effects because the selectivity for a given reactant in a mixture would
presumably be different if it must be adsorbed prior to being oxidized. Such
mixture effects are difficult to study af the oxide surface, and little is reported.
2

4)Vanieus attempts have been made to relate the activity
of metal oxides for Catalytic oxidatiPn with various thermodynamic properties
that would seem to be imporiant, knowing that in a continuous system oxygen
must adsorb from thé gas phase and in interact with the metal oxide lattice. Such
correlations include gomparison of catalytlc activity with heat of formation of
the oxide from elemental metal (perr joxygen atom usually), initial heat of
chemisorption of oxygen’onfcvaporated, m_q;tal films, heat of dissociation of the
first ‘oxygen atom from the oxide, gra;l;;gf__oxygen per gram of metal oxide,

and others. One of the most widely used compaﬁsoi_isﬂwis that of activity versus

the heat of reactiofi for reoxidation of the catalyst. Such a plot has a maximum
(see Figure 2.2), suggesting that if oxygen is chemisorbed either too weakly or
too strongly,-the) activity-is)not asigreat as ifor|some interrﬁediate strength of
chemisorption, that might correspond to activated yet mobile surface oxygen

species.(probably-anionic).

5) The most active single metal oxide catalysts for
complete oxidation for a variety of oxidation reactions, as calculated from the
above techniques and confirmed by experiment, are usually found to be oxides
of V, Cr, Mn, Fe, Co, Ni, Cu. The méchanism of oxidation on these p?type
oxide catalysts is generally thought to involve strong adsorption of the organic

compound at an ionic oxygen site in the oxide lattice leading to the formation



of an activated complex. This complex can then react further to yield products
to complete combustion. Some authors have suggested that a degree of oxygen
mobility on the surface is necessary for such a mechanism, with the successive
desorption of complete oxidation products CO, and H,O and movement of the
remaining activated complex fragment to a nearby available oxygen anion for

further reaction.

6) Metal oxides gentially have somewhat lower activity
than do noble metal catalyst, but they have greater resistance to certain poisons
(especially halogensyAs, Pb,and P).“u,l

-

2. Noble Metals 7

." <

Noble megtals are defmed herem as Pt, Pd, Ag, and Au. These
noble metals are frequently alloyed w1th ﬁ'a;, closely related metals Ru, Rh, Os,
and Ir, and they are usually supported op;an oxide support such as y-Al,O; or
Si0,. Although in _prmc1ple any of these metals may be used as oxidation

catalysts, in most pracucal systems only Pt, Pd, and a few alloys are used
because the generally high temperatures employed for most oxidation catalyst
applications (e.g;,  catalytic, incineration,; automotive, exhaust catalysts) can
cause sintering; volatility loss, and irreversiblé oxidation of the other metals.
Limited supply, and the resulting high cost.of these other-metals, also minimizes
their us¢. ‘As a'result, most reported research deals ‘with supported Pt and Pd
(and alloys of these with other lﬁetals).

In general, much less research has been reported on catalytic -
oxidation at conditions of interest herein on noble metals than has been

reported on metals oxides, especially research dealing with the mechanism of



complete oxidation. Although supported noble metal oxidation catalysts
(apparently based on formulations developed for autumotive applications) have
been widely applied for control of exhaust from various industrial processes,
most reported information deals primarily with overall performance, not the

mechanism of oxidation.

One reaction over noble mmetals that has been extensively studied
is the oxidation of CO: Although ,is not within the scope of this review to
examine the vast literature dealing with this reaetion, others who have done so
have reached several gen€ral conchi?ions of interest : (31)

1)A change m‘f’eacuoq order in CO from positive at low
CO concentrations t@ negatlve at h1th CO concentrations and multiple steady
states have been both predlcted_'jclmd obigwed.

2) Seyeral' : surfac?—}s_pscies of adsorbed CO have been
observed during 0x1dat10n on Pt/Al,O;. Barshad: et al. conclude that CO

adsorbed on oxidized Pt was not taking part in Tfle reaction, but that CO
adsorbed on a Pt atom sharing an adsorbed oxygén with a neighbor accounts

for their results 32):

3)-Apparently, /O, nadsorbed-ontoadjacent Pt atoms, and
CO diffuses along the surface to the active O-Containing sites. O, adsorption '

have been postulated as being rate-determining in at least some cases (32).

Despite the extensive research on this specific reaction, it is
unclear whether these results can be directly extended to oxidation of other
organic compounds. However, it is interesting that, at moderate CO

concentrations (10vol%CO in 15%0> / 75%N3) and low temperatures (150 °C,
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the rate-determining step is O, adsorption adjacent Pt sites (32). Above 230 °C,
Langmuir postulated that the mechanism of CO oxidation over Pt changed to a
reaction between adsorbed O, and gaseous CO (an Eley-Rideal mechanism)
(33). Further, in a large excess of Op, above 350 to 400 °C. Sklyarov et al. and
Tretyakov et al. (20) show that on pure Pt metal the rate law is first order in
CO and zero order in O,. The labove observations suggest that, as the
temperature is increased, the surfagc cencentration of adsorbed oxygen

increases while that of CO decreases.

The noblesmetals Pt %nd An are said to function in the reduced
state at all conditions. Thisimay be true for Pd as well, at least at relatively low
temperatures. At temperatllres abovp about 450 °C, prolonged exposure of
supported Pd to oxygen fias been observed fo cause structural changes in the Pd
metal that result in a loss of C?.F{lflytlc ?ﬁg"lty in the oxidation of methane (34).
In this same study, suppoxted' Pt did not iiifdergo detrimental structural changes
at these temperatures Noble metals geqergly form qulte unstable oxides (e.g.,

AH’y4 for Alle} —Mmﬂmr in catalytic oxidation of

n-heptane on Pt/y-A1703 at 178 °C has been linked to the presence of relatively
active reduced metallic Pt sites and relatively mactlve oxidized [PtIV] (35),
suggesting that‘even| at) moderate |témperatures, thefe may be a complex
interaction between the Pt and oxygen that affects the hydrocarbon conversion.
One -resalt’ of /this? interaction) is | the “observation| that ithete is a direct
relationship between the oxygen adsorption capacity for Pd and Pt, on a variety
of oxide supports, and the catalytic oxidation activity, at least for methane.
Thus, the mechanism for oxidation on noble metals may be different from that
on metal oxides. Literature on the complete oxidation of organic compounds

over noble metals or supported nbble metals shows that:
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1) Noble metals may foilow either a Langmuir-
Hinshelwood type of mechanism (reaction bet .en adsorbed oxygen and an
adsorbed reactant) or an Eley-Rideal mechanism (reaction between adsorbed
oxygen and a gas phase reactant molecule). In the case of nucleophilic organic
reactants (e.g., CO or alkenes), both the oxygen and reactant are adsorbed an

react on the surface.

2) On Ag, oxygen cherﬁisorption is relatively strong, with
a transfer of electrons™t0_the oxygen taking place. On Pd, however, oxygen
adsorption is relative'"fy;fwéék. Thas }irnplies that the reaction mechanism on Ag
involves a redox mebhanism sumilar to that for metal oxides. On Pd, however,
anionic surface oxygen sp6c1es do n@t exist and the mechanism may proceed
through direct electmn transfer- bethen the reactant and oxygen, with the
metal surface prov1dmg an energy—mo,d}fymg function. On Pt, Volter et al. (35)
show that oxidation oeCurs: faster n- a;n than in pure oxygen due to the
formation of a relahvely mactxve oxith" [PtIV] spemes in highly oxidizing

environments. - 'y

-

. /
S

“3) Pt and Pd have a high activity for total oxidation of C,-
Cs alkenes. AS a)general Tule) these nobletmetals have)aigher activity than do
metal oxidesfor complete oxidation of alkenes on these metals has not been

well studied.

4) The general mechanism of oxidation over noble metals

is thought to involve the dissociate adsorption of oxygen :

fast
02+[1+[02] > 2[O]

where [ ] represents a "surface site".
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This step i1s then followed by direct reaction of the gaseous
organic reactant with [O] or the reactant may be weakly adsorbed first. Both
Golodets (25) and Germain (36) have proposed that oxidation often occurs by a

parallel-series mechanism :

C92 + H»y0

1/ T 3
R4 [OISRO
2

Adsorption of CO'on Metals

e

Carbon monomde is'a molecule with an extremely strong C-O bond
(1.06 Mj/mol dlssocmﬁon energy) and only due to the fact that it possesses
‘reactive” orbitals (5o, 27*) by wmch th@n very easily interact with metals
and ions, the CO-chemlsu:y effers suqb& ‘variety of reactions. Among them
also the CO bond b Mw&m&e affinity of many metals
to oxygen and caﬂ)on 1s high enough to make the breakmg of the CO bond

energetically possible.

Carbon monoxide has a dipole with a negative end on carbon. The
existence; cofthe, almost=nen-bonding So-orbital® and ©f @lectron-electron
interaction is responsible for the dipole orientation and size. With transition
metals, CO interacts with C-oriented to the metal and O away from it.
According to all available information, the orientation of the molecularly bond
CO 1is always perpendicular to the surface, within. a- small angle. This
orientation is-actually against the intuitive expectation-preserved also when CO
i1s adsorbed on/or in the neighborhood of ‘Steps” on the metal surface or next to

an atom of another metal, as e.g. alkali atom.
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When CO has to undergo a dissociation on a metal (a pure or promoted
one) it is very likely that CO must tilt (an activated movement) and bring O in
contact with the surface. However, there are only very few pieces of
information on the - possibly - horizontal laying CO. This is a very elusive

hard to detect transient state.

Adsorption of CO on a zero véléhi-metal 1s accompanied by a decrease
of the C-O bond strength. A delocalization or partial removal of 5o electrons
increases slightly the CO-bond strength but this effect is overweight by the
effect of acceptance of eléctrons ihto the 2n*(antibonding ) CO orbitals, by
which step the COHbﬂ’I’ld is weakened. The mteraction of CO with a metal
manifests itself by changes in, the v(hCO) frequency (wave number). Resulting
shift Av=v(CO, free)—v(CO,ads) is bmlt up from several contributions which
has been roughly estimated for the smgle -coordinated CO on a metal like Pt as
follows: an effect of mechatucal bondgg"t‘o a heavy body: +30 cm™'; adsorbed
dipole-image dxpole interaction: -50 em effect of chemical binding usually
described as dueCtD&&d—baek—delm&eﬂ—ef—eiee&ens— :60 cm’'; mutual interaction
of adsorbed CO molecule about +30 cm™; all w1th regard tov=2143 cm’, of
the free CO. g :

The dynamic dipoles of the adsorbed CO molecules interact with each
other jafid this- is “the| main) ¢component ‘of ‘the 'COCQ 'interaction. This
interaction leads to an increase in v(CO) with ®(CO). when a >C'*0 dipole
layer is diluted by dipoles vibrating at a different frequency (e.g., those of >CO
or, C'*0) the interactions are suppressed, since they are strongest at the
resonance frequency. Also alloying causes such dilution effect if CO adsorbed
on individual alloy components differs significantly in v(CO) or when one

component does not adsorb CO at certain conditions at all.
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Carbon monoxide adsorbed on metals and alloys can be visualized as
bound to certain ‘Sites”. Sites consist of one or 1.0re contiguous metal atoms
(ensemble of atoms). One can distinguish in the IR spectra regions of v(CO)
which can be ascribe to certain ensembles, i.e. to certain coordinations of the

adsorbed CO :

single coordinated (linear, terminal) 2000-2130 cm-1
double coordinated (bridged) J 1880-2000 cm-1
triple (tripodic), multiply eoordinated 1700-1900 cm-1

|

Carbon monoiide molecules l;rteract with each other and therefore also
at very low coverages they form layers of ordered structures observable by
surface crystallography (LEED) or' they form ordered patches clusters.
Crystallographic mformauon tggethefj w1th the IR spectra allowed a very
detailed and well supported- ass1gnment ’The CO-CO interactions cause that
CO prefers different sites at-different sm“fﬁcc coverages ®(CO). This has even
lead to temporaly 'douth—about—th%m{e—ehameterof CO adsorption but the

present generally accepted view is as described.

There has beéen a \discussion whethier CO molécules can interact with
each other thtough-the-metal. In principle, a through-the-metal interaction of
covalently adsoried‘species daes ‘exist but éstimatés of lits strength show that
this interaction is only of the size of the physical adsorption forces. Blyholder
(37)and many authors after him, speculated on ‘competition” effects : CO
molecules compete for the metal d-electrons and this competition suppresses
the extent of back donation from d into the 2n* -orbitals. However, it appeared
that with some surfaces the v(6=1)-v(8=0) difference is exactly equal to that
identifiable as a result of the CO-CO dynamic dipole interactions. However,
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with some other surfaces the CO-CO interactions leads to the shifts in the
position of CO adsorbed and by that an additional v(6=1)-v(6=0) effect is
created. This additional effect has been (in our opinion incorrectly) ascribed to
the chemical effects, like the mentioned competition for the d-electrons. Small
particles of metals, with their atomically rough surfaces, restrict shifts in the
CO positions. On the other hand | sma}l particle adsorbents show a variety of
different CO sites. Thus no evidence ha{ bee !n found yet for ‘Competition” or

any other strong through-the-metal mteractlon.
|

o

/ \
When CO is ?a(orbed wi}h species having a dipole or forming a

dipole with the metal su ¢, the dipole of CO is influenced (Stark effect) and
c{éupatxors of the CO “orbitals. These coadsorbed
oja dllutlon"-eﬁ‘ect, additional shifts in the v(CO) by

Thls 18 d}O probably a part of the v-shift caused

to some extent al
species cause then,
this electrostatic mec
by the fragments of hydfocqtbon molecufefs or by benzene molecules. Finally,
if the coadsorbed spec:1es mﬂuences théj'posmon of CO on the surface, again an

additional Av(CO) gffcctmsuhsﬁ:om_xtr.___:

""_

There are several pieces of information in the literature on the different
reactivity of CO) ddsorbed ‘on differerit: sités i.€. differéntly coordinated. With
Ni seems to be very likely that CO in multiply-coordinated form dissociates

first. With:othermetals-the-information fis Tess cémiplete or lass’certain.
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