
THERMODYNAMICS AND KINETICS 
OF HETEROGENEOUS REACTIONS 

J. CLAIR BATTY 
ROBERT E. STICKNEY 

TECHNICAL REPORT 473 

JUNE 2, 1969 

MASSACHUSETTS INSTITUTE OF TECHNOLOGY 
RESEARCH LABORATORY OF ELECTRONICS 

CAMBRIDGE, MASSACHUSETTS 02139 

https://ntrs.nasa.gov/search.jsp?R=19700010500 2020-03-12T00:57:06+00:00Z



The Research Laboratory of Electronics is an interdepartmental 
laboratory in which faculty members and graduate students from 
numerous academic departments conduct research. 

The research reported in this document was made possible in 
part by support extended the Massachusetts Institute of Tech- 
nology, Research Laboratory of Electronics, by the JOINT SER- 
VICES ELECTRONICS PROGRAMS (U.S. Army, U.S. Navy, and 
U.S. Air Force) under Contract No. DA 28-043-AMC-02536 (E) ,  
and by the National Aeronautics and Space Administration (Grant 
NGR 22-009-091) ; additional support was received from the M.I.T. 
Cabot Solar Energy Fund. 

Requestors having DOD contracts or grants should apply for 
copies of technical reports to the Defense Documentation Center, 
Cameron Station, Alexandria, Virginia 22314; all others should 
apply to the Clearinghouse for Federal Scientific and Technical 
Information, Sills Building, 5285 Port Royal Road, Springfield, 
Virginia 22151. 

~~~ ~~ __________ 

THIS DOCUMENT HAS BEEN APPROVED FOR PUBLIC 
RELEASE AND SALE; ITS DISTRIBUTION IS UNLIMITED. 



M A S S A C H U S E T T S  I N S T I T U T E  O F  T E C H N O L O G Y  

RESEARCH LABORATORY OF ELECTRONICS 

Technical Report 473 June 2, 1969 

THERMODYNAMICS AND KINETICS OF HETEROGENEOUS REACTIONS 

J. Clair Batty and Robert E. Stickney 

(Manuscript received January 29, 1969) 

Abstract 

A generalized treatment of heterogeneous chemical reactions is developed and 
applied to several sublimation, catalytic, and oxidation processes. The approach is 
essentially a systematic reformulation of the quasi-equilibrium analyses of Langmuir, 
Richardson, and others, and it is generalized to apply also to conditions encountered 
in molecular-beam studies of gas-solid interactions. An advantage of the quasi- 
equilibrium approach is that it minimizes the use of kinetics to the degree that rate 
expressions a re  obtained without assuming detailed kinetic models of the processes. 

In Par t  I, w e  consider simple sublimation processes (vaporization, thermionic 
emission, and self -surface ionization) and catalytic reactions (surface ionization and 
molecular dissociation). The reaction of gaseous oxygen with solid tungsten, molyb- 
denum, and graphite is treated in Par t  I1 for steady-state conditions, and this treat-  
ment is extended in Par t  I11 to the transient case of flash desorption of oxides from a 
tungsten surface. The theoretical results a re  compared with existing experimental 
data, and the agreement is surprisingly good in view of the simplicity of the approach. 
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Part I. Generalized Treatment of Simple Sublimation and 
Catalytic Processes 

A. INTRODUCTION 

Simple models based on quasi-equilibrium considerations have provided useful 
approximate descriptions of the rates of a variety of chemical processes occurring at 
gas-solid interfaces, including sublimation processes, such as the sublimation of neu- 
tral atoms'' 

(1 1 & 
M(s)  7 Wg),  

of electrons (thermionic emission) 394 

2 e-@) + M(s)  h e-(@ W S ) ,  

of ions (self-surface ionization) 5 9 6  

M ( s )  * M+(g) + e-(g), (3  1 

7 and catalytic reactions, the most elementary examples being surface ionization 

A(g) + Ws) c + e-@) + W S ) ,  
8-10 the dissociation of homonuclear diatomic gases 

(4) 

11 and the isotope exchange reaction for homonuclear diatomic gases 

12 On the other hand, it appears to us that this approach has not yet been fully exploited 
in connection with gas-solid reactions which result in the formation of volatile products, 

Our objective is to generalize the existing quasi-equilibrium treatments of processes 
(1 ) through ( 5 )  so  as to obtain a systematic formulation that may be extended to more 
complex heterogeneous reactions. 
for Par ts  I1 and 111, in which we consider gas-solid reactions resulting in volatile prod- 
ucts [process (7)]. 

Specifically, this material serves a s  the foundation 
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The principal advantage of the quasi-equilibrium approach is the fact that kinetic 
equations fo r  each step of the reaction a r e  not required except for the rate-limiting step. 
This advantage is especially important in gas-solid reactions because the steps a re  often 
unknown. 
descriptions of nonequilibrium processes in terms of simple, quasi-equilibrium models. 
The procedure is an iterative one, since the simplest model (the one nearest complete 
equilibrium) is tried first ,  and then refinements representing nonequilibrium steps a r e  
tested to determine if they improve the agreement between "theory" and experiment. 

The increasing use of molecular-beam techniques in studies of gas-solid inter- 
act ions 13' '* has led us to  consider the adsorption or sticking probability (called the 
equilibration probability herein) in some depth. 
monoenergetic and highly collimated a re  now being utilized," we begin by defining a 
differential equilibration probability for molecules of specific speed impinging upon a 
surface at a specific angle of incidence. A simple model of the equilibration proba- 
bility is described in Section I-E, and the results a r e  examined with respect to existing 
experiment a1 data. 

The philosophy behind the approach is to attempt to formulate approximate 

Since molecular beams that a r e  nearly 

B. PRELIMINARY CONS LDE RAT IONS: GAS -SO LID EQUILIBRIUM 

Since the treatment of nonequilibrium processes is based primarily on equilibrium 
From kinetic theory concepts, it is convenient to  consider the equilibrium case first. 

the rate at  which molecules of species i collide with a solid surface of unit area is ,  for 
equilibrium conditions, 16 

-1/2 Z.  = p.(2am.kT) , 
1 1  1 

where p is the partial pressure of species i, m. is the molecular mass of i, k is 
Boltzmannfs constant, and T is  the temperature of the gas and the solid. A more 

detailed description of the collision rate is obtained by considering only those molecules 
having speeds between v and v t dv, and directions within the solid angle dw = 
sin 8 dBd4,, where 8 and 4, a re  defined with respect to the solid lattice in Fig. 1. 
differential collision rate for this portion of the impinging molecules is 

i 1 

The 
16 

n 
d 3 Zi = (e)3 exp[-(<r] sin 8 COS 8 ded4,dv 

.rr 3/2 

where n.  is the number density of i in the gas phase (n. = p./kT), and 
1 1 1  

a = (2kT/mi) 1 / 2  . 
i 
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From the definitions above it follows that 

The equilibration probability, 5 is defined as the fraction of the collisions that 

result in adsorption.18 (For  the purposes of this discussion we shall assume that indi- 
vidual particles a r e  distinguishable to  the degree that the result of a collision may be 

i' 

Y 

J 
X 

Fig. 1. Geometry of gas-solid interaction. The quantities v, 8,  
and + refer to a state sufficiently far from the surface 
that the gas-solid interaction forces a re  negligible. 

classified either a s  adsorption or as nonadsorption (reflection); however, this assump- 
tion is valid only for certain cases, as described in Appendix A.) The differential equi- 
libration probability, d Si, is 3 

3 3 3  ci = ri/ z i ,  

3 where 
class (v, 8, +) a re  equilibrated), and we have introduced the superscript 3 a s  short nota- 
tion for d , such that 
is based on a sufficiently large number of collisions that 5 .  represents an average over 
all of the impact points and energy states of the solid that a r e  available to molecules in 
the class (v, 8, +), a s  well a s  an average over all orientations and internal states (vibra- 
tion and rotation) of the impinging molecules. A s  a result, 35i is a function of v, 8, +, 
and the thermodynamic properties necessary for specifying the equilibrium thermody- 
namic state of the system. 

r .  is the differential adsorption rate (that is ,  the rate at  which molecules of 
1 

3 3 3 5, = d Si, etc. It is assumed that the definition given in Eq. 1 2  
3 

1 

18 

Integration of ( 1  2) over the possible range of v gives 
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2 
2 2  ri si = ri/ zi = 2 

Zi COS 8 dw/r ' 

and integration of this over and 8 gives the total equilibration probability for species i ,  

si = ri/zi. 

According to detailed balancing arguments given in Appendix A, the differential rate 
must be balanced at equilibrium by an equal but opposite differential of adsorption, 3r 

rate of desorption of species i from the adsorbate phase, 3Ri: 
i' 

3 3 3  R~ = ri = si zi. 3 

Similarly, 

2 ~ i =  2 r i= 2 2  si zi 

and 

R~ = ri = sizi. 

A s  described in Appendix A, this use of the principle of detailed balance to obtain Eqs. 15 
is valid only for those cases in which the equilibrated particles can be distinguished 
vnambiguously from the nonequilibrated particles. 

Thermodynamics provides a sufficient set of equations for determining all  of the 
thermodynamic properties of the gas phase if we assume it to behave as a mixture of 
perfect gases. For  example, if there a r e  various chemical reactions, such a s  those 
described by Eqs. 1-7,  then associated with each independent reaction is an equation 
based on the equilibrium constant, K 
tute a sufficient set to calculate all of the partial pressures, as will be illustrated in 
Section I-D. 
kinetic theory to obtain the relation between pi and Zi, which is given in (8). 

ibration probability also l ies outside thermodynamics, and an accurate theoretical treat- 
ment of this property does not exist at present.19 (A simple model of 5 for diatomic 
gases will  be considered in Section I-E.) 

These equations, together with p = Zpi, consti- 
P' 

Since rates a r e  outside the domain of thermodynamics, we must turn to 
The equil- 

C. MODEL OF SUBLIMATION, THERMIONIC EMISSION, AND SELF-SURFACE 
IONIZATION OCCURRING UNDER NONEQUILIBRIUM CONDITIONS 

By means of a simple model, the equilibrium considerations may be extended to con- 
ditions for which the gas and solid phases a r e  not in mutual equilibrium. 
city, we shall consider first those gas-solid processes for which the gaseous species 

For simpli- 
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is a component of the solid phase, as in the cases of sublimation, thermionic emission, 
and self-surface ionization. 
pleteness and as illustrations of the scope of the general approach. Since the emphasis 
is on the approach, many of the details of the derivations a re  omitted for they may be 
found in the references cited. 

The results a r e  not original, but they a r e  included for com- 

The most frequently used model of sublimation, thermionic emission, and self- 

The rate of sub- surface ionization may be described in terms of a single assumption: 
limation of atoms, ions, or electrons from a solid remains equal to the equilibrium rate 
corresponding to the temperature of the solid, regardless of the state of the gas phase. 
That is ,  the sublimation rate is assumed to equal the equilibrium rate even in the 
extreme situation of sublimation into a vacuum, which occurs when the pressures of 
the volatile species a re  reduced to essentially zero either by pumping or by applying an 
electric field in the case of charged particles. We would expect that this assumption is 
valid only if the sublimation rate is not so high that the thermal and electrical conductiv- 
ities of the solid a re  not sufficient to maintain the surface region of the solid in equilib- 
rium with the bulk. 

In the case of sublimation of a pure substance, the process is simply 

if the evaporation rates for polymers [M2(g), M3(g), etc.] a r e  negligible relative to that 
for  the monatomic species. 
perfect monatomic gas, the equilibrium constant for Eq. 1 is 

Under the assumption that the vapor may be treated as a 
20 

K = pM = expl-AG+/RT , 
P 1 

where AG? is the Gibbs free energy of sublimation at temperature T. 
AH& - T AS?, (1 6) may be rewritten 

Since AG? = 

where CM P exp(AS$/R), and QM is the sublimation enthalpy per atom, AH+/No, where 
N is Avogadro's number. (Since both CM and QM a r e  generally weak functions of tem- 
perature, they may be assumed to be constants for a limited range of T.) Therefore, 
the equilibrium sublimation rate, by means of Eqs. 15c, 8, and 17, is 

0 

R ~ = 5 ~ Z ~ -  - 5 M p M (2rrmMkT)-ll2 

where C h  I CM(2mMk)- 1/2 is a weak function of T. According to the model, the sub- 
limation rate of a solid at temperature T will  equal this equilibrium rate, regardless 
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of whether or not the gas phase is in equilibrium with the solid. 
experimental evidence that (18) applies to the sublimation of a variety of solid sub- 
stances . ” ” ‘’ The equilibration probability, 5 ,  is commonly called the condensation 
or evaporation coefficient, and existing experimental data indicate that its value gen- 
erally is near unity for those metals that sublime predominantly as monatomic spe- 
cies,1”2 whereas it may be much less than unity for substances subliming as polyatomic 
species. 

ner. By analogy with Eq. 16, the equilibrium constant for thermionic emission (Eq. 2)  

may be written 

There is substantial 

22 

The thermionic emission of electrons from a metal may be treated in a similar man- 

K = p e =  
P 

where AGk has been replaced by po ) , with po being the electrochemical ( e(g)-pe(s) 
potential of the electron vapor at temperature T and unit pressure, and p 

chemical potential for the electrons in the metal at temperature T. 
potential of a perfect electron gas, according to quantum  statistic^,'^ is 

the electro- 
The electrochemical 

e (s )  

where pe/kT has been substituted for ne, the electron number density. 

p is unit pressure for po 

Recalling that 
substitution of (20)  in (18) yields 

e e(g)’ 

Pe = Zh-3(Znme)3/2 (kT)5/2 exp(-+/kT), 

where the work function, +, is defined a s  -p e(s,/No when the electrostatic field outside 
the metal is zero. By combining Eqs. 15c, 8, and 21, the equilibrium emission cur- 
rent, J becomes e’ 

(=a) 
Je = eRe = e5 p (2nmekT) -1/2 

e e  

where A = 4~em,k‘h-~ = 120 A/cmZ. This expression is the Richardson-Laue -Dushman 
equation4 for thermionic emission, and experimental data for clean, uniform metal sur- 
faces indicate that, in agreement with the assumed model, the general form of (22b) is 
valid under nonequilibrium conditions4’ 24 (for example, when an applied field causes 

p to be less  than the equilibrium value). e 
For some solid substances the rate of sublimation of ions may not be completely 
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negligible in comparison with the rate of sublimation of neutrals. 
self-surface i ~ n i z a t i o n , ~ '  

This is the case of 
and for the purpose of this illustration we shall assume that 

t only the positive ion, M (g), is significant. The equilibrium constant for the gas-phase 
reaction 

may be writ ten 

P P  

pM 
K =  Mt e = exp(-AG&/RT) 

where AG+ = AH$ - T AS" is the Gibbs free energy of the reaction described by Eq. 23, 
with AH" and AS" being the corresponding enthalpy and entropy of reaction. Quantum 
statistics provides expressions for AH" and AS" which, when substituted in (24), lead T T 
to the following form of the Saha equationz5: 

T 
T T 

3/2 

mMtme] T5I2 exp(-I/kT), 
mM 

where g denotes the electronic ground-state degeneracy,26 m is the mass per particle, 
and the ionization potential, I, is equal to the enthalpy of reaction per atom at 0°K; that 
is, I = Hb/No. Since the gaseous electrons are in equilibrium with the solid, (21) may 
be substituted for pe. This step, together with Eqs. 15c and 8 applied to p after 

rearrangement, gives the Saha-Langmuir equation for self- surface ionization: 
M+' 

This expression predicts that the ratio of the equilibrium sublimation rates of ions and 

neutrals depends on their equilibration probabilities, 5 + and GM, but is independent 

of the value of 5,. In the derivation of ( 2 6 )  we have assumed implicitly that + is uni- 
form over the surface and that there is a field-free region just outside the solid. Experi- 
mental data reported by Scheer and Fine' and by Zandberg et a1.6 indicate that the 
general form of (26) is valid under nonequilibrium conditions of sublimation .in vacuum, 
which is consistent with the assumed model. 

M 

As emphasized in the preceding derivation, I is an enthalpy evaluated at O"K, + is 
an electrochemical potential at temperature T, and pM is an enthalpy at temperature T. 

7 



Since (a) enthalpy and electrochemical potential a r e  not equivalent properties, and (b) 
the enthalpies a re  not evaluated at a common temperature, it is incorrect to write the 
Schottky relation a s  6 

A t  where P 

perature T. 
electrochemical potentials, all evaluated at the same value of T ,  or it must restrict 
(27) to T = OOK, where enthalpy and electrochemical potential a r e  identical for field- 
free conditions. Although (27) has been applied incorrectly in some studies, we sus- 
pect that the resulting e r ro r  is generally insignificant in comparison with experimental 
uncertainties such a s  surface inhomogeneities. 

is the enthalpy of sublimation of the process M(s),-. M (s) t e-(s) at tem- 

The correct form of the Schottky relation must involve only enthalpies or 
M+ 

6 

D. MODEL OF CATALYTIC AND GAS-SOLID REACTION PROCESSES 
OCCURRING UNDER NONEQUILIBRIUM CONDITIONS 

1. 1 General Description of the Model 

In the preceding discussion of sublimation processes the composition of the gas phase 
w a s  limited to species that a r e  components of the solid. 
to include (a) catalytic processes in which the gas phase consists of foreign species that 
a r e  not components of the solid, and (b) gas-solid reaction processes in which the gas 
phase consists of both foreign species and components of the solid, as well a s  the reac- 
tion products of the two. 
configurations and related terminology, we shall define a model that allows us to extend 
the equilibrium considerations of Section I-B to catalytic and gas-solid reactions 
occur ring under nonequilibrium conditions, 

sufficiently low pressures that the mean-free path is larger than the characteristic 
dimension of the system. This condition insures that collisions between molecules in the 
gas phase a re  negligible in comparison with collisions of molecules with the test  surface 
and chamber walls. 
gations: (i) the isotropic ce11,'7 in which the directions (defined by + and 8 in Fig. 1 )  
of the molecules impinging upon the test  surface a re  random or isotropic, and their 
speeds a r e  those of a Maxwellian gas at a temperature, TI, that is equal to the temper- 
ature of the chamber wall, not the temperature of the test  surface, T,  and (ii) the 
molecular beam, 1 3 '  l4 in which the directions of the impinging molecules a re  noniso- 
tropic and their speed distribution is either very narrow, as for a nozzle source,15 or 
approximately Maxwellian with temperature TI ~ as for a Knudsen source. 

We now extend the discussion 

Following a brief description of the two principal experimental 

Investigations of chemical reactions at gas-solid interfaces a r e  often conducted at 

Two different configurations a re  popular for experimental investi- 

- 

In the case of the isotropic cell, the state of the impinging molecules is determined 
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by TI and Z;, where Z!  is the collision rate for species i. (We have chosen to use Z; 

in place of p! because it is a more meaningful property under the present conditions. 
The superscript prime is used here to denote that values of these properties a re  not 
necessarily equal to the equilibrium values corresponding to the temperature of the test  
specimen.) The problem is to compute the desorption rates,  RI, for given experimental 
conditions defined by the values of T, TI, and Z> 

the values of the equilibration probabilities a r e  known, then the simple model described 
below provides a sufficient set of equations to determine R;. 

cussion appears in Section I-F. 

molecules that a r e  completely equilibrated to the solid, and the other the nonequilibrated 
molecules. 

2. The nonequilibrated molecules a r e  scattered from the surface without undergoing 
any chemical change. 

The rate of desorption of each species from the equilibrated adsorbate phase is 
equal to the rate that would exist if the gas phase were replaced by one that is in equili- 
brium with the solid, both thermally and chemically, with a pressure sufficient to cause 
the over-all adsorption rate of each chemical element to be identical to  the corresponding 
rate existing under experimental conditions. 

1 

1 

If we assume, for the present, that 

The assumptions underlying the model a r e  listed briefly here. A more thorough dis- 

1. The impinging molecules may be divided into two classes, one comprising the 

3. 

The third assumption may be expressed more clearly if we limit our attention to 
steady-state conditions. 
in part by conservation equations that a r e  completely independent of the model. 
example, if  the species impinging upon the surface include A A2B, and C, while the 
desorbing species include these plus A, AB, AC, and AM (where M = metal), then the 
conservation equation for element A is 

In this case the adsorption and desorption rates may be related 
For 

2’ 

where Z i  is the over-all rate of adsorption or desorption of element A. Similar equa- 
tions may be written for conservation of elements B and C. Now assumption 3 is that 
the unknown values of R! a re  equal to the equilibrium values R. that would exist for a 

J J 
gas phase having the same temperature as the solid and having the amounts of the var- 
ious species adjusted so that the equilibrium composition will provide an over-all adsorp- 
tion rate of element j ,  Z that is equal to Z!, the value computed from Eq. 15 for the 
test  (nonequilibrium) conditions. 
from that of the test conditions, it follows that the adsorption rates for species i, 5 Z 

i i’ 
and C!Z!, a re  not necessarily equal, even though the over-all rates for the elements, 
Z. and Z!, are equal. The physical reasoning behind assumption 3 is that if all species 
a r e  equilibrated to the solid and to the other adsorbate species in a characteristic time 
that is negligible with respect to their mean residence time on the surface, then the 

j’ J 
Since this equilibrium composition wi l l  generally differ 

1 1  

J 3 
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adsorbate state (coverage, structure, energy) will depend on the over-all adsorption 
rates of the elements, Zj, and not on the molecular state in which the elements are 
brought to the surface. 
that g! is equal to the value for equilibrium conditions. 

On the basis of assumption 3 we have reduced the nonequilibrium problem to one of 
equilibrium, thereby enabling us to employ the thermodynamic treatment outlined in Sec- 
tion I-B. Associated with each independent chemical reaction is an equilibrium constant, 
K , which may be written 

It should be emphasized, however, that we a re  not assuming 

1 

P 

( products 
K =  

reactants 

products - - 
(2nmikT)l/' Zi]" 

reactants 

where v .  represent the stoichiometric coefficients, and Eq. 8 has been used to replace 
pi with Zi' Since equilibrium is assumed, we have R; = Ri = SiZi, and (29b) may be 
rewritten 

1 

(ZrmikT) /2: 1'' '/' R 
products 

(2rmikT)l/' Ri/ciIvi 
reactants 

Each independent chemical reaction provides an equation similar to (30), and these, 
together with the conservation equations (28), a re  sufficient to evaluate the desorption 
rates, Ri, if it is assumed that the values of K 
for c !  and si a re  not generally available, we a re  forced either to assume 5!  = 5, = 1, or 
to choose the values that produce the best agreement with experimental data. 

The same general approach may be applied to molecular-beam experiments if we 
account for the fact that the impinging molecules a re  restricted to a given solid angle 

(Fig. l ) ,  and their speed distribution may, in the limiting cases, be either Maxwellian 
or m ~ n o e n e r g e t i c . ~ ~  In the Maxwellian limit the adsorption rate, by analogy with Eq. 13, 
is 

Q, and 5, a r e  known. Since values 
P' 

1 1 

where I. is the collision rate (molecular-beam intensity) for species i. Similarly, in 1 
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the monoenergetic limit, 

2 3 Since 5!  is not necessarily equal to 5' even for beams of equal mean molecular energy 
1 i' 

and intensity, the adsorption rate may depend on the type of molecular beam employed. 
We shall return to this point in Section I-E. 

1.  2 Illustrative Applications 

a. Surface Ionization 

The Saha-Langmuir equation of surface ionization is derived here a s  an illustrative 

neutral atoms, electrons, and singly 
application of the approach presented in the preceding section. 
consider a reaction involving only three species: 
charged positive ions. 
by considering the gas-phase reaction 

For simplicity, we shall 

By analogy with the treatment of self-surface ionization, we start 

for which the equilibrium constant (see Eq. 25)  is 

3/2 

T 5/2 exp( - I/kT ) , (34 )  

where I is the ionization potential of A(g), that is ,  the enthalpy of reaction for Eq. 33 

at T = 0°K. Since the gaseous electrons a re  in equilibrium with the electrons in the 
solid, p is equal to the saturation pressure given by (21) .  This, together with (15c) 

and ( 8 ) ,  may be substituted in (34 )  to obtain the following form of the Saha-Langmuir 
equation, which is analogous to (26): 

e 

According to the model defined in section 1 .  1, (35)  also applies when the gas phase is 
not in equilibrium with the solid if the over-all adsorption rate for the nonequilibrium 
case Z i  = 1 ZI t 5' Z' .) is equal to the over-all desorption rate for the equilibrium 

case ( ZA = RA t RAt). This condition reduces to 
( A At A 

5;22;2 = RA t R (36)  
At 

in the special case Z i  >> ZI +. Substitution of (36 )  in (35) ,  after rearrangement, yields 
A 

1 1  



another common form of the Saha-Langmuir equation: 

R ';A -- At - 
z;2 I -  4, 

1i-  ( 5 A / 5  At) (gA/at) exp[F]' 
(37) 

7 Experimental data 
variety of gases and solids if the solid surfaces a re  clean and have uniform properties, 
and if there is a field-free region just outside the surface. 

indicate that the general form of (35) and (37) is valid for a wide 

b. Catalytic Dissociation of Homonuclear Diatomic Gases 

There has been a large number of experimental investigations8-"' 27-30 of catalytic 

dissociation reactions of the type (Eq. 5), 

and the data generally can be explained quite satisfactorily on the basis of a model simi- 
la r  to that described in section 1. 1. 

experimental results have been reported by Brennan,' ' we shall concentrate on general 
conclusions that may be obtained on the basis of the quasi-equilibrium approach. 

For the special case of equilibrium conditions (TI = T) in an isotropic cell, the 
desorption rate for species A,  on the basis of Eqs. 8 and 15c, is 

Since detailed comparisons of the theoretical and 

By using the equilibrium constant, K = p /p"/', Eq. 38 may be rewritten 
P A A2 

From (38) and (39) we may conclude that the dependence of RA on pA and pA will  be 
2 

first-order and half-order, respectively, only i f  ';A is either independent of pressure 
or a linear function of pA. Since the dependence of 5 on pressure cannot be determined A 
on the basis of thermodynamics, we have the interesting result of RA, the equilibrium 
rate of production of atoms by desorption, does not have to have the generally accepted 
dependence on pressure, RA cc p i t ,  which thermodynamics requires to hold for  the 

equilibrium rate of production of A in the corresponding gas-phase (homogeneous) reac- 
1 

tion, 'ZA2(g) 
The preceding result may be explained by recalling that under equilibrium conditions 

the collision rate, ZA, is balanced by the desorption rate,  RA, plus the rate of scattering 
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of nonequilibrated atoms, ( 1-GA)ZA: 

ZA = RA t (l-cA)ZA. (40) 

Therefore, the total rate at which species A is returned to  the gas phase is equal to 
ZA, and this rate does have the expected dependence on pA 1/2. . 

2 

Z = p (ZsmAkT) -1/2 = K p'/2(2vmAkT) -1/2 . 
p A2 A A  

Z is a derived thermodynamic property, whereas R and 5 a r e  nonthermodynamic prop- 
ert ies because they cannot be measured, or derived from measurable thermodynamic 
properties, under equilibrium conditions. 
Therefore, we cannot expect to determine the pressure dependence of RA or 5, by ther- 
modynamics alone. 

In most experimental investigations of catalytic dissociation the gas temperature, 
TI, is so low that the impinging species is predominantly AZ,  whereas the catalyst tem- 
perature, T ,  is sufficiently high to  produce a detectable degree of dissociation. There- 
fore, for  an isotropic cell, the conservation equation for  A is 

(This point i s  considered in Appendix A.) 

and the model of section 1. 1 (Eq. 30) yields 

Y 1 /2 
3A2 RA 

K = ( ~ m ~ k T ) ' / ~ -  - . 
P R i t  

By combining these, we obtain 

(43 1 

In the limit R /R - 00, the second term on the left-hand side may be neglected because 
A A2 -. 00, and we  obtain 

KP 

In this case the rate of desorption of atoms is limited not by thermodynamics but by the 
adsorption rate (that is ,  the collision rate and the equilibration probability). Since the 
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coverage is essentially zero in this limit, 2 8 2  30 '8, will be quite independent of pressure, 

and we conclude that RA will exhibit a first-order dependence on p i  . 
limit of R /R 

In the opposite 
2 - 0,  the first term of (44) may be neglected, and we obtain 

A A2 
1/2 

5k2QcAz 
(RA)R /R -0 = Kp[ l/.j (P".)l/2. (46) 

A A 2  2mAk( TT ) 

Notice that this reduces to (39) as the conditions approach equilibrium. According to 
(46), under nonequilibrium conditions the pressure dependence of RA will be half-order 
only if c i /cA is either completely independent of p;2 o r  varies as pt 

2 2 2 ( A 2 Y Z .  
Equation (44) may be used, together with existing data on K to calculate the dis- 

Results for  HZ,  02, and N2 
P' 

sociation of various gases for a range of test  conditions. 
a r e  given in Fig. 2 in te rms  of the ratio RA/C;2, which varies from zero at low T and 
high p i  to unity at  high T and low p h  . 

10 

tions that ( i )  TI = 300"K, (ii) cA, 
chemical reaction occurs other than dissociation. A s  shown by Ehrlich and Brennan 
using similar analyses, the results for HZ and O2 agree well with experimental data for 
reasonable values of the equilibration probabilities. Experimental data for nitrogen a re  

The calculations are based on the assump- 
2 2 

, and a re  independent of T and p;2 , and (iii) no 
2 9 c"2 2 

scarce because the dissociation energy of N is so  great that the degree of 
2 

Fig. 2. 

I 

lo-' 

lo-2 

- 3 1 1 1 1 1 1 1 1 1 1 1 1  w w 
lo 1.2 1.4 1.6 1.8 2.0 2.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 3.0 3.4 3.8 4.2 

T/I03, TEMPERATURE ( O K )  

dissociation 

O2 , Theoretical prediction of the degree of dissociation of H2, 
and N2 by a catalyst at temperature T. Zt is the rate at which 
molecules impinge upon the surface, 5' is the equilibration prob- 
ability, R is the rate at which atoms leave the surface, and Cl is 
the maximum possible value of R,  i. e. , C' = 2512 ' .  
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is insignificant, except at extremely high temperatures and low pressures. 
rect evidence on the dissociation of N2  by a tungsten catalyst has been reported by Nornes 
and D ~ n a l d s o n , ~ '  and their results may be explained quite well by Eq. 46 and Fig. 2. 

(The qualitative explanation proposed by Nornes and Donaldson31 is based on the abso- 
lute theory of reaction rates which, unlike the quasi-equilibrium approach, requires 
atomistic models to be assumed for the adsorbate and the reaction mechanism.) 

Some indi- 

Equation 43 provides a useful relation between RA and RA , as it enables us to 

For  example, at high temperature and 
2 

determine one of the rates if  the other is known. 
low coverage the kinetic equation for atomic desorption approaches that of a perfect two- 
dimensional gas 32 

where vA is the characteristic vibrational frequency of an adsorbed atom, x is the acti- 
vation energy for desorption, and [A] denotes the adsorbate coverage (number of atoms 
adsorbed per unit surface area). According to (43), the corresponding equation for the 
molecular desorption rate i s  

where 

33 and statistical mechanics has been used to express K in the form 
P 

where h is Planck's constant, O r  and 0 a re  the rotational and vibrational character- 
istic temperatures, respectively, g is the ground-state degeneracy, and D is the dis- 
sociation energy (the enthalpy of the reaction A, c 2A at 0°K). 

9 29 been employed by Ehrlich and McCarroll. 

V 

This approach has 

E. EQUILIBRATION PROBABILITY 

Since the equilibration probability, 5 ,  plays an important role in the present analy- 
sis and in succeeding applications, it is considered briefly here. The subject has been 
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reviewed recently,19 so  we shall concentrate on one particular model which appears to 
provide a useful approximate explanation of some cases of dissociative adsorption. 

If the gaseous species impinging upon a surface is atomic rather than molecular, 
then 5 depends entirely on the probability of the atom losing sufficient energy to the 
solid that it becomes lltrappedll by the gas-solid potential. Although energy transfer 
may also influence the equilibration probability of molecules, the rate-limiting process 
may instead be the dissociation of molecules into adsorbed atoms. 
depend either on the probability of the impinging molecules having sufficient energy to 
pass over an activation-energy barr ier ,  34y 35 o r  on the probability of adsorbed mole- 

36,9,35 cules migrating to preferred sites for  dissociation before desorption occurs. 
Only the former process will  be considered here, and we shall use the model of Lennard- 
Jones34 in a manner suggested recently by van Willigen. 

For  example, 5 may 

37 

2 A +  M 

Fig. 3. 
Schematic representation of the gas-solid 
interaction potentials for the case of acti- 
vated dissociative adsorption of molecules, 
A2, Ea is the 
activation energy separating the molecular 
(A2tM) and atomic (2AtM)  adsorption states, 

on the surface of solid M. D 
7 2 A  

1 
and D is the dissociation energy for A2(g) - 
2A(g)* 

A s  illustrated in Fig. 3, the gas-solid interaction potential may be of such a nature 
that the atomic and molecular states of adsorption a r e  separated by an activation-energy 
barr ier  of height Ea. For simplicity, we shall assume that Ea is constant over the 
entire surface.38 Molecules impinging with speed v at angles 8 and 9 (Fig. 1 )  will  be 

able to adsorb dissociatively 

to carry them over barr ier  Ea. 

39 molecules in class (v,0,+) is 

AZ(g) e A(ad) only if their energy is large enough 
L 1 

That is ,  the differential equilibration probability of 

where 5 
sufficient energy will  not pass over Ea because of quantum-mechanical reflection or of 
steric ~ o n s i d e r a t i o n s . ~ ~  We shall simplify the following discussion by assuming that 
5,  is independent of v, 0, and +. If the gas phase is in equilibrium with the solid, then 

is a transmission coefficient representing the fact that some molecules with 
0 

1 6  



from Eq. 13 we obtain 

which, with the aid of (96) and (51), may be expressed a s  

= 5,  [ 2  1 t  -sec 0 exp (-E Ea sec2 e), 

* where the lower limit of integration is v = (2Ea/m)'/' sec 0. Therefore the ratio of 
' 5  for angle of incidence 0 to  that for normal incidence ( e  = 0)  is 

2 S(0) E a t  kT cos 6 2 

-= exp(- 2 tan2 0) 
'G(0) (EatkT) cos2 0 

(53) 

and, with the aid of Eq. 13, the corresponding ratio of the differential adsorption rates 
is 

Ea 2 Ea t kT cos2 0 2 r ( e )  s(e) 2 

2 -- - 2- cos 0 = exp(- m t a n  e). n o )  5 ( 0 )  (EatkT) cos 0 
(54) 

2 Since R(6)  = ' r (e)  according to detailed balancing (see Eq. 15b), it follows that (54) 
also provides an expression for R(e)/'R(O). 

observation that the angular distribution of hydrogen desorbing from various metals is 
not simply proportional to  cos 0. Van Willigenls data a r e  rather convincing evidence for 
the existence of the activation-energy barrier,  and similar results have been obtained 
independently by Saltsburg and Smith. 40 

2 

Equation 54 is identical to  that used by van Willigen3' to explain his experimental 

Integration of Eq. 52c over 0 and I+ yields 

5 = 5 ,  exp(-Ea/kT). (55) 

Expressions of this form a re  commonly assumed for the Itsticking probability11 of gas 
molecules on solid surfaces. 

The preceding equations must be modified if  the gas phase is not in equilibrium 

9, 10,30,35 

with the solid. 
5,  replaced with 5; to denote that this transmission coefficient may depend on the tem- 
perature of the solid. 39 

In the case of a monoenergetic molecular beam, 35' is given by (5l)with 

The dependence of 35f on 0 is illustrated in Fig. 4 for 
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1 - mv2 = f l E  , and the results suggest that experimental measurements of this sort 2 a 
could be used to determine Ea and/or to test the validity of the model. 

Fig. 4. Illustration of the theoretical dependence of 
the equilibration probability, 5 ,  on angle of 
incidence, ei. The curve for 3 5 ( 8 ) / 3 S ( 0 )  

= C E a .  The curve for 2 5(8)/'5(0) 

was computed from Eq. 51 for the case of 
a monoenergetic molecular beam of energy 
- mv 2 
was  computed from Eq. 56 for a Maxwellian 
beam of temperature T I  = f iEa /2k .  

Bi,ANGLE OF INCIDENCE ( D e s )  

For  a molecular beam having a Maxwellian speed distribution with temperature 
TI, we obtain by analogy with (52c), 

A s  illustrated in Fig. 4 for Tt = f i E a / 2 k ,  Eq. 56 predicts that 
adsorption rate - decreases markedly with increasing angle of incidence, 8. 
has been observed recently by Saltsburg and Smith4' in a molecular-beam study of the 
H -D exchange reaction on a nickel catalyst. Equation 56 also predicts that 5' 
increases markedly with Tc , and this characteristic has been observed by Krakowski 
and Olander3' for the dissociation of an H2 beam by a heated tantalum catalyst. They 
report that their data indicate that Ea = 1.4 kcal/gmole if it is assumed that the equili- 
bration probability is simply proportional to exp(-Ea/kTt). (According to the present 
model it would have been more appropriate to use Eq. 56.) It is interesting to note that 
Krakowski and Olanderls assumption that H2 desorbs with a random or  cosine distribu- 
tion is inconsistent with the fact that Ea # 0. 

that, on the basis of the present model, the deviation from a cosine distribution would 
not be very significant. 
described here, it follows that TI, the temperature of the gas, controls the adsorption 
rate through Eq. 56, whereas T, the temperature of the solid, controls the desorption 
rate and angular distribution through Eq. 54. 

equilibration probability is obtained by integrating (56) over 8 and 4. 
identical to (55), except that TI appears in place of T. 

- and therefore the 
This trend 

2 
2 2  

In their case, however, Ea is so small 

By combining the model described in section 1. 1 with that 

For  the case of an isotropic cell in which the gas is at temperature TI # T, the 
The result is 

The present model of the equilibration probability is extremely primitive, but it 
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does appear to provide a partial explanation of existing data. Since there is experimental 
evidence that 5 is a function of the adsorbate coverage,35 the results given here a r e  valid 
at best only for constant coverage or in the limit of zero coverage. Also, the assumption 
that Ea is constant over the entire surface is of questionable validity, especially in the 
case of polycrystalline surfaces. 

F. CONCLUDING REMARKS 

We have attempted to present a systematic and generalized reformulation of the 
quasi-equilibrium approach that has been used in various forms in the past to derive 

approximate expressions for the rates of sublimation and catalytic processes. 
scheme of systematization was to consider each process as a chemical reaction that may 
be described in terms of an equilibrium constant. 
stating the assumptions and selecting the variables in such a manner that the approach 
would not be limited to a single class of reactions, materials, o r  experimental condi- 
tions. 

The present approach does not constitute an exact or  rigorous theory of heteroge- 
neous reactions because the quasi-equilibrium model is a drastic a p p r o ~ i m a t i o n . ~ ~  There 
is substantial evidence, however, that it provides useful descriptions of the simple subli- 
mation and catalytic processes considered herein, and in Parts I1 and 111 we illustrate 
its success in providing a semiquantitative description of the production of volatile prod- 
ucts in the reaction of gaseous oxygen with solid surfaces. 
fail to explain the experimental data for certain reactions or  systems, but in such cases 
it will provide a standard for comparison which may help to identify the rate-limiting 
step responsible for deviation from quasi-equilibrium. 

ther discussion because they have not previously been considered in detail. The valid- 

ity of the first assumption rests  upon the possibility of dividing the impinging molecules 
into two classes, one comprising the molecules that a re  equilibrated to  the solid before 
returning to the gas phase, and the other the nonequilibrated molecules. Some sup- 
port for this assumption may be obtained from Smith and Fite's experimental dataz7 on 
the catalytic dissociation of an H2 molecular beam by a tungsten surface heated to 
-2500°K. Their results show that, although the H atoms desorbing from the surface 
have the diffuse spatial distribution generally expected in the case of complete equili- 
bration, the spatial distribution of the H2 molecules is lobular or  nondiffuse, thereby 
indicating incomplete momentum accommodation of a significant fraction of the impinging 
molecules. McKinley's experimental dataz7 on the catalytic dissociation of C1, by a 
heated tungsten surface also indicate that a fraction of the impinging molecules a re  scat- 
tered without achieving complete energy accommodation with the solid. 

upon a catalytic surface will attain complete energy and momentum accommodation, they 

The 

Generalization was strived for by 

The approach no doubt will  

The assumptions underlying the present treatment of catalytic reactions warrant fur - 

Although our experimental data a re  evidence that not all of the molecules impinging 
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do not prove the second assumption that dissociation occurs only for those molecules 
that are thermally equilibrated (complete energy and momentum accommodation). 
fact that Smith and FiteZ7 observed a diffuse spatial distribution for the H atoms 
desorbing from the surface is an indirect indication that the majority of the atoms were 
accommodated, but a more direct proof would be desirable (for example, measurements 
of the velocity distribution of the desorbed H atoms). Another indirect indication of the 
validity of the second assumption, as well as of the other two assumptions, is the agree- 
ment of predictions based on these (or equivalent) assumptions with experimental 
data. 

The third assumption essentially constitutes a definition of the te rm equilibration, 
the statement being that the equilibrated species desorb at a rate equal, by detailed 
balancing, to the adsorption rate that would exist if the gas phase were replaced by an 
equilibrium mixture having the same over-all adsorption rate for each chemical ele- 

ment. An alternative statement of this assumption is that the state of the adsorbate 
phase at a given temperature depends only on the rates at which the various chemical 
elements a re  added to the phase, and not on the molecular composition of these elements 
before adsorption, except for the e€fect of the molecular form of the impinging species 
on 5 ,  the equilibration (adsorption) probability. We would expect this assumption to be 
a reasonable approximation unless (i) the reaction mechanism of the catalytic process 
requires that certain molecular species be supplied directly from the gas phase, a s  in 
the case of the Rideal-Eley m e ~ h a n i s m , ~ '  or (ii) the relaxation rates associated with 
both the energy distribution and the chemical composition of the adsorbate phase a re  
not sufficiently large relative to the desorption rates to maintain equilibrium conditions 
when the composition of the impinging gas deviates from equilibrium. Results pre- 
sented in Part 11: indicate that this assumption may be valid even in complex gas-solid 
reactions such as the oxidation of tungsten. 

The 

7-10,29-31 

We have given considerable attention to the equilibration probability 5 because it 
is a principal parameter in the present treatmefit. 
of experimental and theoretical information on the equilibration process for temperatures 
much above 300°K. 
treatment and it constitutes the only adjustable parameter that may be altered to maxi- 
mize the agreement of the theoretical results with experimental data. If agreement can 
be obtained with "reasonable" values of 5 ,  then we have indirect support for the quasi- 
equilibrium approach, A more convincing test of the approach would be to compare the 
resulting values of 5 with values measured by an independent means. 

It has been suggested to us recently by J. C. Keck that the quasi-equilibrium treat- 
ment presented here for  heterogeneous processes may also be formulated in a manner 
analogous to the statistical theory of reaction rates for homogeneous (gas-phase) pro- 
cesses, This formulation, which is considered briefly in Appendix B, has the advantage 
of illustrating that both heterogeneous and homogeous reactions may be treated by a gen- 
eralized statistical theory. 

Unfortunately, there is a deficiency 

A s  a result, 5 is essentially a defined parameter in the present 
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Part  11. Evaporation Rates of Volatile Species Formed 
in the Reaction of O2 with W, Mo, and C 

A. INTRODUCTION 

At normal temperatures and pressures the chemical reaction of a gas with a solid 
generally results in the formation of condensed products, such as  a solid oxide, nitride, 
hydride, or halide, rather than volatile (gaseous) products. 47’ 48 At high temperatures 
and low pressures, however, the formation of volatile products is favored over the 
growth of the condensed phase for some gas-solid systems. Recently, the formation of 
volatile products in gas- solid reactions has received increased attention (see Table 1 ) 

Table 1. Summary of mass spectrometric investigations of gas-solid 
chemical reactions resulting in volatile products. 

System 

0-w 
0-w 
0-w 
0-w 
0-w 
0-MO 

0-MO 

0-Ge 

I-w 

G1-Ni 

C1-Ni 

c1-Y 

Br-Ni 

Br-W 

F -Ni 

Experimental Technique 

Isotropic 
Source 

(steady-state) 

* 

X 

X 

X 

X 

X 

X 

X 

X 

X 

Modulated 
Molecular 

Beam 
(transient) 

X 

X 

Flash 
Desorption 
(transient) 

X 

X 

X 

X 

Investigators 

59 Schissel and Trulson 

Berkowitz-Mattuck et al. 

Steele 

Ptushinskii and Chuikov 
63 McC arroll  

Steele 

Berkowitz-Mattuck et al. 

Lever 

McCarroll 

Smith and Fite 

McKinley 

McKinley 

McKinley 

McCarroll 

McKinley 

60 

61 

62 

64 

60 

65 

66 

67 

68 

69 

70 

71 

72 

* In an isotropic source the molecules impinging upon the test  specimen have 
random (isotropic) directions. 
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because the process is encountered in a wide variety of technological areas,  including 
thermionic energy c o n ~ e r s i o n , ~ ~  ion propulsion, 50 high-temperature gas dynamics, 51 
metal p u r i f i c a t i ~ n ~ ~  and  deposition^,^^ and i n ~ a n d e s c e n t ~ ~  and arc  lamps. 55 

The principal objective of the present work is to derive approximate expressions for 
the evaporation rates of volatile products formed in steady-state gas-solid reactions at  
sufficiently low pressures that gas-phase processes may be neglected in comparison with 
the processes occurring at the gas-solid interface. The analysis is based upon the quasi- 
equilibrium approach described in Part  I, and results have been obtained for the reaction 
of oxygen with tungsten, molybdenum, and carbon. We have chosen these three systems 
because (i) the thermodynamic property data necessary for computing the equilibrium 
constants K a re  available, (ii) experimental data exist for comparison in the case of 
0 - W  and 0-Mo, and (iii) the adsorption and desorption of oxygen on W and on Mo have 
been investigated recently in our laboratory. 

As described in Part I, our approach is to use equilibrium thermodynamics to the 
greatest possible degree, since this simplifies the analysis by minimizing the need for 
assuming detailed kinetic models of the individual steps of the reaction. 
is used only to obtain an expression for the rate at which molecules impinge upon the 
solid surface; this expression is essentially a boundary condition between the gas and 
solid phases, and it enables us to determine rates in terms of thermodynamic properties. 
Comparison of the theoretical results with existing experimental data for 0-W, 0-Mo, 
and 0 - C  leads to the conclusion that the rate-limiting step, for all three systems, is 
the "trapping" or temporary adsorption of the impinging oxygen molecules for a suffi- 
cient time during which they become equilibrated both to the solid and to the other 
adsorbed species. This nonthermodynamic effect is accounted for by introducing an 
equilibration probability (for example, a sticking probability) into the present treat- 
ment, and we demonstrate that with this one adjustable parameter it is possible to obtain 
close agreement with experimental data for 0 - W  and for 0-Mo. 

P 

56-58 

Kinetic theory 

B. SUMMARY OF A TYPICAL EXPERIMENT 

A brief summary of a typical mass-spectrometric experiment of gas-solid chemical 
reactions is given here because it simplifies and clarifies the description of the analysis 
presented in the succeeding section. Schissel and Trulson's study58 of 0 - W  has been 
selected for this illustration because a detailed comparison of our theoretical results 
with their experimental data will  be made in Section 11-C. Similar mass spectrometer 
apparatus have been used by others in investigations of a variety of gas-solid systems 
(see Table 1).  

The principal features of Schissel and Trulson's apparatus are  shown in Fig. 5. 
, the O2 pressure in the chamber, to the desired steady- Valve A is used to adjust p' 

state value. Since p' 
O2 

is restricted to sufficiently low values that the mean-free path 
O2 
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for gas-phase collisions exceeds the characteristic dimension of the chamber, free- 
molecule flow conditions a re  insured and the O2 molecules impinging upon the tungsten 
surface a re  at the temperature of the water-cooled chamber walls ("300 OK). On the basis 
of kinetic theoryY7' the rate at  which O2 molecules impinge upon the unit area of the 
surface is 

ION I Z AT I ON 
REGION ---- 

/(2rm O2 kT')''z, 

7 

(57) 

VALVE A 

+r FLASK OF 
PURE 0, 

where mo is the molecular mass, k is Boltzmann's constant, TI is the gas tempera- 

ture (30OoK), and the superscript prime denotes, as  in Part I, that the gas properties 
are not the equilibrium values corresponding to the temperature of the tungsten speci- 
men, T, which may be varied independently of the gas temperature by adjusting the 

2 

in mass-spectrometric studies of 
gas- solid chemical reactions. 

TUNGSTEN SPECIMEN 

PUMP 

heating current passing through the specimen. A portion of the impinging molecules 
react with the solid atoms to form various products which, at the temperatures and 
pressures considered here, a r e  s o  volatile that they evaporate at a rate that prevents 
the growth of a solid oxide phase on the tungsten surface. Since (a) the evaporating oxide 
species will condense readily upon the chamber wall, (b) the evaporating atomic oxygen 
will recombine on the wall to form molecules, and (c) gas-phase collisions are insignifi- 
cant, it seems reasonable to assume that a negligible fraction of the evaporating species 
is scattered back to the tungsten surface, with the result that the dominant species 
impinging upon the specimen is molecular oxygen with a rate given by Eq. 57. 

As illustrated in Fig. 5, the apparatus is so designed that a fraction of the reaction 
products evaporating from the specimen will pass directly through the ionization region 
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of the mass spectrometer before undergoing collisions with walls, electrodes, or other 
molecules. 
which may be used to compute the evaporation rate Ri in the manner described by 

t The mass-spectrometer output signal for species i is an ion current, Ii , 
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Schissel and T r ~ l s o n . ~ ~  (Their calculation is based implicitly on the assumption that 
the angular distribution of the evaporating products is the same (for example, a cosine 
distribution) for all species; however, as mentioned in Part  I, there is evidence that 
this assumption may not be valid for all gas-solid systems.) The experimental data for 
Ri vs T at  a chamber pressure of p' = 2.1 X l o 4  Torr  a r e  shown in Fig. 6. Each data 

point corresponds to a mass spectrometer measurement made under steady-state condi- 
tions at various values of T', the temperature of the tungsten specimen, but all for the 
same conditions of the impinging O2 molecules; that is, p b  = 2.1 X 10 

300°K, so from Eq. 57, Z' = 7 . 5  X 10l6 cm sec . The results show that the forma- 

tion of the simplest species, 0 and WO, is favored a s  T increases, and at the highest 
temperature R b  2 Z' because the tungsten surface acts as  an efficient catalyst for 

dissociating the impinging O2 molecules. 
0, do not appear in Fig. 6 because the signal corresponding to this species was 
obscured by the 0, pressure maintained in the chamber. 

O2 

-4 Torr, TI = 
2 -2 -1 

O2 

O2 
Data for the evaporation (desorption) rate of 

(Schissel and Trulson' 3) .  The O2 pressure 
and temperature are  held constant at 2.1 X 

impingement rate of Z'  

Torr  and 300°K, corresponding to an 
= 7.5 x10l6 mole- 

O2 -2 -1 tules cm sec . 
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C. ANALYSIS AND DISCUSSION OF THE 0 - W  REACTION 

If the model described in Part I is applied to the 0 - W  reaction with conditions identi- 
cal to those in Schissel and Trulson's experiment, then the basic assumptions may 
be restated in more specific terms. 

1 .  The impinging O2 molecules may be divided into two classes: the first comprising 
the molecules that a re  trapped or temporarily adsorbed by the surface for the suf- 
ficient time that they are equilibrated, both thermally and chemically, to the tungsten 
and to the other adsorbed species; the second, the nonequilibrated molecules. If Sb 
represents the probability that an impinging molecule will be equilibrated, then the rate 
of adsorption (equilibration) is 

2 

where Z' 

2. The nonequilibrated molecules are  scattered from the surface without undergoing 

is defined by ( 5 7 ) .  
0 2  

chemical change; that is, they rebound a s  O2 molecules. 
tributions of the scattered nonequilibrated molecules a re  of no consequence in the pres- 
ent analysis because these properties were not determined by Schissel and Trulson.) 

equal to Ri, the rate that would exist if the O2 gas were replaced by a gas mixture that is 
in thermal and chemical equilibrium with the tungsten specimen and has a total pressure 
sufficient to cause Zo, the over-all adsorption rate of oxygen atoms, to equal 2 5'  Z' , 

the corresponding rate for the actual (nonequilibrium) conditions .73 This condition, 
together with the steady-state expression for conservation of oxygen, may be written 

(The speed and angular dis- 

3.  The rate  of evaporation of each species from the equilibrated adsorbate phase is 

O2 O2 

+ 8 R w 3 ~ s  + 9 R w 3 ~ 9  + 12Rw4~12.  ( 5 9 )  

We have not included oxides above W4012 because this represents the upper limit of 
existing thermodynamic data, and species above W 0 were  not detected by Schissel 
and Trulson. The nine evaporation rates appearing in ( 5 9 )  may be related through the 
equilibrium constants of their respective reactions, which may be represented by a 
generalized stoichiometric expression 

3 9  

The corresponding expression for the equilibrium constant is 
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Since the equilibrium constants a r e  expressed in terms of pi, the equilibrium partial 
pressures, a relation between pi and Ri is needed in order to obtain as many equations 
a s  unknowns. This relation is simply that, according to the principle of detailed bal- 
ance, the equilibrium evaporation rate of species i is equal to the equilibrium adsorp- 
tion (equilibration) rate 

where 5, is the equilibration probability for species i under equilibrium conditions. Since 
the values of 5 .  are  unknown, we are  forced to assume that 5 .  = 1 for  all of the product 
species. 

1 1 
With this assumption, (62) may be used to rewrite (61) as 

K W O  
X Y  

1 = (ZakT) 
RW 0 

X Y  
Y 

74 where M represents the molecular weight and may be computed from 

are  the enthalpy and entropy of formation listed in the where AHW and ASw 

JANAF Table?6 Equations 59, 63, and 64 are  a sufficient set  for computing the evapo- 
ration rates, Ri, for given values of T, Z' 

puter, we have obtained results for a variety of conditions. 

Trulson's data shown in Fig. 6 for Z' 

parison we have assumed that 5 '  = 1 throughout the entire range of temperature. 

Notice that although the general features of the computed curves a r e  qualitatively simi- 
la r  to the corresponding features of the experimental data, the quantitative agreement 
becomes increasingly poor with decreasing T. One possible explanation of this dis- 

0 0 

X Y  X Y  

, and 5' . With the aid of a digital com- 
O2 O2 

The results presented in Fig. 7 were computed for comparison with Schissel and 
sec . In this first com- -2 -1 = 7.5 X 10l6 cm 

O2 

O2 

crepancy is that c'  
because the adsorbate coverage increases with decreasing T, and it is known that the 
"sticking probability, 
age for a wide variety of gas-solid systems,77 This suggested explanation is also 
supported by the fact that, by applying the conservation relation described by Eq. 59 
to the experimental data, we find that 5'  must have the temperature dependence shown 

in Fig. 8 if the adsorption rate of 0 atoms is to equal the over-all evaporation rate of 0, 

decreases as T decreases, which is a reasonable relationship 
O2 

which is almost identical to 5, decreases with increasing cover- 

O2 
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Fig. 7 
Comparison of theoretical evaporation 
rates  with corresponding experimental 
data of Schissel and Trulson'' for the 
chemical r e a c t i o  n of gaseous O2 with 
solid tungsten. The experimental data 
are  identical to those shown in Fig. 6; 

-1 therefore, Z' = 7.5 X 10 l 6  cmq2 sec . 
The theoretical results a re  based on tab- 
ulated thermodynamic data76 and on the 
simplifying assumption that 5' = 1 over 

the entire range of conditions. 

O2 

O2 

1500 2000 2 5 0 0  3 0 0 0  3 5 0 0  
T,TUNGSTEN TEMPERATURE ( O K )  

T ( O K )  
3333  2 5 0 0  2 0 0 0  1667 1429 

Fig. 8 

Apparent equilibration probability, 
5 '  , a s  a function of T, the tem- 

perature of the tungsten specimen. 
( C a l c u l a t e d  from Schissel and 
Trulson's experimental data.) 

O2 
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THEORY 
EXPER I MENT 

T,TUNGSTEN TEMPERATURE ( O K )  

-THEORY 
-- EXPERIMENT 

Fig. 9 .  
Comparison of theoretical evaporation 
rates with corresponding experimental 
data for  the reaction of O2 with W. The 
conditions and assumptions a re  identical 
to those for Fig. 7, except that the com- 
putations are  based on the equilibration 
probability shown in Fig. 8, rather than 
on the assumption that t+ = 1 , and Z' 

is assumed78 to be 1.19 X 1017 mole- 
2 O2 

-2 -1 cules cm sec . 

Fig. 10. 
Comparison of theor et ic a1 evaporation 
rates with corresponding experimental 
data for the reaction of O2 with W. All 
conditions and assumptions are identi- 
cal to those for Fig. 9,  except that the 
enthalpy of formation data have been 
adjusted within their limits oi probable 
e r ro r  to obtain better agreement (see 
Table 2) .  

1500 2000 2500 3000 3500 
T. TUNGSTEN TEMPERATURE ( O K )  

IU 

28 



that is ,  the right-hand side of (59). 
-1 1.19 X 

(Figure 8 is based on the assumption78 that Z' = 
O2 

sec and cb = 1 for T > 2900°K; also, since the evaporation rate of 
2 

O2 could not be detected experimentally because of the high background pressure of 02, 
we have used a theoretical estimatec19 of R 

formed to the form 5' 

tion of T and Z' 

exist for 0 - W .  The results presented in Fig. 9 were computed by using this apparent 
equilibration probability in place of the initial assumption of 5'  = 1, and we see that 

the agreement between theory and experiment is much closer than in Fig. 7.  

.) The data for 5' vs  1/T could be trans- 
O2 O2 

vs coverage if we had an expression for the coverage as  a func- 

, and TI; at present, however, this information does not 
O2 

, or of T, p' 
O2 O2 

O2 

Table 2. Enthalpies of formation for the volatile species formed 
in the reaction of gaseous O2 with solid tungsten. 

Species 
AHf298. 15 (kcal/gmole) 

JANAF 

59.559f 0 . 0 3  

101.6 f 1 0  

18.3 f 7 

-70.0 f 7 

-278.2 f10 

-408.7 f10 

-483.6 f10 

-670.2 f10 

Value Used in Fig. 10 

59.559 

109.6 

15.0 

-70.0 

-268.2 

-398.7 

-473.6 

-660.2 

Note: By definition, the enthalpies of formation of 0 2 ( g )  and W ( s )  
a re  zero at 298.15"K and 1 atm. 

We suspect that one cause of the discrepancy between theory and experiment in 
Fig. 9 is the inaccuracy of the thermodynamic property data that is available for the 
tungsten oxides. Since the equilibrium constant is an exponential function of A# and ASo 
(Eq. 64), the computed evaporation rates  a re  extremely sensitive to small changes in the 
values of these properties. For example, the agreement between theory and experiment 
may be improved to the degree shown in Fig. 10 by using values for that do not 
differ from any of the accepted values by more than the estimated probable e r ro r  (see 
Table 2) .  Even better agreement could be obtained by making minor adjustments in ASo, 
as  well as  in AHo, but it is not warranted, because of the limited accuracy of the experi- 
mental data8' and the approximations associated with the model. 
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Conclusion 1 : Results on the temperature dependence of the evaporation rates  indi- 
cate that, within the degree of accuracy of existing thermodynamic property data, the 
volatile products a re  in equilibrium proportions over a wide temperature range if we 
require equality of the theoretical and experimental values of the over- all evaporation 
rate of oxygen atoms (if we assume that the rate-limiting step is the equilibration pro- 
cess described by the parameter 5' ) .  

O2 
As an additional test of the present model, it is of interest to determine whether the 

theoretical results agree with Schissel and Trulson's data on the dependence of the evap- 
oration rates  on the chamber pressure, p' . The comparison will be qualitative, not 

quantitative, since the experimental data on pressure dependence a re  given in terms 
of relative pressures, not absolute pressures. The curves shown in Figs. 11-14 were 
computed for this purpose, but we have chosen to express the results in terms of 
Z'  because the impingement rate is a more meaningful parameter 

in the present treatment than the chamber pressures. Notice in Fig. 11 that the 
order of the dependence (the slope) of Ro on Z '  increases with T, with the upper 

limit being a first-order dependence, as indicated by a slope of unity.By comparing 
Figs. 11 and 12, we conclude that the dependence of R on Z '  becomes first order 

when Z' is sufficiently low (or T is sufficiently high) that the dissociation of O2 

into 0 is essentially complete (Ro = 2&b2Zb,). These characteristics agree with 

Schissel and Trulson's observation that the order of Ro with respect to Z' 

increases with T, attaining first order at the highest temperatures where Ro becomes 
independent of T. 

O2 

rather than p' 
O2 O2 

0 2  

0 O2 

OZ 

O2 

Corresponding results for the dependence of % on Z'  are presented in 

Figs. 13 and 14. Notice in Fig. 1 3  that the order (slope) of an isotherm changes 
rather abruptly from second order to approximately one-third order as Z'  

It appears that these changes in order occur at values of T and Z' 

approximately to the positions of the maxima of % 
the order changes at the point where the rate of production of W 0 2  is overpowered by a 
competing reaction. These characteristics agree with Schissel and Trulson's observation 
that the order of the dependence of Rw0 increases with T, becoming "at 

least second order a t  the highest temperatures . ' I  58 

O2 O2 

increases. 

that correspond 
O2 

O2 
in Fig. 14, thereby indicating that 

O2 

on Z' 
2 O2 

Conclusion 2: Results on the dependence of Ro and RWO on Z' provide evi- 
2 O2 

dence that, over a considerable range of conditions, the reaction rates of the 
adsorbed species a r e  those corresponding to equilibrium kinetics. 

A question of practical interest is: How does the rate of erosion of tungsten by 
oxygen vary with T and Z' ? The answer predicted by the present model is illustrated 

O2 
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zb , ,  0, IMPINGEMENT RATE ( c m - 2 s e c - l )  

Fig. 1 1 .  Theoretical dependence of Ro, the evaporation rate of atomic oxygen, 
on Z' , the impingement rate of 0,' for various temperatures of the 

tungsten specimen. As in Fig. 7, the computations are  based on tab- 
ulated thermodynamic data76 and on the simplifying assumption that 

O2 

= 1 over the entire range of conditions. 'b, 
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Fig. 1 2 .  

Theoretical dependence of Roy the 
evaporation rate of atomic oxygen, 
on T, the temperature of the tung- 
sten specimen, for various values 
of the i m p i n g e m e n t  rate, Z'  . 
(Assumptions are  the same as  for 
Figs. 7 and 11 .) 
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Fig. 1 3 .  

Theoretical dependence of + the evapora- 
0,' 

tim rate of W02 ,  on Z'  , the impingement 
0 2  

rate of 02, for various temperatures of the 
tungsten specimen. (Assumptions are  the same 
as  for Figs. 3 and 7.) 

Fig. 14. 

Theoretical dependence of % 
the evaporation rate of W02 ,  on T, 
the t e m p e r a t u r e  of the tungsten 
specimen. (Assumptions are the 
same as for Figs. 7 and 11 .) 

O2' 

1600 2000 2400 2800 3200 
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Fig. 15. Theoretical prediction of the average loss of W atoms from the 
solid per impinging 0 atom (per 1 /2 molecule). (Assumptions 
are  the same as  for Figs. 7 and 11 .) 

in Fig. 15 where the ordinate represents the average number of tungsten atoms removed 
per impinging oxygen atom (per 1/2 molecule). The results a re  not expected to be com- 
pletely realistic because they a re  based upon the simplifying assumption that 5' 

throughout the entire range of conditions. The erosion ratio is - 0 . 3 3  at high values of 
Z' 

of Fig. 15 is that the erosion ratio for a given impingement rate is not a monotonic func- 
tion of T, since the formation of WO increases with T as  may be seen in Fig. 7. (A 
detailed comparison of the theoretical predictions with existing experimental data on 
erosion rates81 will be given in a subsequent paper.) 

is unity 
O2 

because the dominant volatile species is WO and its polymers. An unusual feature O2 3 

D. ANALYSIS AND DISCUSSION OF THE 0-MO REACTION 

We also may consider the reaction of oxygen with molybdenum, since both the 
mass spectrometric data64 and the necessary thermodynamic property data (Table 3)  

a r e  available. The results for 0-Mo presented in Fig. 16 were computed in the man- 
ner described for 0 - W  in the preceding section except that equilibrium constants 
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Table 3. Thermodynamic property data for the volatile species formed in 
the reaction of gaseous oxygen with solid molybdenum. 

Species 

O(g) 

M o w )  

MOO2 (g) 

MOO3 (g) 

M0206(g) 

M0308(g) 

Mo309(g) 

M040 1 ,(g) 

AH " (kcal/gmole) AS " (cal/gmole - "K) Reference 

61.3 16 75 

95 

11.0 9. 0 * 
-80 -15.5 * 

-270 -7 2 * 

* 25. 5 

-400 -118 t 
-463 -132 * 
-640 -190 t 

* DeMaria et a1.82 report AH; (enthalpy at 0°K and 1 atm) for the reactions 

MoO(g) - Mo(s) 4- O(g) 
Mo02(g) - Mo(s) 4- 2O(g) 
Mo03(g) - Mo(s) + 3O(g) 

and free energy functions, -(F"-H;)/T, at 100" intervals from 2000°K to 
2500°K. Burns et al.83 report AH" and AS" at 1600°K for the reactions 

2Mo03 (g) - (Moo3) ,(g) 
3M003 (g) - (g). 

These data, together with the tabulation of thermodynamic properties75 of 
Mo(s), 02(g),  and O(g), have been used to compute, for the particular tem- 
perature range of interest, the values of AH" and AS" given in this table. 

tEstimated by assuming that the relative magnitudes of the properties for 
0-Mo follow the same trend as  the properties for 0 - W .  

were calculated by using the data of Table 3. 

data in this case (Fig. 16) is quite similar to that obtained in the previous case 
(Fig. 7).  
we see that the results a r e  similar to those for 0 - W  in Fig. 8. The slight shift 
of 5' for 0 - M o  toward lower temperatures than that for 0 - W  is consistent with 

the fact that both the binding energy57 and the impingement rate a re  smaller for 
0 -Mo than for 0-W. As may be seen in Fig. 18, the theoretical evaporation rates 
agree more closely with the experimental data when the apparent equilibration prob- 
ability is used in place of the assumption that 5' = 1 over the entire range of con- 
ditions . 

The agreement with the experimental 

The apparent equilibration probability for 0-Mo is given in Fig. 17, and 

O2 

O2 

Conclusion 3: The theoretical model and analysis presented in Section II-C yield 
results that agree satisfactorily with existing experimental data for 0-Mo,  as  well as 
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Fig. 16. 
Comparison of theoretical evaporation 
rates with corresponding experimental 
data of Steele64 for the chemical reac- 
tion of gaseous O2 with solid molybde- 
num. The O2 pressure and temperature 
a re  held constant at  5.0 X 1 0-5 Torr  and 
-300°K, corresponding to an impinge- 
ment rate of Z'  = 1.7 X 10l6 mole- 

cules cm sec . The t h e o r e t i c a l  
results a re  based on the thermodynamic 
property data of De Maria et a1.82 and 
Burns et al. ,83  and on the simplifying 
assumption that 5 '  = 1 over the entire 

range of conditions, 

O2 
-2 -1 

O2 
- - 

1500 2000 2500 3000 3500 
T, MOLYBDENUM TEMPERATURE ( O K )  

T ( O K )  

3333 2500 2000 1667 1429 

Fig. 17. 
Apparent equilibration probability, 

as  a function of T, the tem- 

perature of the molybdenum spec- 
imen, (Calculated from Steele's 
e x p e r i m e n t a l  data by the same 
method used in c o n n e c t i o n  with 
Fig. 8.) 
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- THEORY 
EXPERIMENT -- I 

T ,  MOLYBDENUM TEMPERATURE ( O K  1 

Fig. 18. Comparison of theoretical evaporation rates with corre- 
sponding experimental data for the reaction of O2 with Mo. 
All conditions and assumptions a re  identical to those for 
Fig. 16, except that the computations are  based on the equil- 
ibration probability shown in Fig. 17, rather than on the 
assumption that = 1. 

O2 

for 0-W;  therefore, the success of the approach is not limited to a single gas-solid reac- 
tion. (Since the properties of Mo and W are quite similar, this does not represent a 
rigorous test of the generality of the model.) 

E. ANALYSIS AND DISCUSSION OF THE 0 - C  REACTION 

The reaction of oxygen with carbon is an especially attractive case to study because 
very accurate data a re  available75 on the thermodynamic properties that are  needed to 
compute the equilibrium constants for the expected reactions: 
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Fig. 19. 

I 1 I I I 
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N 
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N 
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\ 
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I o - ~  

I o - ~  

Theoretical evaporation rates of the volatile species 
formed in the chemical reaction of gaseous O2 with 
solid carbon. It is assumed that 5 '  = 1 over the 

entire range of conditions. 
O2 

The results presented in Fig. 19 for the graphite phase of carbon have been computed 
by the method described in Section 11-C, under the assumption that 5' 

entire range of conditions. The predominant species changes quite abruptly from C02 

to CO at a temperature that depends only weakly on the impingement rate, Z' 

temperatures, both RCO and R 

illustrated in Fig. 19, by the fact that RCo/Xo and R /I: 

= 1 over the 
O2 

. At high 
O2 

have essentially first-order dependence on Z' , a s  
0 O2 

appear to be independent of 0 0  
Z' . (Note: Zo = 25'  Z' , as  in Eq. 59.) The first-order dependence of RCO exists 

O2 O2 O2 
because CO predominates to such a degree at high temperatures that its rate of forma- 
tion is limited by the impingement rate Z' , rather than by the thermodynamics of the 

competing reactions. The relation between R and RCO is 0 
O2 

- 0 
RO -2 RCO' 
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where KCO and KO a r e  the equilibrium constants for the reactions described by 
Eqs. 65a and 65c, respectively, and Eq. 62 has been used to express K 
terms of evaporation rates, rather than partial pressures. 

explains the first-order dependence of Ro on Z' 

and KO in co 
Since RCO ar Z'  , Eq. 66 

O2 
observed in Fig. 19. 

O2 
Unfortunately, mass spectrometric data of the same calibre as  the data for 0 - W  and 

0 - N l o  have not yet been reported for 0 - C y  probably because the equilibration probability, 
is so low that the evaporation rates a re  below the minimum detectable values. 84 

F. CONCLUDING REMARKS 

The apparent validity of the present model in two cases, 0 - W  and 0-Mo, is quite 
remarkable, in view of the extreme simplicity of the model. For example, there are  
possible processes that could invalidate the model: (i) If a detectable fraction of any 
species (other than 02) is able to evaporate before being equilibrated to the solid 

and to the adsorbate,85 then the volatile products will not be produced in equilibrium pro- 
portions and the interaction cannot be considered to comprise only two classes of mole- 
cules corresponding to equilibration and nonequilibration, with no chemical reactions 
occurring in the nonequilibrated class. 
of one or more species may be sufficiently slow that deviations from the equilibrium 
proportions will  occur. In particular, we are  surprised that the results indicate that 
even a large molecule like W 2 0 6  is in equilibrium with the other species, in spite of the 
fact that steric factors associated with adsorbate reactions a re  expected to  differ signifi- 
cantly from those for gas-phase reactions.86 (iii) In relation to the last  statement, we 
may also expect the equilibration probabilities, Si, of the molecular species to deviate 
markedly from the assumed value of unity, because of differences in the adsorbate and 
gas-phase partition functions of a given species.86 (iv) As illustrated in Part  I, the 
angular distribution of an evaporating species may not have the assumed cosine form if 
an activation energy of adsorption exists for that species. 
constants employed in the present analysis correspond to the reaction of oxygen with 
the pure solid substance, rather than with an oxide phase, the approach will not be valid 
at high pressures and low temperatures where the adsorbate or oxide film is sufficiently 
thick that the surface behaves more like the bulk oxide than like the pure substance. (The 
model could be applied to the reaction of oxygen with an oxide surface if the thermody- 
namic property data needed for determining the equilibrium constants were available .) 
Other possible limitations of the model a re  discussed in Section I-F. 

(ii) The kinetics of formation and evaporation 

(v) Since the equilibrium 

- 

With the above-mentioned limitations in mind, the model could also be applied at  
higher pressures if we  based the analysis on continuum fluid mechanics rather than on 
free-molecule kinetic theory. This modification has not been included because a more 
rigorous test of the model is possible at low pressures where the effects of gas-phase 
reactions and transport processes a re  minimized. Also, we have not yet considered 
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McKinley's mass- spectrometric data 6 8 y  70y 72  on various halogen-metal reactions 
because accurate thermodynamic property data have not yet been found for the gaseous 
dihalides . 

The principal characteristics of the results presented for 0 - W  and 0-Mo are  (i) the 
species evaporating from the solid appear to be in complete thermodynamic equilibrium 
with one another and with the solid, and (ii) the fraction of the impinging molecules that 
a r e  equilibrated, 5' , decreases as  the adsorbate coverage increases. We expect that 

the same two characteristics apply to a variety of other gas-solid reactions, as  well 
as to catalytic reactions. Since 5; is the only adjustable parameter in the present 
approach, we hope that a clearer understanding of the equilibration process will  be 
obtained a s  a result of both experimental and theoretical investigations. 

as that used by Schissel and T r ~ l s o n , ~ ~  a re  that the number of adjustable parameters is 
less and a model of the adsorbate phase is unnecessary. Also, the validity of the kinetic 
approach rests  in part upon the assumption that the adsorbate may be described in terms 
of distinct adsorption states and/or species, whereas there is some recent evidence that 
the states of adsorption and oxidation a re  indistinguishable. 

O2 

The advantages of the quasi- thermodynamic approach over the kinetic approach, such 

87 

39 



Part 111. Flash Desorption of Oxidation Products 
from a Tungsten Surface 

A. INTRODUCTION 

A quasi-equilibrium treatment of heterogeneous reactions was described in Par t  I, 
and in Par t  I1 this treatment was applied to the chemical reactions of gaseous oxygen 
with solid tungsten, molybdenum, and carbon under steady-state conditions of low pres- 
sure and high temperature. Since the computed rates of evaporation of volatile products 
were found to agree satisfactorily with existing experimental data for the systems 
oxygen-tungsten and oxygen-molybdenum, we concluded, although the treatment is based 
on an oversimplified model, that it may be useful as  an approximate description of some 
gas-solid reactions occurring under steady-state conditions. The objective now is to 
determine whether the treatment can be modified so that it w i l l  also be useful in 
describing gas-solid reactions occurring for transient conditions such as those encoun- 
tered in experiments based on the flash desorption technique. 

2500 

2000 

1500 

1000 

Fig. 20. Experimental flash-desorption curves for the reaction of oxygen 
with a polycrystalline tungsten surface (Ptushinskii and Chuikov88). 
The mass spectrometric signals for the various species have been 
converted to an absolute scale of desorption rate by the approxi- 
mate method described in Appendix C. 
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Our primary reason for considering the transient case is that the flash desorption 
technique has been employed recently by Ptushinskii and Chuikov8* and by McCarroll 
to obtain detailed data on the reaction of oxygen with tungsten. 
quently to the data of Ptushinskii and Chuikov, it is advantageous to summarize the 
essential features of their experiment. 
pair of electrical leads was placed inside a vacuum chamber that was generally main- 
tained at an oxygen pressure of -1 X loq7 Torr. 
trolled by passing an electric current through the ribbon, and, as  illustrated in Fig. 20, 
this allowed the ribbon to be heated ("flashed") from 300°K to 2500°K in -0. 2 sec, 
thereby causing oxygen and oxide species to desorb from the surface. A mass spec- 
trometer was positioned immediately in front of the ribbon so that a portion of the 
species desorbing from the surface passed directly into the ion source of the mass spec- 
trometer without colliding with solid surfaces. The normal procedure was to flash the 
ribbon only after it had been held at a specific temperature, Tad' sufficiently long to 
insure that the adsorption of oxygen had reached a steady-state value. The data shown 
in Fig. 20 are  for Tad = 300"K, and we see that although atomic oxygen is the predom- 
inant species (especially when T r ises  above 2OOO"K), the desorption of oxides is sig- 
nificant in the early portion of the flash where the temperature is below 2000°K. 

The principal question that w e  wish to consider is ,  Can the flash desorption data of 
Ptushinskii and Chuikov88 (see Fig. 20) be explained by assuming that the transient reac- 
tion is a quasi-static process (that is ,  a process in which the adsorbate passes through 
a continuous series of equilibrium states) ? 

29 

Since we shall refer fre- 

A polycrystalline tungsten ribbon mounted on a 

The tungsten temperature, T,  w a s  con- 

B. THEORETICAL ANALYSIS 

The present treatment does not require any assumptions concerning which species 
exist in the adsorbate phase. Therefore we shall use the symbol [O] to denote the total 
number of oxygen atoms adsorbed per cm2 of the tungsten surface, regardless of whether 
these atoms actually exist as 0, 02, WO, WOz, etc. Conservation of oxygen requires 
that d[O]/dt be equal to the difference between the over-all adsorption and desorption 
rates for oxygen, and, since the adsorption rate is negligible during the flash desorption 
process of Ptushinskii and Chuikov, w e  have 

where RW 

and the summation includes the principal desorption species. If we assume that the 
flash desorption process is quasi-static, then the desorption rates of the various 
species a re  related through their equilibrium constants which may be expressed 
as 

is the instantaneous value of the desorption rate of species W 0 
x Y' 

X Y  

89 
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where T is the instantaneous temperature, Mw 

W 0 andKW 

is the molecular weight of species 
X Y  

represents the equilibrium constant for the general reaction 
X Y  

x Y’ 

may be computed from the relation KW 0 
X Y  

where A H h  

(69). In the following calculations we shall use the same values of AH& 

and Ash 
X Y  X Y  

a re  the enthalpy and entropy of the reaction described by 

and AS& 
X Y  X Y  that resulted in good agreement in Par t  I1 (see Table 2). 

Since Eq. 68 provides r -  1 equations in terms of 1: unknown desorption rates (r = 
number of species), w e  must have one more equation in order to obtain a solution. In 
the following calculations this additional equation w i l l  be the graphical representation 

W O ’  of the experimental results for Ro vs T shown in Fig. 20. The desorption rate, R 
X Y  

may be expressed in terms of R 
formation of atomic oxygen) to obtain a relation between Ro and Ro, and then using this 
to eliminate Ro from (68), the result being 

by first applying (68) for the case x = 0, y = 1 (for the 

2 

0 

2 

We have used the following procedure to compute the desorption rates of the principal 
oxide species: 

1. Choose a value of T and then go to Fig. 20 to 
of Ro. 

2. With these values of Ro and T,  use Eq. 71 to 

3. Repeat steps 1 and 2 for various values of T, 

determine the corresponding value 

compute RW . 
X Y  

thereby obtainihg a graph of RW 
vs T (or RW vs  t ,  using the T vs  t relation shown in Fig. 20). X Y  

X Y  

C. COMPARISON OF THEORETICAL AND EXPERIMENTAL RESULTS 

Results obtained by this procedure a re  presented in Figs. 21 and 22. To simplify 
the comparison of Fig. 21 with the experimental results in Fig. 20, w e  have omitted 
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Fig. 21. Theoretical flash-desorption curves for the 
reaction of oxygen with a tungsten surface. 
Note: For convenience of comparison with 
Fig. 20, the curves for those species not 
appearing in Fig. 20 have been omitted (see 
Fig. 22). 

0.05 0.06 0.07 0.08 0.09 0.10 0.11 
t , T I M E  ( s e c )  

Fig. 22. Theoretical flash-desorption curves for the 
reaction of oxygen with a tungsten surface. 
(Conditions are  identical to those for Fig. 21, 
but included here are  the results for all of 
the major species, and the time scale has 
been enlarged for clarity.) 
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from Fig. 21 the results for those oxide species that do not appear in Fig. 20. Although 
our computational procedure forces the curves for 0 in Figs, 20 and 21 to be identical, 
it does not force the curves for the other species to agree. In fact, agreement of the 
curves for a particular species would indicate that the desorption rate for that species 
equals the "equilibrium" (or quasi-static) value corresponding to the instantaneous val- 
ues of Ro and T. Notice that the agreement for W 0 2  and W 0 3  is reasonably good in 
view of the limited accuracy of both the experimental and theoretical results. (This 
question of accuracy is considered below.) The lack of agreement for WO is not sur -  
prising because the experimental curve is suspectedss to be the result of electron- 
impact induced dissociation of W 0 2  and W03.  

enlarged time scale for clarity. Although the magnitudes of the results for W 2 0 6  and 
O2 suggest that these species should have been detectable, their absence in the experi- 
mental results (Fig. 20) may be due to one or more of the following causes: (i) the O2 
signal w a s  obscured by wall effects,88 (ii) the equilibrium constant used to calculate the 
W 0 rate may be erroneous, (iii) the T vs t relation shown in Fig. 20 may not be 
completely accurate in the range 1500"-2000"K, thereby causing RW 

2 6  
large,90 and (iv) the conversion factor used in converting the r a w  experimental data to 
the absolute scale of desorption rate shown in Fig. 20 may be slightly high. The impor- 
tance of point (iv) may be seen in Eq. 71 which predicts that RW 

the sixth power of Ro. 
in the following manner. If we assume that the effect of the erroneous conversion factor 
may be corrected by multiplying the ordinate in Fig. 20 by a constant factor, a, then the 
corrected value of Ro is a times that shown in the present figure. This corrected value 
of Ro is used to calculate new results to replace those in Figs. 21 and 22. 

The theoretical results for all of the major species are  shown in Fig. 22 on an 

2 6  
to be too 

is proportional to 
2 6  

This point is further illustrated in Fig. 23 which was computed 

With these 
results w e  calculate 
per flash, 

3, R W O  dt 
X Y  

2 both the number of molecules of species W 0 desorbed per cm 
X Y  

(7 2) 

2 and, from (67), the total amount of oxygen desorbed per cm per flash, 

which is numerically equal to [010, the oxygen coverage initially on the surface before 
the flash. Each value of a results in different values of Jr RW 

results given in Fig. 23 were obtained by repeating the calculations for a ranging from 
0.7  to 1.6. Notice that the amount of W 2 0 6  relative to either W 0 2  or W 0 3  decreases 
sharply a s  [010 decreases (that is ,  as a decreases). Since [010 = 8 X 1014 cm-2 

dt and [010, and the 
X Y  
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1 0 - l ~ ~  [o], , INITIALOXYGEN COVERAGE (cm-2) 

Fig. 23. Theoretical dependence of the amount of each 
species desorbed per cm per flash on the total 
amount of oxygen initially adsorbed on the tung- 
sten surface before the flash. 

2 
Fig. 

10'20 1 500 1000 1 5 0 0  2000  2500 

T,, ,ADSORPTION TEMPERATURE ( O K )  

24. Experimental results of the effect of adsorp- 
tion temperature on the amounts of the various 
species desorbed pe r  cm per flash. (Replotted 
from Ptushinskii and Chuikov.88) 
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for the results shown in Figs. 21 and 22, we conclude from Fig. 23 that the relative 
amount of W 2 0 6  is very sensitive to a small e r ro r  in the conversion factor used in con- 
structing Fig. 20. (This conversion factor is described in Appendix C.) 

Ptushinskii and Chuikov88 also performed a ser ies  of experiments in which they 
varied Tad, the temperature at which the tungsten ribbon was held during adsorption of 
oxygen before the flash. These data (Fig. 24) show that Jr R W  

species W 0 desorbed per cm per flash, depends on Tad in a rather complicated man- 
ner. Although the amounts of the various species desorbed are  seen to be independent 
of Tad in the range 3 0 0 ° K  to -750"K, the amounts of all species other than 0 increase 
markedly if  the adsorption process is performed at temperatures in the range 750°K 5 
Tad 5 1150"K,  thereby indicating an increase in [010, the total amount of oxygen 
adsorbed on the surface before the flash. This increase in [O], with Tad has also been 
reported by other investigators, 91 using different experimental techniques, and the com- 
mon explanation is that the adsorption of oxygen at high coverages is a thermally acti- 
vated process. At too high a temperature, however, the adsorbate becomes thermally 
unstable, thereby causing [O] to decrease with increasing T as  indicated in Fig. 24 

0 ad' 
by the fact that the amounts fall off for Tad > 1250°K.  

then the theoretical results given in Fig. 23 provide a possible qualitative explanation 
for the experimental observation (Fig. 24) that the amount of oxygen desorbed a s  oxides 
increases in this range, whereas the amount desorbed a s  0 remains essentially 

dt, the amount of 
2 X Y  

X Y  

If we accept the argument that [010 increases with Tad in the range 700 " - 11 50 "K, 

Fig. 25. 

Assumed dependence of temperature on time 
for flash-desorption processes originating at 
different initial values of Tad, the adsorption 
temperature immediately preceding the flash. 
The e x p e r i m e n t a l  curve from Fig. 20 is 
included for comparison. 

~ ASSUMED T vs  t RELATION 

0.05 0.10 0.15 0.20 
t, TIME ( s e c )  

unchanged. As may be seen in Fig. 23, an increase in [010 causes a greater increase 
in the oxides than in atomic oxygen, especially for [010 > 1 X The results in 
Fig. 23 a re  not a suitable basis for making a closer comparison of experimental and 
theoretical results because they were calculated for Tad = 300 "K by using the T vs  t 
relation shown in Fig. 20. 

relations for flashes starting at different values of Tad, we shall base the following 
Since Ptushinskii and Chuikov88 do not report the T vs t 
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computations on the oversimplified linear relations shown in Fig. 25. 
lack of experimental data on Ro vs t for different Tad w i l l  be compensated for by 

assuming that Ro may be represented by the expression 

Similarly, the 

92 

Ro = kT/h [O] exp(-X*/kT), (74) 

* 
where k and h a re  the Boltzmann and Planck constants, respectively, and x is the 
apparent desorption energy, which is assumed to vary with coverage in the manner 
shown in Fig. 26. 
was estimated by fitting Eq. 74 to the experimental data.) The final assumption is that 
the dependence of coverage on adsorption temperature may be approximated by the curve 
shown in Fig. 27. Using these assumptions w e  have calculated the curves shown in 
Fig. 28, which a re  qualitatively similar to the experimental curves in Fig. 24. The 
agreement could be improved by slight changes in the assumed relations (Figs. 25-27), 
but quantitative agreement should not be expected, in view of the numerous oversimpli- 
fications and the limited accuracy of the data. 
that the values of J0 RW 

* 
(As described in Appendix D, this approximate relation for x vs  [O] 

(As described in Appendix C,  we suspect 
03 dt reported by Ptushinskii and Chuikov88 are  too high.) 

X Y  

D. CONCLUDING REMARKS 

The development of an atomistic model of the kinetics of the oxygen-tungsten reaction 
is a formidable task, and at present those concerned with this problem do not even agree 
on some of the most basic mechanisms. 
oxide molecules which desorb from the surface are  formed at low temperature before 
the flash, whereas Ptushinskii and C h ~ i k o v ~ ~  question this view and suggest that the 
oxides may have formed during the flash. Schissel and T r ~ l s o n ~ ~  have described a kin- 
etic model in which two states of adsorption are  assumed. 
approach presented here circumvents the problem of formulating an atomistic kinetic 
model of the reactions among the adsorbate species, and results a re  obtained without 
making any assumptions about whether the adsorbate consists of atoms, molecules, rad- 
icals, or complexes. 

imental data reported both by Ptushinskii and Chuikov88 and by M c C a r r ~ l l . ~ ~  The qual- 
itative features of the model may be described most clearly by referring to Eq. 7 1. Since 
the term KW 

the tungsten oxide species other than WO, it follows that the desorption rates of WO,, 
W03, W206, and W309 wi l l  be largest in the low-temperature portion of the flash- 
desorption process, in agreement with the experimental data shown in Fig. 20. Notice 
that Eq. 71  also predicts that RW is proportional to RL; therefore, since it seems 

reasonable to expect that Ro increases with increasing oxygen coverage, we conclude 

For example, McCarroll's view93 is that the 

The quasi-equilibrium 

The quasi-equilibrium model provides an extremely simple explanation of the exper- 

/KC decreases e ~ p o n e n t i a l l y ~ ~  with increasing temperature for all of 
X Y  

X Y  
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Fig. 2 6 .  Fig. 27. 
Assumed dependence of the appar- Assumed relation for the total amount of oxygen * adsorbed at various temperatures. (The quali- 

tative shape of this relation has been estimated ent desorption energy, x , on oxy- 
88,91,59, 100) gen coverage [O]. (This relation has 

been estimated from Ptushinskii and from existing experimental data. 
Chuikov's experimental data88 by the 
procedure described in Appendix D.) 

500 1000 1500 

Fig. 28. 
Theoretical prediction of the effect 
of adsorption temperature on the 
amounts of the v a r i o u s  species 

2 desorbed per cm per flash. 

To,,, ADSORPTION TEMPERATURE ( O K )  
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that the amount of oxides desorbed per flash increases with increasing coverage. 
characteristic of the quasi-equilibrium model provides a plausible explanation of the 
experimental observations that greater amounts of oxides are desorbed per flash when 
the initial coverage, [010, is increased either by increasing the length of the adsorption 
period 90’ 59 or by selecting an adsorption temperature that enhances activated adsorp- 
tion. 

This 

88 

Since the results of the quasi-equilibrium analysis agree, at least qualitatively, with 
both the steady- state and flash-desorption experimental data, we have reasonable support 
for the idea that the desorption process of the oxygen-tungsten reaction does not deviate 
radically from being a quasi-static process. 
occurring within the adsorbate phase and the rates  of desorption of the various species 
are  sufficiently rapid that the desorbing species remain in chemical equilibrium with one 
another, even for transient conditions in which T and [O] are  varying with time. 

Since the validity of the quasi-equilibrium approach is limited by a number of factors 
(see Section 11-F), we cannot expect it to apply for all experimental conditions and gas- 
solid systems. It does, however, provide a useful standard for determining the degree 
to which a process deviates from being quasi-static. The nature of the deviation may 
then serve as  a guide to identifying the rate-controlling mechanism and developing an 
improved kinetic model. For example, this approach may prove to be useful in 
developing an explanation for the most recent data of Ptushinskii and C h ~ i k o v , ~ ~  which 
indicates that the flash-desorption rates for the oxygen-tungsten system depend on the 
crystallographic orientation of the surface. The approach may also be applied to cata- 
lytic reactions, and work in this direction is now in progress. 

That i s ,  both the rates of the reactions 
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APPENDIX A 

Application of Detailed Balancing Considerations to 
Gas-Solid Interaction Processes 

As defined in Section I-B, 3Z represents the rate at which gas particles having 
speeds within the range v to v t dv and directions with the solid angle dw = sin 8d8d+ 
impinge upon a surface element of unit area. In order to preserve equilibrium condi- 
ti on^,^^ there must be an equal rate ( E)  of particles leaving the surface in the reverse 
direction within the same ranges of v and w. That is ,  

3 

(A. 1) 
3 

m v ,  e,+; TY P) = Z(VY 8, (9; T, PI, 
3 

where the temperature and pressure, T and p, determine the thermodynamic state of 
the system, and v, 8, and + determine a particular microstate of the free particles. 

Assume for the moment that 
components, 

3 E may be expressed as the sum of two distinguishable 

(A. 2 )  
3 3 *  3,CJ= R t  R ,  

3 where R is the rate at which equilibrated particles from all possible adsorbed states 
3 *  contribute to the population of microstate (v, 8 ,  +), and R is the rate at which nonequil- 

ibrated particles a re  scattered into microstate (v, 8, +) from all possible microstates of 
the impinging gas particles. The emission probability E may be defined as 3 

35 = 3R/3i!= 3R/3Z1 (A. 3) 

Since the impingement rate per unit solid angle, 3Z/dW, varies as cos 8 according to 
Eq. 9, it follows from Eq. A. 1 that 
desorption rate per unit solid angle, 3R/dW, varies as cos 8 (as is commonly assumed), 
then Eqs. A. 2 and A. 3 lead to the conclusions that 3R*/dw varies as cos 8, whereas 
35/dw is independent of 8. 

particles desorbing from the surface have a Maxwellian speed distribution, then the non- 
equilibrated particles must also have a Maxwellian distribution. 

tinguishable components, 

3 B/dw also varies as cos 0. Therefore, if  the 

By a similar argument we can prove that if the equilibrated 

3 In an analogous manner, assume thpt Z may be expressed as the sum of two dis- 

(A. 4) 
3 *  3 z = 3 r t  r ,  

3 where I' is the rate of collisions that result in equilibration of gas particles to the solid, 
3 *  and is the rate of the remaining (nonequilibrated) collisions. The equilibration prob- 

3 ability 5 is defined as 

35 = 3r/3z. (A. 5 )  
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Equations A. 2 through A. 5 may be applied only if  we can devise a method for dis- 
tinguishing the equilibrated particles from the nonequlibrated ones. 
mation of this sort  is beyond the capabilities of thermodynamics, we are  forced to adopt 
a mechanical approach based on an assumed model of the interaction. 
a model enables one to define a boundary in phase space that effectively separates the 
states of equilibrated adsorbed particles from those of free particles, then this boundary 
may be used to distinguish equilibrated particles from nonequilibrated particles. That is, 
'R may be defined as  the differential rate at which particles cross the boundary from 
all possible adsorption states to populate the free state (v, 0, I+), whereas 3r is the rate 
of the reverse process. 
ary to give 

Since detailed infor- 

For example, i f  

The principle of detailed balance44 may be applied at the bound- 

at equilibrium. This result may be combined with Eqs. A. 2-A. 5 to prove that 

3f = 35 

and 

(A. 7a) 

(A. 7b) 

We emphasize the fact that Eqs. A. 6 and A. 7 a r e  not valid if  the boundary does not pro- 
vide a definite separation between the adsorbed and free states; for example, if  it does 
not ensure that a negligible fraction of the free particles entering the adsorbed state 
reside for so short a time that they return to the free state before being equilibrated to 
the solid. 

The model of dissociative adsorption employed in Section I-F is an example of the 
approach described above, and in that case either the dashed curve or the dot-dash curve 
in Fig. 3 is a possible choice of the boundary separating the adsorbed and free states. 
Although the dashed curve appears to be a more appropriate choice than the dot-dash 
curve for transitions from free to adsorbed states, the reverse is true for transitions 
in the opposite direction; therefore, as a compromise we could choose a vertical line 
passing through the activation barrier E as the boundary. (Because of the exponential 
nature of the equilibrium energy distribution function, the results for the three different 
choices of boundaries w i l l  be essentially the same in most cases.) The results of Sec- 
tion I-E show that, for the assumed model, the dependence of R on v is not Maxwellian, 
and the dependence of R/dw is not cos 8.  

a 

3 
3 
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APPENDIX B 

Relation of the Quasi-Equilibrium Model to the Statistical Theory 
of Chemical Reaction Rates 

The purpose of this appendix is to demonstrate that the quasi-equilibrium treatment 
of heterogeneous reactions may be formulated in a manner similar to the statistical 
theory of homogeneous reactions. Although the statistical theory is formally applicable 
to  any homogeneous reaction, K e ~ k ~ ~  developed it explicitly for the recombination pro- 
cess 

where the flcatalyst,11 C, is a gaseous species that does not react with either A or B. 
By analogy, we shall extend the formalism of the statistical theory to the reaction 

A t  B t  M A B +  M, (B. 2) 

where the catalyst, M, is a solid surface that is assumed not to form volatile products, 
such a s  AM or BM, at  the temperatures and pressures of interest. 

We shall begin by reviewing the application of the statistical theory to the reaction 
described by Eq. B. 1 which may be expressed as 

(B. 3 )  A t B t C e  (ABC) *A - A B t C ,  

* 
where (ABC) 
bination rate, Rfb, we consider the steady-state flow of representative points in phase 
space from the "free state," A t B t Cy through the ttcollision complex,!$ (ABC) , to the 
Itbound state," AB. 

denotes the "collision complex." To obtain an expression for the recom- 

* 
45 From this point of view, the recombination rate may be written 

* 
where Rfe(P, L, E )  is the rate at which (ABC) is formed by collisions of A t B t C having 
total linear momentum, P ,  total angular momentum, L, and total energy, E, and 
E , ~ ( P ,  L, E) is the probability of such collisions resulting in the formation of the bound 
state, AB. from first principles, the prob- 
lem is to devise a means for estimating The fundamental assumption of the sta- 
tistical theory is that the collisions randomize the systems to the degree that, subject 
to known conservation laws, the density in phase space of systems leaving the collision 
complex is uniform, independent of the initial density of systems entering.45 This 

assumption allows us to write 

Because of the difficulty of calculating 

45 
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where r*b (P ,  L, E )  and r , , f (p ,  L, E)  a re  the rates of flow of phase volume per unit P ,  
L, and E from the collision complex to the bound and free states, respectively. 

is ,  
by integrating the phase volume flow over the boundary of the region (ABC) 
space. 

If the catalyst is a solid rather than a gaseous species, then the preceding formal- 
ism must be modified to account for the fact that the adsorbate phase is not a perfect 
analog of the collision complex, (ABC) . One difference is that, whereas (ABC) con- 

sists of one atom each of A, B, and C, the adsorbate consists of a collection of atoms 
A, B, and M. Since the composition of the adsorbate varies with the magnitudes of the 
rates at which A and B impinge upon the surface, we conclude that composition is now 
a varizble whereas it was a constant for the collision complex of homogeneous reactions. 
To simplify this discussion, we shall take species B to  be identical to species A, and 
the reaction wi l l  be expressed in the form 

That 
is the fraction of the flow that goes to the bound state, and it may be calculated * in phase 

* * 

A t A t M  AM)^ ---- A~ t M (B. 6) 

where (AM)a represents the adsorbate phase. We shall also assume that steady-state 
conditions exist. Since the process leading from the free state, A t A t M, through 
the adsorbate phase, (AM)a, to  the bound state, A2, is even more complex than that 
for the corresponding homogeneous reaction, we shall not attempt to consider the 
mechanics of the interaction in detail. Instead, we shall make the following assump- 
tion which is consistent with the spirit of the statistical theory: The rates at which 
atoms and molecules leave the adsorbate phase a re  identical to the equilibrium rates, 
subject to the conservation relation 

xt = 2RA t RA, 
2 

where El is the total rate at which A enters the adsorbate (that is, the atomic rate plus 
twice the molecular rate), and RA and RA a re  the equilibrium rates at which atoms 

and molecules leave the adsorbate. 
in an equilibrium state determined by the catalyst temperature, T, and the adsorption 
rate,46 2 2 ,  and it allows us  to  express eab as 

2 
This is equivalent to assuming that the adsorbate is 

E,b(T, x l )  = ZRab(T, x1)/[2Rab(T, xt )  t Raf(T, c')]. (B. 8) 

These rates may be calculated by equating Rab to  Rba and Raf to Rfa on the basis of the 
principle of detailed balance (Eqs. 15 and A. 6), and combining the conservation rela- 
tion (Eq. B. 7 )  and the equilibrium constant (Eq. 43) to obtain 

'I2 KP [-1 f [ 1 + 8 ( 1 r m ~ k T ) ' / ~ K - ~ E ~  P 11'21 1 Raf = -g (rmAkT)- (B. 9) 
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and 

1 Rab = y ( E ’  - Raf). (B. 10)  

may be expressed either in terms of momentum, as in the statistical theory, or in 
terms of v,  0,  and +, as in Section I-B. 
defined in the present report, we may express the differential rate at which A enters 
the adsorbate from both free and bound states a s  

Using the latter approach and the nomenclature 

(B. 1 1 )  

where the equilibration probabilities and a re  functions of v, 0 ,  +, Zf ,  and T. 

(In the language of the statistical theory, ‘8, and 3 5 i  correspond to eba and efa, 

respectively. A parameter similar to 
there is an activation energy (for example, a rotational barr ier)  associated with forming 
the collision complex.) Therefore, the recombination rate may be written 

3 51 also appears in homogeneous reactions if 

(B. 12) 

which is similar in form to Eq. B. 4 for the corresponding homogeneous reaction. 
According to the present model, however, eab is independent of v, 8, and 9, so  it may 
be taken outside the integral, giving 

- 5’ z1 Rfb - ‘ab A A’ 

where 

(B. 13)  

(B. 14) 

In summary, we have demonstrated that the quasi-equilibrium model for heteroge- 
neous reactions may be formulated along lines similar to those of the statistical theory 
for homogeneous reactions. 
neous and homogeneous reactions ar ise  from the fact that an adsorbate phase is not com- 
pletely analogous to a collision complex. The collision complex is a particular unstable 
species, while the adsorbate is a stable phase consisting of a variety of species. 
principle, the adsorbate itself could be considered as a collection of collision complexes 
that lead to desorption of atoms and molecules. 
retical treatments of adsorbate kinetics a re  even more complex than for gas-phase 
kinetics. A s  a result, our treatment of heterogeneous reactions tends to  lean more 

The principal differences of the treatments of heteroge- 

In 

In practice, however, rigorous theo- 
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toward a phenomenological approach than does the statistical theory of homogeneous 
reactions. This difference causes cab (Eq. B. 8) to be a function of macroscopic param- 
eters, T and El, whereas (Eq. B.5) is a function of mechanical parameters. 
Although the treatment of heterogeneous reactions does not provide as detailed a 
description as that for homogeneous reactions, we suggest that the fundamental assump- 
tion of the statistical approach is a better approximation in the former case than in 
the latter because the adsorbate may be more effective than a collision complex in ran- 
domizing the states of a system. 
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APPENDIX C 

Approximate Method for Converting Mass Spectrometric Data 
to Desorption Rates 

In order to compare our theoretical results with the experimental data of Ptushinskii 
and Chuikov88 it was necessary to adopt an approximate method for relating their mass 
spectrometric data to an absolute scale of desorption rate.  
a spectrometer having a through-flow ion source is 

The governing relation for 
97 

is the evaporation rate of species W 0 expressed as  molecules per sec, where RW 

A is a proportionality constant, T is the temperature of the evaporated molecules (that 
is, the temperature of the tungsten specimen), Iw 

signal (ion current) corresponding to singly charged positive ions having molecular 
weight % , ow is the average 

number of secondary electrons produced per W 0 ion at conversion dynode of the elec- 

tron m ~ l t i p l i e r , ~ ~  and lW is the isotropic abundance factor for the particular isotope 

of W 0 having molecular weight % 
electrons are  held constant, they have been included in A. 
underlying the application of Eq. C. 1 to Ptushinskii and Chuikov's data a re  the fol- 
lowing: 

tribution having temperature equal to the instantaneous value of the tungsten ribbon. This 
assumption has two consequences: (a) the average speeds of the various species in the 
ion source will be proportional to (b) the spatial distributions of all 

evaporating species will  be identical, i. e . ,  diffuse. [If the spatial distributions of one 
or more species were not diffuse, as  is possible for some activation barriers,37 then 
it would be necessary to account for this effect in Eq. C .  1 .] 

X Y  
X Y  

is the mass spectrometer output 
X Y  

is the ionization cross section of W 0 y, yw 
X Y  X Y  X Y  

* Y  

X Y  . Since the current and energy of the ionizing 

The principal assumptions 
X Y  

X Y  

1 .  It is assumed that all of the species evaporate with a Maxwellian velocity dis- 

T/Mw ( x y)1/2; 

2. The approximation of Otvos and Stevenson98 is used to estimate the ionization 
cross sections of the volatile species, and no attempt is made to account for the fact 
that the dependence of u on electron energy is not the same for all species. 97 

97 3. Although it is known that the magnitude of y depends upon the species, 

It is assumed that the mass spectrometric data reported by Ptushinskii and 

we 
assume for simplicity that y is a constant. 

4. 

Chuikov a re  for the most abundant isotope of each chemical species. 
5. The time that it takes an evaporated molecule to travel from the tungsten 
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surface to the ion source is negligible relative to the flash-desorption time scale shown 
in Fig. 20.  

With these assumptions w e  obtain the following equations in  which A now includes y: 

(C. 2a) RO = 7 .6  X 1 O-' AT1/' IO 

RWO = 3.45 x  AT^/' IWO (C. 2b) 

RWO, = 3.17 x A T ~ / ~ I ~ ~ ~  ( C .  zc) 

= 2.93 x ~ ~ ~ / 2 b o ,  (C. 2d) 
%03 

W e  see, therefore, that the conversion from ion currents to evaporation rates may be 
accomplished if  A is known. Unfortunately, Ptushinskii and Chuikov did not determine 
A directly from measurements of the sublimation rate of tungsten, which is accurately 
known. 99 

The procedure that we have used to  estimate A is based on the relation 

where [010 is the total number of 0 atoms adsorbed per cm' of surface area prior to 
the flash (at t = 0), lo y s  

X Y  
the surface as W 0 molecules, and the summation is over the principal species. Since 

X Y  
Eq. C. 2 may be substituted for RW , the integrals appearing in Eq. C. 3 may be 

evaluated by graphically integrating Ptushinskii and Chuikov's data (Fig. 3 in ref. 88) 

03 
dt represents the number of 0 atoms removed from 

X Y  

after replotting it in the form TI/'% against t. The results obtained are 
X Y  

4 
JOm Ro dt = 1.95 X 1 0  A 

3, Rwo dt = 13A 

P* 
dt = 34 A 

3 0  Rwo2 

(C.4a) 

(C. 4b) 

(C.4C) 

dt = 24 A. 
s o  Rw03 

(C. 4d) 
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By substituting these in Eq. C. 3 and solving for A ,  we obtain 

A = 5.1 x [OlO. (C. 5) 

Although the exact value of [010 is not known, there is experimental evidence 88,91 , 96, 57 

that 1014 C [010 C 
a reasonable estimate of [OlO. The results shown in Fig. 20 a re  for [010 = 8 X 1014. 

Chuikov chose to estimate the conversion factor from experimental data obtained by three 
independent techniques : (i) a quartz-crystal microbalance was used to  determine the 
mass of tungsten oxide desorbed in a known number of flashes; (ii) measurements of 

0' the transient decrease in 0 pressure caused by adsorption provided an estimate of [O] 
the total number of 0 atoms adsorbed at a specific temperature, Tad; (iii) flash desorp- 
tion data, such as those replotted in Fig. 20, were used as  the basis for assuming that 
approximately equal amounts of W 0 2  and W 0 3  a re  desorbed in a flash from Tad = 300 OK. 
By combining these results, Ptushinskii and Chuikov estimated that -1.2 X 1 O1 0 atoms, 
-1.9 X 1 014 W 0 2  molecules, and -1.9 X 1 014 W 0 3  molecules desorb per cm2 of tungsten 
surface in a flash from Tad = 300 OK. The value of [010 computed from these figures 
is 2.15 X 10 crn-', and by substituting this in our procedure (Eqs. C. 5 and C.4), we 
may compute that -2.13 X 10l5 0 atoms, "3.7 X lo1' W 0 2  molecules, and -2.6 X 

lo1' W 0 3  molecules desorb per cm per flash. Since we believe that the deviation of 

these values from those of Ptushinskii and Chuikov is too large to be ascribed to the 
uncertainties associated with our procedure, we suggest that the experimental data on 
which their conversion procedure is based may be inaccurate. 
ported by McCarroll's conclusion29 based on similar flash desorption data that the 
amounts of W 0 2  and W 0 3  molecules desorbed per flash a r e  less than 1% of the amount 
of 0 atoms desorbed. Since Ptushinskii and Chuikov's flash desorption data a re  con- 
sistent"' with McCarroll's data before applying conversion procedures, we have reason 
to believe that the portion of their data which we use in this report is reliable. 

Therefore, Eq. C. 5 enables us to estimate A on the basis of 

Instead of employing a procedure similar to that described above, Ptushinskii and 

1 

2 

2 

This suggestion is sup- 
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APPENDIX D 

Estimate of the Desorption Energy of Atomic Oxygen 
on Tungsten for Varying Coverage 

Although we do not expect that Eq. 74 is a valid expression for Ro except in the limit 

represents an apparent desorption energy rather than the true desorption energy. 
on [O] from 

of zero coverage, we shall apply it at higher coverages also, with the understanding 
that x 
The following procedure is employed here to estimate the dependence of x 
Ptushinskii and Chuikov's experimental data for Ro shown in Fig. 20. 

0 1  0 2  
t2, respectively, where t2 = t - At. If At is small, then the rate of change of the oxygen 
coverage may be approximated by 

8 

* 

Let R (t ) and R (t ) represent the atomic oxygen desorption rates at times tl and 

1 

(D. l a )  

(D. lb )  

* 
where Eq. 74 has been used to replace [O] by Ro(h/kT) expo( /kT). A second expres- 
sion is obtained from the fact that d[O]/dt is approximately equal to the average desorp- 
tion rate, 

* 
By equating Eqs. D. l b  and D. 2 and then solving for x , we obtain 

* 1 Once x is known, Eq. 74 may be used to compute the value of [O] at t =- (t t t ). We 
have applied this procedure to the curve for Ro in Fig. 20, and the results a r e  presented 
in Fig. 29. (Since both T and x 
of the flash, we have used a small time increment. The contributions of WO, W02,  
and W 0 3  to [O] have been neglected because they a re  small relative to the con- 
tribution due to 0.) 

According to the results shown in Fig. 29, x attains a constant value of 
141 kcal (6.1 eV) in the limit of zero coverage. Since the desorption rates appear 
only as  a ratio in Eq. D.3,  the procedure for determining x is independent of the 
conversion factor used in converting the mass spectrometric readings to the abso- 
lute scale of desorption rate  in Fig. 20. Therefore, the present result for x 

2 1 2  

* 
vary quite strongly with time in the initial portion 

* 

* 

* 
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Fig. 29. Dependence of the apparent desorption energy, x 

on oxygen coverage, [O). (These results were cal- 
culated from Ptushinskii and Chuikov's experimental 
data shown in Fig. 20.) 

at low coverages agrees with that computed by Ptushinskii and Chuikov88 (-6 eV) from 
the same data. As may be seen in Table I of Engelmaier and S t i ~ k n e y , ~ ~  a desorp- 
tion energy of -6 eV is consistent with the results of several other experimental 
investigations of oxygen on tungsten. 
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