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1. 

Surface reactions formally encompass all chemical reactions which occur 

at an interface between distinguishable phases of matter. Adhesion, corro-

sion, photosynthesis, and heterogeneous catalysis are a few exanples of 

essential. chemical pheno:rrena ·that are partially or entirely controlled by 

reactions at surfaces. Ih· this chapter we ·shall concentrate on surface 

ractions which occur at the gas~solid interface. In this instance, the 
;, 

termination of the. solid constitutes the surface, and reactions take place 

between adsorbed species. which exist. in quasi equilibrium with the gas phase. 

These surface reactions can be. divided. into two main categories: {1) the 

solid surface particpates directly in the reaction by COIYpOUnd formation, 

Ss + Ag --> SAg or SAg 

or, {2) reaction occurs under the catalytic influence of the solid surface, 

but the surface undergoes no net chemical change, 
s 

Ag + Bg ---> ABg 

The first class of reactions' corresponds to the initial stages of solid state 

reactions· that· are of paranount. importance in corrosion science. Chemical and 

petroleum· technologies basea on heterogeneous catalysis utilize the second 

category of surface reactions.. Both types of reactions take place under 

conditions of atcxn transport. ·Gaseous rrolecules irrpinge, adsorb, react on 

the surface, form intermediates of various lifetimes, then the products 

desorb into the gas phase, except when the product is non-volatile. 

Emphasis is focussed here on the investigation of surface reaction dy-

namics from the perspective of surface science. In the first section we 

summarize essential elementary concepts of adsorption and surface reaction 
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kinetics. The second section considers in nore detail the rrolecular dynam-

ics of sirrple catalyzed surface reactions which were derived from rrolecular 

beam reactive scattering studies. In the third section we turn to a brief 

discussion of oxidation and related surface reactions that are irrportant in 

materials science and engineering. We conclude with an introduction to the 

chemistcy and concepts of catalytic processes. J 

1. Elementary Concepts 

All surface reactions involve a sequence of elementacy steps that begin 

with the colision of incident atoms or nolecules with the surface. As the 

gas species approaches the surface, it experiences an attractive potential 

whose range and strength depend on the atomic and electronic structures of 

the gas and surface atoms. This gas-solid interaction potential may be of 

long range and vacy in proportion to the reciprocal of the distance between 

the gas nolecule (or ion) and the surface (Coulombic interaction). It may 

be of IlU.lch shorter range and vacy in proportion with the inverse third or 

sixth powers of the distance (ion-dipole and dipole-dipole interactions). 

A certain fraction of the incident gas nolecules is trapped in this attrac-

tive potential well with a sticking probability given by 

S(9,T) = S0 (1-9)exp(-Ea/RI') (1) 

where S0 is the initial (zero coverage) ·sticking coefficient, e is the 

surface coverage (o <9<1), and Ea is the activation energy for adsorption. 

Once trapped, the adsorbed rrolecules can nove along the surface by diffusion. 

The adsorbed species may desorb from the surface if sufficient energy is im-

parted to it at a given site to overco~IE the attractive surface forces. When 

a surface reaction occurs, a certain fraction of the adsorbed species re-



3. 

arranges, deoonp::ses (uniiiOlecular reactions), or reacts with a second ad

sorbed species (biiiOlecular reactions) before desorption takes place. 

During the collision of the gas IIDlecule with the surface it exchanges 

translational energy, T, with the vibrational IIOdes (phonon states), Vs, of 

• the surface atoms. This type of energy transfer is callted T-Vs energy ex

change. The gas IIDleucles may also exchange internal energy, rotation, R, or 

\.1 

vibration, V, wth the vibrating surface atans. In this case, R-Vs and V-Vs 

energy transfer channels also exist. 

Most surface reactions take place at high pressures (1-100 atiiOspheres) 

either because of the chemical envirortiient of our planet or to establish op-

tinum reaction rates in chemical processing. Under these conditions, surfaces 

are usually covered by at least one nonolayer of adsorbed species ( 2) • Since 

activation energies for adsorption and surface diffusion are generally small 

(a few kT), equilibrium anong the different surface species, react~ts, reac

tion intel:IEdiates, and products, is readily established. In the sinplest 

(but IlDSt general and il1p)rtant) case of localized, associative adsorption 

into a single state, the surface coverage by adsorbed species is given in 

terms of the gas pressure, P, by the Langmuir isothenn ( 3) 

9 = KP/(1 + KP) 

The adsorption equilibrium constant, K, has the general fonn 

so 
K = -----~.!r 

\) (2'1TllkT)3 
0 

exp [ ( E'.d-Ea) /RT] 

(2) 

(3) 

Where v oand Ed are the coverage dependent pre-exponential factor and acti va

tion energy for desorption, respectively. Typically, Ec3 decreases with in

creasing coverage (Ed(9)--Ed0 - aS), and Ed-Ea represents the heat of 

adsorption ( 4). When a gas IIDlecule dissociates into n equivalent 
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adsorbed species ( 5) the ooverage is given by 

e = (KP)lln 1 (l + (KP)lln) (4) 

Catalyzed surface reactions usually take place between two or m:>re coadsorbed 

species which compete for adsorption sites on the surface. When j gases ad

sorb oompetitively and associatively, the surface ooverage by species i is 

given by (5) 

e = K·P· 1 (l + E K·P·) 
1 1 j J J (5) 

Many catalyzed surface reactions can be treated as a two-step process 

with an adsorption equilibrium followed by one rate-dete~ning step (diffu-

sion, surface reaction, or desorption) ( 6). '!he surface reaction kinetics are 

usually discussed in terms of two limiting Irechanisrns, the I.angmuir-Hinshel-

wood (LH) and Eley-Rideal (ER) mechanisms (7). In the LH Irechanism, reac

tion takes place directly between species which are chemically bonded (chem-

isorbed) on the surface. For a binolecular LH surface reaction, Aads+Bads-> 

products, with competitive chemisorption of the reactants, the rate of re-

action, v R' is given by the expression (7) 

v R=k~A% = kr{-AKsPAPB I ( 1 +KAPA + KsPa> 
2 (6) 

The reaction rate is proportional to the surface ooverages eA and 9a and to 

the reaction rate constant kR• For non-oornpetiti ve adsorption, the rate ex-

pression becomes 

(7) 

General rate expressions of the form given in equations 6 and 7 have been ex-

perimentally verified for many types of LH reactions (6,8). Similar but more 

oamplicated rate expresssions are easily derived assuming different (non-

Langmuir) isotherms, higher order reaction steps, or dissociative chemisorp-

~\ 
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tion of the reactans. In the ER nechanism, surface reaction takes place be-

tween a chemisorbed species and a non-chemisorbed species, e.g. Aa<E+Bg-> 

products. The non-chemisorbed species may be physisorbed or weakly held in 

a 110lecular precursor state ( 9) • In this case, the rate expression for the 

surface reaction becomes 

(8} 

Presently no proven examples exist in which surface reaction occurs by the ER 

mechanism. Rate expressions of the form given in equation 8 can also be ob-

tained with I1I nechanisms provided that species A is 110re strongly adsorbed 

than species B. 

Surface reaction kinetics determined experimentally are often expressed 

in the form of a power rate law ( 6), 

a 
v R= kR II.P i 

~ i 
(9) 

where kR is the apparent ·rate constant and the a is are the experinental 

orders of the reaction (:positive, negative, integer, or fraction) with re-

spect to i reactants and products. '!he apparent rate constant in equation 9 

is not that of an elenentary reaction step (it contains adsorption equilibrium 

constants), but it can usually be represented by an Arrhenius equation, 

kR = Aexp(-ER/RT) (10) 

where A is an apparent pre-exponential factor and ER is the apparent acti va

tion energy for the surface reaction. The magnitude of A and EA can provide 

important information about the rate determining step of a surface reaction 

( 10) , and very frequently, kR and A display a compensation effect ( 11) • 

A related quantity is the reaction probability, yi=(2 ~ mKT)~ vR(Pi= 

rate/flux, that is, the probability that an incident reactant 110lecule will 

undergo reaction. 
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The simplified isotherms and rate expressions developed in this section 

are extremely useful despite the implicit assumption that a single state exists 

for the adsorbed species. Real surfaces are heterogeneous on an atomic scale 

with a variety of distinguishable adsorption sites. Gas molecules adsorbed at 

each type of site may display a wide distribution of excited rotational, vibra-

tional, and electronic states. Experimentally, one can measure meaningful rate . 

and adsorption equilibrium constants provided that adsorption and desorption 

are fast compared with surface reactions so that an adsorption equilibrium 

exists. In this circunstance the kinetic parameters are an ensemble average 

over all surface sites and states of the system, e.g., 

Rate : E E v R I E E (11) 
sites states sites states 

Theoretical studies of the state-to-state dependence of the reaction rates and 

reaction probabilities are still in their infancy (12). 

2. Molecular Beam Scattering Studies of Surface Reaction ~cs 

Explosive development of surface science during the past two decades has 

provided detailed information about the dynamics of gas-solid interactions (13). 

Surface reactions can be carefully investigated over a wide range of pressure 

( "' lo-10-lo-2 atm) on small area single crystal surfaces with uniform atomic 

surface structure and composition (14). '!he structure, bonding, and residence 

times of adsorbed reactants, intermediates, and products are characterized in 

situ using an extensive arsenal of surface analysis techniques (13,15). These 

studies have revealed the special importance of surface structure and surface 

additives in controlling the kinetics and mechanisms in a variety of import-

ant surface reactions ( 13,16). The paramount objective of these surface science 

studies is to understand on an atomic scale how surfaces lower the activation 

energy for chemical reactions so that they proceed readily, while the sane 

,. 
I \ 
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reactions in the gas phase are highly improbable. 

Molecular beam reactive scattering (MBRS) has energed as the nost power

ful experimental technique for investigating the dynamics of the gas-solid 

interaction (13,17). A schematic diagram of MBRS is shown in Figure la. 

Under single scattering conditions at low reacxtant pressures (<lo-6 atm), a 

collimated beam of atoms or nolecules strike an oriented (preferably single 

crystal) surface, and the species that are desorbed at a specific solid angle 

are detected with a mass spectrometer. If the incident beam is chopped at well 

defined frequencies, the time-of-flight of the incident nolecules between the 

chopper and detector can be deduced from phase shift measurements (18). The 

phase lag yields the residence times of the reacting nolecules on the surface 

(13,19). Chopping the product nolecules which desorb from the surface permits 

determination of their time-of-flight and translational energy distributions 

( 20). Activation energies for adsorption and surface reactions are determined 

by varying the incident beam velocity (temperature) and surface temperature, 

respectively. The angular distribution for the desorbing products is measur

ed by rotating the mass spectrareter around the oriented sample. The surface 

residence times of the nolecules together with their angular and kinetic en-
'"' 

ergy distributions provide detailed information about the T-Vs energy tranfer 

processes that occur during the gas-surface interaction. Complete dynamical 

description for this interaction (T-Vs plus R-Vs and V-Vs) can be realized if 

the distribution of internal energy states for the product nolecules is deter-

mined sillU.lltaneously with their velocity distributions (21). While little is 

now known about the V-Vs interaction, existing information (13,22) indicates 

R-Vs energy transfer is efficient provided that the rotational energy 

levels overlap the phonon spectrum of the solid. 

The angular distribution of scattered nolecules is usually displayed by 
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plotting the intensity (number density) of detected nolecules per unit solid 

angle versus the angle of scattering 9r, that is rreasured with respect to the 

surface normal (rectilinear plot). Angular distributions in the two limiting 

cases of gas-surface interaction, cosine and specular scattering, are shown 

in Figure lb. The angle of incidence ( 45°) is indicated by the arrow. The 

scattered intensity for the cosine distribution decreases as cos e with respect 

to the surface normal. Cosine scattering is expected when the adsorbed species 

have long residence times, or strongly couple with the vibrational states of 

the surface at6ms. A cosine scattering distribution is a necessary criterion 

for camplete thermal accamodation, a situation in which the molecules desorb 

with kinetic temperature or velocity distribution that is the sane as the 

temperature of the solid surface ( 23) • Specular scattering occurs when the 

scattered intensity is sharply peaked at the angle of incidence (specular 

angle). In this case the interaction is elastic or quasi-elastic and little 

or no energy tansfer takes place between the incident gas molecules and the 

surface ( 24). Sharply peaked angular distributions for surface reaction products 

(1(9) ..... cosrte,m>l) indicate that a repulsive barrier exists in the exit 

product moelcules usually desorb with a kinetic temperature that is higher 

than that of the surface. Direct rreasurerrent of the velocity distribution of 

the product nolecules helps to quantify the extent of T-Vs energy transfer 

along the exit channel of the potential energy surface (25). 

Molecular beam reactive scattering was used to investigate the dynamics 

of several small molecule and atom recombination reactions catalyzed on clean 

metal surfaces ( 17, 18) • 'Ihe oxidation of CO (CO+ l/202->C02) ( 26, 27) , H2-~ 

exchange (H2+D2-->2HD) (28,29), the oxidation of 0 and D2 (02+l/202->020) 

v 
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(30,31), and ammonia decomposition (NH3-->112 N2 + 3/2 H2) (32) catalyzed over 

clean platinum surfaces are considered here as examples. Sirrdlar results 

were obtained for the H2-02 and H2-02 reactions catalyzed on palladium (33,34). 

At temperatures between 400 and 700 K, CO oxidation follows an UI 

· rrechanism in which cherrdsorbed <D mlecules react with unit reaction probability 

with cherrdsorbed oxygen atoms (26). This reaction displays an activation 

energy of 100 kJ/mle when both species are present at lCM coverage. Because 

of repulsive interactions between oxygen adatoms, this activation energy 

decreases to about 50 kJ/mle at high oxygen coverages. The angular distribution 

for the product co2 rolecules varies from cos e to cos6e with increasing 

temperature and increasing coverage by oxygen and co. The sharply peaked cos6e 

angular distributions are an indication that the CD2 product is desorbed with 

excess translational energy. This was confirmed by velocity distribution 

rreasurerrents when the surface temperature was 880 K (27) • At the surface 

normal (0°), the kinetic tempeature of the <D2 mlecules was 3600 K, while at 

45° it was 2100 K. These high kinetic temperatures indicate that 5-10% of 

the exothennic reaction energy ( 6 H = -286 kJ/mle) was converted into trans

.lational energy Of the reaction products. The IIDSt energetic ITOlecules exit 

normal to the surface. 

Exchange of hydrogen and deuterium to form hydrogen deuterium, HD, is one 

of the simplest reactions that can be catalyzed on clean metal surfaces at 

temperatures as low as 100 K. The sarre reaction is irraneasurably slCM in the 

gas phase because of the large dissociation energies ( 436 kJ/mle) of the 

reacting mlecules. The H2-D2 exchange reactions was studied over flat (111) 

and "stepped" ( 332) single crystal surfaces of platinum. '!be latter contains 

high concentrations of periodic surface irregularities (steps) that are one atom 
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in height. Reaction probabilities averaged over the cosine HD angular 

distributions were 0.07 on the (111) surface and 0.35 on the (332) surface 

under identical experirrental conditions (Ts=llOO K, Tg=300 K) (28). The 

reaction probability on the stepped surface varied markedly with the angle 

of incidence of the mixed H2-~ nolecular beam. This is shown in Figure 2. 

The reaction probability was highest when the beam was incident upon the open "' 

edge of the step and lowest when the bottom of the step was shadowed (curve 

a). When the H2-~ beam was incident parallel to the steps, the rate of HD 

production was independent of the angle of incident at all angles of crystal 

rotation (curve b). These results indicate that the atomic step sites are 

about seven tirres IIDre active than the ( 111) terrace sites for the dissociative 

chemisorption of hydrogen and deuterium IIDlecules. Detailed analysis of the 

scattering data (29) revealed a barrier height of 4-8 kJ/mole for dissociative 

H2 chemisorption on the (111) surface. On the other hand, this barrier did 

not exist (Ea=O) on the . stepped surface. · '!his difference in activation energy 

alone accounts for the different reaction probabilities of the step and 

terrace sites. While the dissociation probability of hydrogen IIDlecules was 

higher on the stepped surface than on Pt(lll), the kinetics and rrechanism of 

HD recombination appear to be identical over both surfaces once dissociation 

takes place. On both surfaces, HD formation follows a parallel lli rrechanism 

with one of the reaction branches operative over the entire temperature range 

of 300-1075 K. '!his branch has an activation energy and pseudo-first-order 

pre-exponential factor ~f Ea=54 kJ/IIDle and A1=8x!0 4sec-1 for. the stepped 

surface, and Ea=65 kJ/mole and A1=3x!05sec-1 for the Pt(lll) surace. A second 

branch is observed for temperatures above 575 K, but the kinetic paraiTEters 

for this pathway could not be accurately deterrraned. 

The angular distributions of D~ molecules produced from the reactions 

IT\ 

II 
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of D and D2 with 02 at 425-850 K are ooth cosine ( 30,31). The D2-o2 reaction 

displays an activation energy of 50 kJ/rrole with mean reaction times ranging 

from 10-2 to 10-4 sec (31). In the D+02 reactions, incident deuterium atoms 

are trapped at the surface and thermally equilibrate before reaction takes 

place by an LH nechanism ( 30). From the energetics shown in Figure 3, the 

v lowest energy pathway involves combination of deuterium and oxygen atoms to 

form intermediate OD species followed by deuterium addition to produce adsorbed 

D:i). An alternate pathway (also shown in Fig.3) involves recombination of 

deuterium atoms followed by oxygen insertion into adsorbed D2. This mechanism 

appears to be energetically less favorable because of the repulsive barrier 

(28) which exists for dissociative chemisorption of D2CH2) on Pt(lll). 

Arnrlonia adsorption, desorption, and decomposition on (111) and stepped 

( 557) platinum surfaces was also studied by MBRS ( 32) • Almnnia adsorbed 

associatively on both surfaces at 300-400 K with a sticking coefficient near 

unity and residence tines of lo-2-1 sec. Desorbing arnnonia rrolecules displayed 

a cosine angular distribution with a desorption activation energy of 64 

kJ/rrole. Decoi~pJSition to nitrogen and hydrogen occurred between 600 and 750 

K with an activation energy of 75+5 kJ/rrole. 'Ihe maximum reaction probability 

for decomposition was 0.18 at 750 K on Ft(557). Step sites on the (557) 

platinum surface were at least 16 tines rrore active than ( 111) terrace sites 

for the decoi~pJSition reaction. A kinetic rrodel for the reaction involving 

stepwise decoi~pJSition of adsorbed arnnonia (NH3->NH2->NH->N) with rapid 

recombination of hydrogen atoms and slower recombination of nitrogen gave 

good agreement with the experinental results. 
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3. Oxidation, Corrosion, and Related Surface Reactions 

Surface oxidation of metals encompasses a series of at least three 

reaction steps that include (1} dissocati ve chemisorption of oxygen on the 

rretal surface, ( 2} rearrangement of the surface atoms with dissolution of 

oxygen into the near surface region, and ( 3} nucleation of oxide islands 

which grow laterally and eventually condense to produce continuous oxide 

films (35}. The oxide islands appear to precipitate suddenly once a critical 

oxygen concentration is reached in the near surace region. Nucleation takes 

place most readily at surface irregularities such as atomic steps, dislocations, 

and stacking faults. At room tenperature, noble metals such as Rh, Ir, Pd, and 

Pt display little tendency for oxygen incorporation or surface rearrangement. 

Initial heats of oxygen chemisorption on these metals are much greater than 

the heats of formation of the corresponding bulk oxides ( 36} • Other metals 

such as Cr, Nb, Ta, Mo, W Re, Ru, Co and Ni, dissolve surface oxygen by a 

place exchange rrechanism where oxygen atoms interchange positions with 

underlying metal atoms. Thse metals display heats of adsorption for oxygen 

that are comparable to the heats of formation of the stable metal oxides ( 36 } • 

Metals such as Ti, Zr, Mn, Al, Cu, and Fe dissolve oxygen rrore readily and 

form stable oxide films even at room te~rature. At low oxygen pressures 

these films often assune a crystalline structure, whereas at higher pressures 

(>lo-3 atm} the films tend to be amorphous (35}. At higher tenperatures 

(400-1000 K}, oxide formation occurs readily on the surfaces of nearly all 

metals. 

Growth of surface oxide films takes place only if cations, anions, and 

electrons can diffuse through the oxide layer. The growth kinetics of very 

thin films ( ~10-50 A } often follows the Mott (37} or Cabrera-Mott (38} 



v 

13. 

mechanisms in which electrons tunnel through the film and assocaite with oxy

gen atans to produce oxide ions at the surface. ·A large local electric field 

(106-lo7 V/cm) results at the surface which facilitates cation diffusion from 

the metal-oxide interface to an interstitial site of the oxide. The film 

thickness, z, at time, t, is given by a logarithmic, 

(12) 

or inverse logarithmic 

(13) 

law of growth depending upon whether electron tunneling or cation diffusion 

is rate limiting. '!he constants a - a are determined by the material, 
1 4 

its structure, and the reaction conditions. The electric field strength and 

rate of growth decrease exponentially as. the film thickens, thereby resulting 

in an effective limiting thickness for the surface oxide layer. 

In addition to surface oxides, a vast array of surface compounds can be 

produced from the reactions of halogen, chalcogenides, and carbon-containing 

nolecules with metal surfaces. Chemisorption of chlorine near 300 K on Cu 

(39), Ti (40), W (41), Mo (42), Ta (43), Ni (44), Pd (45), and Au (46), for 

example, results in the formation of stable surface compounds which often 

evaporate as nolecular chlorides upon heating at elevated temperatures. 

Chemisorption of chlorine at 300 K on Ag(lOO) and Ag(lll) produces chemisorbed 

chlorine overlayers which react irreversibly at about 425 K to produce AgCl 

i'\ with an activation energy of 56 kJ/nole (47 ,48). Upon heating, AgCl desorbs 

at about 820 K with a desorption activation energy of 192 kJ/nole (48). 

Chemisorption of H2S or S2 an transition metal surfaces near 300 K 

produces strongly adsorbed sulfur overlayers with unique chemical stability. 

These overlayers display heats of adsorption that are typically 20-40% 
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higher than the corresponding heats of formation of bulk sulfides ( 49). The 

heat of adsorption gradually approaches the bulk sulfide enthalpy of formation 

as the sulfur ooverage approaches one nonolayer. This is acoornpanied by 

major restructuring within the surface layer and/or surface oompound formation 

(sulfidization). Sulfur adsorption at 300 K on Ag(lll), for example, leads 

initially to a oomplex compound identifiable with the (100) plane of -Ag2S 

(50). Multilayer growth is acoompanied by further restructuring to a Compound 

with properties identical to the (111) plane of Ag2S. Two-dinensional surface 

sulfides have also been characterized for Cu (51), Ni (52), Fe (53), Pb (54), 

and Au (53) • Deoorrposi tion of these conpounds upon heating at elevated 

temperatures causes sulfur diffusion into the near surface region with an 

activation energy that is close to that for self-diffusion of the metal (49). 

Carbon containing molecules react at elevated temperatures (450-1000 K) 

With iron and most early transition metals (viz. Ti, Zr, Hf, V. Nb, Ta, Cr, 

Mo, W) to form surface carbides (carbidization) which display complex surface 

structures and non-stoichiaretric oorrposition (MCx, x .. 0.5-0.95) (56). 

Presently, very little is known about these conpound formation reactions. 

Molecular beam reactive scattering was used to investigate the dynamics 

of several surface corrosion reactions at low reactant pressures. Systems 

studied include the oxidation Si (57), Ge (58), Mo (59), and graphite (60), 

and the halogenation of Si ( 61), Ge ( 62) , Ta ( 63), and Ni ( 64). With the 

v 

exception of silioon and germanium oxidation, where dissociative chemisorption f\ 

of oxygen is apparently rate-limiting, the kinetics of these surface rections 

generally appear to be oontrolled by surface or bulk diffusion of the reacting 

species (as indicated by the small activation energies at pre-exponential 
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factors). Diffusion limitation of the reaction rates at low pressures can 

scmetim=s arise as an artefact of the nodulated beam flux since the surface 

does not hae a constant equilibrium supply of reactant (17). The reaction of 

chlorine with nickel at 1000 K produces NiCl and NiCl2 with a total reaction 

probability of about 0.8 (64). Formation of NiCl prevails at low temperatues 

v (<1000 K), while NiCl2 forms almost exclusively above 1400 K. The formation 

/"\ 

of an Ni2Cl2 surface intermediate appears to be the rate-limiting step of the 

reaction •. The surface residence tim=s of desorbing NiCl varies from 900 ~sec 

at 1450 K to 140 ~ sec at 1700 K, and the NiCl2 residence times are even longer. 

4. Heterogeneous Catalysis at Higher Pressures 

Molecular beam scattering studies are ideally suited for detailed under

standing of energy transfer processes that take.place during surface reactions 

at low pressures. Unfortunately, these studies are far rerroved from the 

reaction conditions utilized in practical catalysis. Commercial catalytic 

processes are carried out at pressures of 1-100 atrri in order to obtain naximum 

reaction rates and equilibrium conversions. The catalysts usualy consist of 

microcrystallites 10-104 A in diameter of an active component dispersed on a 

porous, high surface area support (carbon, silica, alumina). These 'supported' 

catalysts provide a naxinuma active surface area per unit weight of catalyst 

(typically 10-10~2/g) (65). 

The rrost i:rrportant catalytic processes are summarized in Table I ( 66). 

These processes are listed together with the pertinent chemical reactions, 

widely used catalysts, and typical process conditions. Transition metals 

of Group VIII and transition metal oxides are the preferred catalysts for 

rrost of these processes, especially those involving dehydrogenation (14), 

reduction ( 66) , or oxidation ( 66) • Skeletal rearrangement of hydrocarbons 
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readily takes place by carbonium ion Irechanisrns over solid acid and zeolite 

catalysts ( 67 ) • 

Several definitions are appropriate to place in context the language and 

terrrdnology of heterogeneous catalysis. catalytic activity is the rate of a 

catalyzed surface reaction expressed as reactant nolecules converted per unit 

area of catalyst per unit time, e.g. nolecjcm2sec. Acivities are frequently v 

expressed as rates per exposed surface atom or turnover frequencies. Dispersion 

is defined as the fraction of total catalyst atOI'I'S which are exposed at the 

surface. Catalytic selectivity expresses the tendency for one reaction 

product to the produced over all others. Selectivity is usually defined as 

the proportion of the reaction leading to a specific product (fractional 

or as a simple ratio of reaction rates for competing 

reaction pathways (kinetic selectivity = v v ) • 
i k 

High catalytic specificity 

represents a unique combination of high activity and selectivity. 

Most catalysts contain a complex mixture of chemical additives or modifiers 

that are essential ingredients for high activity and selectivity. Pranoters are 

beneficial additives that increase activity, selectivity, or useful catalyst 

lifetiire (stability). Structural promoters inhibit sintering of the active 

catalyst phase or prevent compound formation between the active component and 

the support. Halogens, alkali Iretals, and chalcogenides are cormon chemical 

promoters. Poisons are undesirable additives which cause surface restructuring 

or block sites so as to render the catalyst inactive. Selective poisons enhance t\ 

selectivity by blocking only those sites which are required for unwanted side 

reactions. 

Turnover frequencies at high pressures for nost of the important catalyzed 

reactions vary from lo-4 to 102 nolec/site sec. Therefore, the reaction 

probabilities are very snall, typically lo-14 - lo-6 (14). At the higher 
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pressures, most of the incident molecules scatter or desorb from the surface 

without undergoing any chemical reaction because the adsorption sites, where 

chemical rearrangem:nt takes place, are corrpletely, and effectively continu

ously, occupied by adsorbed species. The m:an residence tines of these species 

(typically lo-4-1 sec) are very long compared to the period between collision 

of incident gas molecules ( ~lo-12- lo-10 sec at a given atomic site). 

Finally, we note that certain thernodynamically 'uphill' ( ll G>O) 

surface reactions can be forced to occur under the catalytic influence of 

photon illumination. Perhaps the most inportant of these photoassisted reactions 
h v 

is the photocatalytic deconposition of water (H20 -----> 1/202 + H2). This 

reaction occurs readily at :rretal-semiconductor interfaces in the presence of 

band-gap radiation (68). 
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Figure captions 

Figure 1. {a) Scherre of the rrolecular beam-surface scattering experirrent; 

{b) Angular distributions in the two limiting cases of specular 

{curve a), and cosine scattering {curve b). 

Figure 2. The reaction probability to produce H-D upon single scattering of 

a mixed H2-D2 molecular beam on a stepped platinum single crystal 

surface as a function of the angle of incidence: {a) the step 

edges are perpendicular to the incident beam, {b) the projection 

of the beam on the surface is parallel to the step edges. 

Figure 3. Reaction coordinate showing the energetics of the D2-o2 reaction 

on pt{lll). 



23 

I i (incident beam) 

(target normal) 

1<&~708- !'572 

XBL 708-1971 

. '·~ 

a " 

>--·-en 
c: 
cu -c: 
t-4 

0 
c: 
Ot c;; 
"C 
cu 
N ·--

r·, 0 
E 
~ 

0 

'I 
z 

•I 

0 30 60 90 
Scattering Angle, 8r (deg.) 

XBL 738-1710 
Fig.l 



-

CJ) 

c 
::r; 

c 
LLJ 
N -...J 
<t 
:2E 
a: 
0 z 

24 

1.2---...,...-------""'1""-----.---._,..-------. 

0.4~--~---~-------------------------
-90 -60 -30 0 30 60 90 

ANGLE OF INCIDENCE (DEG.) 

XBL 771-4925 

Fig.2 



-Q) 

0 

~ -0 
u 
~ -30 
~ 
Ol 
L. 

~-50 
w 

-70 

-. 
~ -~ 

1-2 k cal 
~- ... L , ' ~/' , \ 

/' o2- Pt \ 

;:_ .i 

D(g) +O-Pt+ O-Pt 
Pt 

D2 (g)+ O-Pt 
2 Pt -0---P-t 0 - Pt \ 

D- Pt Pt \ 6-8 kcal 
' O-Pt ~ * 

~r. / 020 
D- Pt 020-Pt 3 Pt 
Pt 2 Pt 

-90~------------------------------~ 

Reaction Coordinate 
Fig. 3 XBL 813-5386 

"" U1 . 



26. 

Table I. Chemical Processes Based on Heterogeneous Catalysis 

Processes TYPical Reactions 

Aimloxidation ~ +NH3+3/202 
. ~N+3/2H:P 
~?' 

Alkylation @J +C2If.4-> @:(' 
~::-~'. ~0 ~ Dehydrogenation ~ ->H~ ~ 

Epoxidation 

Fischer-Tropsch 
synthesis of 
hydrocarbons 

Fischer-Tropsch 
synthesis of 
oxygenates 

Hydrotreating 
(desulfuri
zation and de
nitrification) 

Iso:rrerization: 
ole fins 

xylenes 

alkanes 

Methanol 
synthesis 

C2H4+l/202-> 
C2H40 

CD+H2->alkanes 
olefins 
aromatics 

CD+H2->aldehydes 
acids 
alcohols 

R-8-R+H2->2RH+H2S 

R=N-R+3/2H2 -> 
2RH+NH3 

Catalysts 

Triply pronnted 
iron (FefrK2cr 
A12o3-cao) ; 
x=0.6-0.9 
K pronoted Ru 

Bi:;P3•Mc03, FeSl:04, 
USbj)10 

solid acids, 
zeolites 

Fe2o3-cr2o3-K:;P 
rraxed metal oxides 

AgCl-K:P/Al:P3 

Fej)4-K20/Al:P3 
- supported Co, Ru, 
Ni, Rh 

Rh;fJ3•HfrK20 
LaRh04 
supported Pd, Pt 

Co-Mo, Ni-Mo, 

Ni -co-Mo/Al :;P3 
Ni-w/Al:P3r 
MoS2 , ws2 

solid acids, zeolites 
Group VIII :rretals 

ZSM-5-zeolites 

zeolites, Ft/Al :P3 

ZnCr03 
zncrcu2o-cr203 
ZnO-CufrAl ;!)3 

Methanol to 
gasoline 

CH30H->aromatics ZSM-S zeolites 
olefins,H:P 

Reaction 
COnditions 

720-800 K 

40-100 atm 

670-880 K 
1-3 atm 

480-580 K 
2-5 atm. 

800-900 K 
10-50 atm. 

520-600 K 
10-50 atm. 

500-700 K 
10-50 atm. 

500-700 K 
10-50 atm. 

570-770 K 

30-200 atm. 

270-470'K 
1-5 atm 

480-580 K 
2-5 atm. 

570-770 K 
5-50 atm. 

570-670 K 

100-600 atm. 

480-540 K 
2-15 atm. 
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Table I (continued) 

Process 

NOx Reduction 

Oxidation 

Typical Reactions 

N0+5/2H2->NH3+H20) 
2N0+2H2->N2+2H2D) 
2<D+2tn->2CD2+N2 

catalysts 

Ru,Rh,Pd, 
Ft/Si02 
Ru,Rh,netal oxides 

olefins ) Group VIII netals 
alkanes )-+02->CD2+H2D 

2NH3+5/202->N0+3H20 
<D+l/202->002 

Oxyc:hlorination 2HCl+l/~+C2H4-> CUfrCuO/Al203 
C2H4Cl2 netal chlorides 

Partial oxidation: 
alcohols OIJOH+l/20r> Ag, Fe2(Mc:04)3 

H2<D+H20 0 

~xylene ~+30r-> . ~0 ViJ5 
~- +3H20~ 

olefins C2H4+l/202--> V2D5 

Refot:mi.ng: 

<ll3<m 

~ +1/202--> )=o Sn02•ftt03 

-~ -+02--> ~O Bi2D3•ftt03 
+HiD 

R R 
Dehydro- 0 ~ 0 Ft,Pt-Re,Ft-Ge 

generation ~+3Ha 

Dehydro- /V'\1 -7 ~ pt-Au,Pt-Re-Cu 
cyclization ~+3Ha 

~rization o- ~ 0+3Ho Ir-Au/AliJ3 

Isouerization 

Hydrogenolysis 
/VV ... H~ -7 2C3H8 

Hydrogenation O+H~~o 

Reaction 
Conditions 

370-520 K 
1-10 atm. 
45Q-650 K 
1-10 atm. 

370-670 K 
1-10 atm 

550-700 K 
5-30 atm. 

550-570 K 

1-10 atm. 

70Q-800 K 

5-50 atm. 
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Table I (continued) 

('· 

Selective 
Hydrogenation ~ .. 

ole fins Hf #~~//~ NiS 420-500 K 
1-10 atm. 

alkynes R-c : <l:I+H2-> Ft/Al~3 220-250 K 
RHC=<l:I2 1-10 atm. 

Steam Refot:ming <l:I4+Hfr>CD+-3H2 Ni-K20/Al:P3 850-1100 K 
30-100 atm 

Water Gas CD+-Hfr >C02+H 2 Fe:P3•Cr~3 650-800 K 
Shift ZnO-Cu:P 20-50 atm. 

Ziegler-Natta n C2H4->fai2-ai2tn a -TiCl3-Al(C2H5)2Cl ,... 370 K 
Polynerization Cr:P3 1 atm. 
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