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PRE-EXPONENTIAL: FACTORS IN SURFACE REACTIONS

by
~ R. C. Baetzold* and G. A. Somorjai.

Materials and Molecular Research Division, Lawrence Berke]ey Laboratory,
and Department of Chemistry, University of California,
Berkeley, California 94720

ABSTRACT

Pre-exponential factors for surface reactions have been estimated by

use of transition state and hard sphere reaction models. We find that cal-
¢u1ated=va1qes'¢an be used to determine fate limiting steps in various sur-
face reactions. In the case of H2 2 exchange, adsorpt1on is the rate |
11mit1ng step at high temperature while bond breakage becomes rate 11m1ting
at Tow temperature. -Typical pseudo-first order pre-exponential factqrs for -

2-104 sech],_diffusion 107-

, desorption 10]3

various rate limiting steps are:.adsorption}]O

'10]].sec'], surface reaction 10'0-10'3 sec™!

-10]6 secf].
The calculated values are compared to\numerous examples of surface reactions
 'compi1ed from the literature. In addition, cond1t1ons needed to app]y

these models to - catalyzed reactions are d1scussed

* 'Permanent'address: Eastman Kodak Laboratories,'Roehester, New York
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Although.sufface réactions are important‘in many areas of Sciente and
'technologgfﬁﬁggggic information on these réactioﬁs has only fecently be~
come available, Studies of surfaée reaétions usihg molecular beams and
>we]1?characterized surfaces (by.atomic structure and composition) have
yielded the rate constants, activation energies and pre-exponential factors
for reactions whefe the surface served either as a cata1yst of as one of
the reactants,1 These kinetic pa;ameters are listed in Table I for ﬁhe
surface reactions that were invesfﬁgated. On account of the experimehta]
conditions that have fixed the surface coﬁcentrations_of all but one of
- the reactants in many instances,.the rate constant and the pre-exponential
rate factors appear pséudo-unimd]ecu]ar'and arevalso tabulated in this
manner. That is, the pre-exponentiai factér'ihc]udes reactants with fixed
concentrations throughout the feaction. -
The pre-exponential factofs that were determined by experiments are

2 1,16 -1

in the range of'lo -10"" sec

» that is, they vary by fourteen orders of
magnitude. Most of these va]ueé are sma11 compared to those reported fot

gas phase unimolecular. (10]3 sec"]) or bimolecular reactions. The typi-

-11

cal pre-exponential for a bimolecular reaction is 10 molecu’le/cm3 sec

3

that becomes 10 sec'] under pseudo-first order conditions with a reactant .

7 torr. In fact, frequently when low pre-exponential

pressure of 10~
factors were obtained in gas phase reaction studies the presence of sur-
face reactions were suspectéd.2 |

Surface reactions can be viewed as compdsed of a series of conse-
cutive steps starting with a) adsorption of an atom or molecule from the

gas or liquid phases. The adsorption may be followed by b) diffusion'of -

the reacting species on the surface among the various sites where bond



breaking may occur. Then the c) reaction takes place fhat includes bond
scission and molecular rearrangement. These chemical prbceéses are not
readily separable by experiments at present. The product molecule then
d) desorbs into the gas or liquid phase.

In this paper we compute'fhe pre-exponehtia] factor for each of these
elementary surface reaction steps. .We shall make order of magnitude esti-
mates of the pre-exponential factor. Calculated pre-exponential factors

2 13 =1

Vary from 10 to 10 ~ sec

depending upon whether the ratevdetermining
» stgp is adsorption, surface diffusion, sufface reaction or desorption.
. Thus, it should be possible to use these éstimates to ru]evout certain re-
action mechanisms and perhaps identify others. In addition,_fhese models
aid our understanding of the reaction mechanism and its yariation with
expefimenta] conditions (reactant concentrations and surface site concen~
.vtrations).
The pre-expoﬁentia] factor (An) is defined for a reaction involving
n specie as | |
ky, = A, exp(=E/RT) m
when k , E, R and T have their_usua] meaning. We shall evaluate A em-

ploying transition state theories of Eyring3 in a fashion like that of

Laidler.4

Experimental values of An can be obtained for surface reactions By
knowledge of the rate of reactiqp pér unit area or surface site, its
temperature coefficient and the concentrations of surface species. Since
the latter quantity is often not directly aVai]éble, order of magnitude
estimates of its value can be made from bartition function ratios as

illustrated in the appendix for conditions of low surface coverage (less:



than 0.1 monolayer).

The rate'of surface_reactidns involving two or more specie are most
easily analyzed for pseudo-first order conditions where the surface con-
centrations of all except one of the specie are in excess and remain
constant.' This is the condition in most molecular beam-surface scattering
experiments where some 6f the reactants are in the ambient background with |
sufficiently high'pressures to assure excess concentrations on the surface.

The flux, or surface concentration of the beam species is then varied.

Adsorption
Let us consider thé chénge in surface concéntfation (ns) of molecules-
witﬁ a gas phase concentration (n). We take a surface of area (g), where
® is the fraction of.surface covered by molecules. The average gas phase
velocity of the molecules (c) enables us to calculate a volume swept out:

per unit time of the gas phase molecules that will strike the surface
' ]/4 C « a. The number of collisions per unit time with'Uncovered surface
~is given by the pre—exponén}ial part of equation (2).

a9 =174 Ta (1) nexp(-E/RTF . (2)
i B o

A Boltzmann factor'must be multiplied by the right side of the‘equation
(T) to account for the fractiqn of molecules having activatéd adsorption
wiih-activation energy-E. This situation can apply when adsbrption re;
quires an activation energy as in H2-02 exchahge reaction on Cu.s This
is determined by’the rate dependence of surface reaction on beam temperature.

The pre-exponential factor giving the rate of formation of adsorbed surface

molecule per unit area, when these molecules are colliding with uncovered

surface and are removed rapidly by reaction is:

Ay =1/4 ¢ (1-0) B (3)
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Note that the units of Eq. (3) are length/time.

Let us consider adsorption as the'ratellimitingvstep of a feaction

invoTyihgfgas,phase and surface reactant species. HWe will apply Eq.’(3)

to the‘tase where product molecules are detected in the gas phaseIOf

volume V. First, we replace 1-6 by 8 in Eq. (3) since reaction is con-
sidered to take place only when the gaS‘phase.species co11ides directly

with a surface species as in the E]ey—Rideal type reaction. Thus, A] =

- 1/4 E'e for this case. Under steady state conditions for the‘product

species formed on the surface

o - d roduct) - pseudoj . ' '
| . VJ'L&-‘t— -k, n_a_- L (4)
N - pseudo 3. = .
where the pre-exponential part of k equals 1/4 ¢ 6. Thus, the
effective pseuddéfirSt order preFexponehtia] for product formation becomes
| Ay = 1/4Coa/V R - (5)

which has the units of reciprocal time. This expression'app]iesyto the

rate of product formation as detected after desorption into the gas phase
‘of volume V for an Eley-Rideal reaction mechanism.

DeSorption

Desorption of an adsorbed molecule can be considered a unimolecular

'_ process where the surface bond has vibrational frequéncy vo,'which typi-

cally

K = v, exp(-E/RT) (6)

13

has the value 10 1

sec '. For this step Ay = Ve If a molecule is _
dissociated on the surface, a bimolecular association réaction'must take
place prior to molecular desorption. This step may be rate limiting_andb

will be treated below‘in the section on surface reaction kinetics.
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»Diffusiqn

Surface diffusion may be treated for a surface species.of concentration
hs by a random walk typé of ana‘l'ysis.6 The frequency (f) of jumps of
distance d is given by | | ‘

o fev o E/RT o

vhere v is the surfacé vibfatidn frequency aﬁd ED’ the difquion eneréy,
"§s averaged over the various surface“regions.

The random walk expression is
. - 2

g =32 o (8)
- fd
| where t is the time required to diffuse a d1stance <x2 ]/2. We calculate

2,112 - £4273¢x2512). Thus, the

a surface diffusion velocity (v = <x">
surface area swept ocut byvd1ffusmng species having a molecular diameter
(b) is yeb. The co]lisfon number of diffusing species with active sites
of deﬁsity Ng 1s vebe N . MWe evaluate the diffusion distance as the
average separation between active sites. Thus this approximétion gives
2 ]/2 -1/2

<> = N . Combining the collision number with a Boltzmann

factor to account for collisions with sufficient energy for reaction (E),

we obtaiﬁ
R 'd"s 1
: .?-‘E- = VOb.Nso ns exp("'E/RT)
® S (©)
_ vd“b ,3/2 (-(E+E,)/RT)
k==3—N" exp =
The pre-exponential factor is . _
2 A .
A] \)(31 b N 3/2 | (]0)

As in gas phase collision theory, a steric factor is sometimes multiplied
by the right side of equation (10) to account for the required orientation

of the feactants.

L7
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Surface Reactions

The transition state theory'may be used to express the pre-expohential

factor for Nth order reaction of i specie as

™

where K = Boltzmann Constant

T = temperature
h = Planck's constant
Qi:'partition function for reactant species i

.-Q¢= partition function for trahsitiqn state

The total partition function for‘a mobile surface polyatomic species |
containing n atoms is | . _ l
A - (2)
where s g and qv are the translational, rotational and vibrational
| partitibn functions, respectively. The total partition function for the_
transition state species is calculated by Eq. (12), except one vfbrational

combonent along the bond being broken is removed. The significant com-

' _'ponent of Qi fs the trans]htiona]ﬂpartition function_qT

/27 MKT :
Qy = — :
T h - | | (13)
whith t&pica]ly has the value 108cm']. Vibrational partitioh functions

have typical values near unity and free rotational partition functions
have values near 10. Vibrational partition function components will be
‘neglected for surface species since their magnitude is near unity.

We havévtabulated the expressions for pre-exponential factors for the
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various rate 1imiting steps in Table II. HNote that pseudo-firsf order
pre-exponential values are listed which are most useful for comparison

fo molecular beam experimental fesu1ts. Expressions for reactions with
varioué rate limiting stepé are presented in which only translational
partition functions are considered. Note that fbr these reactions the Nth

“16 n~2 molecule”! for

order pre-exponential decreases by a factor of 10
each increase.in reactionrbrder by one. HWe assume fhat ng s the surface
concentration of the'reacfanf species in_excess,:is conétantbas a function
~ of temperéture.in making the estimations of values in'Tab1é {I. This

| assumptfon, of course, depéndS'upon the experimental conditions and
system of interest and therefore these relative values are intended only
for comparisoh with each other. _

Application of Eq. (13) assumes free particle motion for the rgactént
mo]ecu]es; Ih thosé‘cases where thfs condition is not met,'thé.ca]culated
pre-gxponentia1 faétqr for the fate of.reactioh.wi]1 be»too high. Surface
diffusion will bé the more likely slow step in that case.

III Comparison of Computed and Experimental Values of the Pre-Exponential
Factor, An. | A

The surface reaction D,+H+DH+D has been studied on stepped Pt surfaces
u;ing a modulated mo]écular beam technique;7‘11n thelreactioh a beam of
‘D, molecules is difected at the surfaée which contains excess H atoms,
formed from H2 background gas, of constant concentratidn.- The rate of HD
formation on the surface is monitdred from its concentration in the gas
phase, Pseddo;first order pre-exponential factofs of Zt]xlossec'] and'1x '
102 1

sec ' were measured below and above 600K respectively. These values may

be compared to gas phase reaction data. Conveft%ng the. experimental gas



order pre?exponentia] factor (PD

. 8 - o ' . i
phase value Kg = 3x10 nexp(-6.5kca1/RT)cm3/m01ecu1e sec to a pseudo first
=»6x10'7torr; 600K) we find_A] =7 sec'].

2 _ ,
‘The high temperature surface reaction may be classified as an Eley-

Rideal type mechanism in which a gas phase molecule of D2 reacts with an

H species adsorbed to the surface.
K
Hy(g) > 2H(s) .

K2
D,(g) + H(s) - DH(s) + D(s)

dDH(s) '
dt ='k202(9)'H(5)
: kpseud() - k2°H(S) ' v _ (14). |

- Taking the pre-exponential part of Eq. (14) as AZH(s) and employing Eq.

(5), we arrive at the effective pseudo first-order pfe-exponential
A] AZH(S)V_ 1/4 c ea/v . | (15).

In the molecular beam experiments, we estimate a/V ?;1cm']

and 6 = .01
to .1 under the experimental conditions. These‘paraheters give A] =

2x104esec']. The volume V calculated for this beam type experiment is

~ that between the catalyst and mass épectrometer. In static type experi-

ments where prbduct molecules not in a beam are detected, the volume V
is taken as the volume of the container. This would give a value of

! and could significantly decrease the pre-exponential

a/V much less than 1 cm”
factor;

Alterhative]y, the transition state model could be used through Eq.

(11) to evaluate the pre-exponential, Taking values of translational and

“rotational partition functions as 9r = 2.8x108cm-]‘and g = 6.8 for 02’

we calculate A] = 7x1036 seC'] providing qualitative agréement with the

results of Eq. (15) as shown in Table III,
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A surface reaction controlled rate leads to calculated pre-exponential

factors agreeing with experimental values for the low temperature branch.
Consider the mechanism:

K] '
Hy(e) 7' 2H(s)

K2
D,(g) 27 Dy(s)
Sk,
D,(s) + H(s) ¥ DH(s) +D(s) - (l6)

A rate expression for this mechanism may be written as

GHDLS) < o (s)D,(s) = kYR, aY Dyls) (17)
kpseudo - kzvﬁ;ﬁ5157 '
This express}on gives a pseudo first order rate consfant varying by the
square root of the H2 pressure as observed experimentally. We calculate
k2 using Eq. (11) and express K]'in terms of pértition ‘functions of the
specie involved. Considering all translational and rotational components

we obtain the expression

K0 |
o ,DpH(s) exp (-(ER/2IRT)

(pseudo _ KT R, DH(s) >
P 9R0,() ap Dz(s) qT i (g) R,H,(g)

AH = heat of dissociative chemisorption of H2. The pre-éxponential part
of this expression is evaluated in Table II1 (A = 5x1055ec"]) and agrees well

with experiment. ‘In this calculation we have used T = 600K and PH2 =
6x10"7 torr. We note that other possible rate limiting steps such as

desofption, adsorption or diffusion to step'sites give the following pre-

exponential factors: adsorption = 104 sec'], desdrption = 10]3 sec-]'

diffusion = 10]] c-] for NS = 10]4 cm'z._ Only the adsorption step gives

and

values close to experiment.

The catalytic hydrogenolysis of cyclohexane giving n-hexane and other

W
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products on stepped and kinked Pt surfaces has been recently sfcudied.9

Besides n-hexane, formation of other saturated hydrocarbons takes place

under reaction conditions as well as the sim@lfaneous déhydrogenation to

form benzene. A pre-exponential factor of 1.3x10]0 sec‘1,may'be-deter-

mined from the experimental data at 300K as shown in the appendix. Our
calculations suggest diffusion of cyclohexane to the active sites is the
rate 1imiting step of this reaction. This is based upen agreement of the

pre-exponential value calculated using equation (18) with the experimental

value, An active site density for n-hexane formation of 2. 7x 10]3cm -2

gives a calculated value agreeing with experiment. The exper1menta1 ’

active site density was 4x1014cm 2. In view of the fact that n-hexane is

a minority product, thlS agreement is considered satisfactory.

The ring opening of_cyc]opropane‘to propane at high pressure has

been studied on Pt stepped surfaces.10

factor of 10'%sec™! is derived in the appendix. This value would be con-

The experimental pre-exponential

sistent with desorption of product,.diffusion of reactant or bond breakage

as the rate determing step. We would expect a pre-exponential factor of

'IO]2 10]3sec o for desorption of product. The calculated pre-exponential
factor for a diffusion-controlied reaction is 2.6x101]sec"], where we
1 )

have used the experimental active site density of 2x10. in Eq. (10).
Alternatively, the unimolecular bond breakage wou]d have a pre- exponential
of 10]2-1013sec ]. We cannot choose ‘the rate limiting step in this
circumstance. Experiments varying the active site density would be help-
ful to test the diffusion ]imfted path. .

Rate constants for the surface reaction of C and Hé leading to CH4

1

and C2H2 formation have been recently measured. A model for methane
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. " K '
formation is: H(s) + C =1 CH(s)

H(s) + CH(s) 22 CH, (s)
H(s) + CHy(s) %3 CHy(s) .
| CH(s) + CHyls) T8 ony(s) o (19)
The rate expression for this mechanism is
Efsﬁéiill-'=Klkék3(H($))3 - - {20)
dt ) S

Employing Eq. (11) we write the pre-exponential factor

2

b S sy (21)
-20

A

The pre-exponential factor calculated from this expression (4.4x10
cm4/atom sec) cpmpares-we]l with experiment as shown in Table III.

The reaction leading to acetylene formation is modelled_as:

H(s) + ¢ %1 cH(s)

2CH(s) X2 C M, (s)

(22)
The rate expression becomes .
d(C,H.(s)) -
R - B, (H(s))?
[ 2 )
_ KT ap Gl(s)
for which the-bre-expénential term of 1.4x10"2cm2/atom secl is also

~ given in Table 111 is determined. In each case there‘is rough agreement
between experiment and calculation indicating that a surface reaction step
is most 1ikely controlling the reaction, Other possible mechanisms could

also be considered in analyzing these reactions.
| 12-14 |

Many gas-solid reactions have been classified as diffusion-
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controlled on the basis of their pre-exponential factors. Those caées

shown in Table III where values of the pre-eXponentia] factor of 107-108

sec™! are measured fall into this category. The authoré'of_thiS'work
assume diffusion of products to sites for desorption is rate limiting and
postulate desorptién éite dens}ties of 109-16‘]/¢m2. The expression
émp]oyed by these workers to evaluate Ay differs somewhat from Eq. (10).

Using Eq. (10), it is clear that increasing the active site density, as

with kinked or stepped surfaces, would give larger pre-exponential factors.

The other variable of importance.in determining the pre-exponential

factor is v. Vibration frequencies would be expécted to vary with the re-
ciprocal square root of the specie's'mass;

| These are examples of bimolecular and higher order surface re;ctions
which appear to be - 1imited by an elementary surface reaction step; In
the cése of H2 desorption from nicke114, shown in Table III, the ca]cu]ated
A] factors would be in closer agreement with experiment if the sufface
translational partition function of H were decreased. This would be the
case for a severely hindered type of motion of H on the surface. Other

feactions studied include decomposition of acetic acid]5 which has pre-

exponential factors suggesting a unimolecular reaction at low temperature

and an Eley-Rideal mechanism at elevated temperature. The oxidation of

germanium yie]ding the oxide has a large pke-exponentia] factor.]7

Desorption of the oxide is considered the rate limiting step, but this

step would yield normally a value of A = 1013sec'1 according to Eq. (11).

" This reaction may involve a transition state very loosely bound with much

more motion than the reactant oxide molecule., This would account for a

partition function ratio greater than 1 and applying Eq. (11) to this
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13 1

situation'could'yield values of A] in excess of 10 . These effects

sec”

have been observed8 in gas phase reactions such as C2H6.+ 2CH3 which has
18 . _

sec-i.

an experimental pre-exponential factor of 2x10
We have nbt'included steric effects in this discussion because éf
~ the diffitu]ty in estimating this term. Under normél conditions steric
effects would reduce the calculated pre-exponential factor. For molecules
possessing essentially free rotation and translation on thé surface, the
~effect should be minimal and included in Eq. (10). On the other hand,
when large bulky molecules diffuse in the'raté limiting step to a special
site, the effect cou]d be: important. Considerable time might be réquired
for achieving the proper orientations for reaction on the surface. 'Poésib]y
one of the causes of the wide product distribution noted earlier for the
hydrogeno]ysis reaction of cyclohexane is a steric effect. The relative
6rienta£ion.of the cyclohexane molecule with fespect to the actiVe site
-geometry during‘reaction would determine the distribution of ‘products
formed in this case. Alternative explanations would suggest the product
distribution results from reaction at different types of active sites,
It would be interesting to.study this reaction on active sites with
different geometrieé in an aftempt'to observe such an effect.
§Emmi£¥' v
Pré-exponentia] factors have been calculated for a variefy of sur-
fate reactions that are controlled by an e]ementéry step including ad-
sorption, surface diffusion, surface reactions or desorption. The |
calculated values are comparable to experimental results whenever An
was available or calcu]ab]é. Pre-exponential factors 6f surface reactions

~are clearly often different than for gas phase_reactions and may bg‘
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used to indicate the slowest step in a surface reaction. Pseudo-first

2 1

order pre-exponential factors of 10 -1055ec- can be associated with sur-

face reaction control or slow adsorption. Pre-exponential factors for

7 ya¥2. =1

-10 “sec

diffusion-controlled reactions vary from 10 depending upon the

. . ) 3
 density of active sites. Desorption or unimolecular reaction controlled
surface reactions have factors typically greater than 10]25ec'1 " In the

gas phase, the pre-exponential factors are typically 10]3sec'] for first

order reactions, 101290710

cm3/molecu]e sec for second order reactions and |
10'37-10f3]cm6/mo1ecu1e2 sec for third order reactions.18 The values measured
- for surface reaction can deviate significantly from gas phase values de-
pending upon the rate limiting step, the detailed mechanism and the re-

actant concentrations. It appears that the statistical models useful for

gas phase kinetics and employed here can repnoduce most experimental pre- |
‘exponential factors. There have been reactions reported19 where other

effects such as changes in symmetry leading.to the activated state are
necessary to explain pre-eXponential'factors. These reactions appear to

be in the minority of those examined to date.

The pre-exponential factors of diffusion controlled reactiOns may be
a]tered in a nenf]inear fashion by changfng the active site densfty as
suggested by Eq. (10). Such behavior.has been observed as'a.function of
step density for cyclohexene dehydrogenation.7 In the caseIOf the DZ+H+ A
DH+D reaction on stepped Pt surfaces there does not seem to be the
opportunity for non-linear changes in pre-exponential factors by changes

~in the active site concentration. A more profitable strategy towakds
inCreasing the rate would be to look for othervtypés of active sites where.

- the microscopic activation energy (E) is smaller.
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Appendix I ’ g
Calculation of the}ﬁre—exponehtia] factors for hydrogenolysis of
cyc]ohéxane9 and cy.c]opr'opane]0 requires the experimental rate of product
formation, reactant concentration and activation energy. These experi-

mental data are as follows:

Reaction Reactant Concentration Rate ‘ Eact.

CYCLOHEXANE 10 -3 9 C .
HYDROGENOLYSIS  4x10 “molecules cm ~  7.5x10"molecules/sec cm 3 kecal

CYCLOPROPANE 19 3 _ )
HYDROGENOLYSIS 9.2x10 molecules cm 2x10 “molecules/sec cm~ 12.2 kcal

In each reaction we consider that the reactant (R) must be adsorbed prior
to the reactive step, the fraction of surface coverage by reactant is less
than unity and that excess hydrogen atoms are avéi]able for the reaction.

K
R(g) 2 R(s)

R(s) K'product . (A1)

For this mechanism, we have |
rate = 23RESI)  y(R(s)) = kK_(R(g)) L (A2)
Tdt 5\ :

Since the surface concentration of reactant, R(s), is unknown we must ex-

press the overall rate constant xoverall

“in terms of the gas phase concen-
tration, R(g). This gives equation A3 where E is the overall activation
energy ’

coverall _ KK, = rate _ a.g exp(-E/RT) - (A3)
R(g)

We wish to separate the pre-exponential part of k (A) from the‘pre—
exponéntid] part of'KS (B) in Eq. (A3). To do this We_exhress B in terms
of thé partition functions appropriate for this equilibrium. This gives

equation A4,
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3 |

x-—g—T exp(-E/RT) | (A4)
(R(g))‘qT o

rate
A=

The gas phasé_toncentration of réactanf is Known and Eq. (A4) may be used
to calculate the pre-exponential'factor for each of the reactions. This

brocedure‘gives the experimental pre-exponential factors listed in Table
.
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Values of rotational and trans]ational'parfition functions emp]oyed'

in this work were:

Sgeciés '

D |

Hy

cyclohexane
cyclopropane

CH2

18-

Translation (cm'l) ‘

2.8x108

1.4x10%
9.1x10°

-~ 4.5x108

- 1.3x10°

1.2x108

Rotation

6.8
3.4

7



Table I

Pre-exponential Factors, Activation Energies and Reaction Probabilities
for Several Surface Reactions Studied by Molecular Beam Scattering

Reaction

Reaction '.;ff:‘ -Ea‘kca1/mole) Probability Reference _ | <
— . ‘ ~ oy
HeD, 251D (<600 K) 2x10° (sec™) 1.5 A0 7 o
0, L5 D (5600 K) Cx0? (sec”)) 0.6 A107] 7 -
" o+02-”»020 (700 K) . . | 2 - 20 — "g‘“
co»«o—"-*».co2 (700 K) - 20 VMot 7 i
w200, (00K) - 8 - «an? 22 .
K MH (800-1000 K)  1.06x10"2cm/atom sec  15.9 w302 - o
Hy—3-2H (1100-2600 K) - 75 axo”! 23 LN
HCOOH =t de'é;mp 0, (<455 K) 1012 (sec”) B A 1 Lo
HCOOH—ollosC0, (>455 K)  5.8x107 (sec”’) 2.5 0.9 12
C+0,—=C0 (1000-2000 K) 25107 (sec™’) 30 1073102 14
C+0,~=C0 (1000-2000 K) 3%10'% (sec™t) 50 107321072 14
CHAH—=CH, (500800 K)  1.27%10" 8cn®/atom sec 3.3 10731072 n
2042H—eCoH, (>1000 K)  1.59cn’/atomsec 3.5 107102 q

Get0;—=Ge0 (750-1100 ) 10" (sec™) 55 a0?



Reaction
»Ge+0‘-"Ge0 (750-1100 K)

Ge+0§——*-GeO (750-1100 K)

Ge+C]§-*’GeC12 (750-1100 K)

r——>G§Br

Ge+Br2

9 (750-1100 K)

vGeBr4

's{+c1,5-—-»sic12 (1100-1500 K)

'Ni+01é——»-Nic1 (900-1400 K)

* For binolecular reactions,

Table T (continued)

. - N ~Reaction
16 -1 0
10" (sec ') 55 3x10
10'0 (sec™) 55 5x107)
107 (sec!y 25 3x107!
107 (sec”!) 20 _3x]0~]
108 (sec"]) 40 3x1071
107 (sec™!) 30 8x10”]

the pre-exponential factor also includes the surface concen-

tration of one of the reactants that is held constant during the experinents,

[a P

retTerenct

ot
17
12

26

12
13

_02_
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o
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Table II

" Values of Pre-exponential Factors

Expression Pseudo-First

: _ Y Typical
- Step for A Order A (sec ) Value (sec”
Adsoration 1/4c8a/V 1/4Toa/v 102-10%
DESorptiéni ‘v ' _ 'Vo‘ : . 1 ]3
_ L 1/2 ' 2,.,3/2
Surface vd biN vd“bN 12+
‘Diffusion e e 10710
- Surface
Reaction
Control  Order .
N=1  K/n  Ki/h 1013*
P KT, 9
e 4 kT2 5
N=3 .KT/th 'EE$ 107+
- 6 KT 3 1
N . 4 KT/th _ hq?n N - 10 *
* - Va]ues chosen are N_ = 10]2 atoms/cm i KT/h = 10]3sec'1, v = 10]3
‘sec ', = 3x10-8cm, b = 3x10-8 cm, ¢ = 4x104cm/sec.
es from 10]] 14 2

to 10" 7 sites/cm™.



Reaction

D, +H—>DH+D

cyclohexane—s
n-hexane

cyclapropane—
propene

_ Hcoon—o'coz

ZH-’!-LHZ

21 graphite HZ

CHaH—> CHy

2C42H —» CZHZ

Ge+Cl;—GeCl,

2
Si+ChH—SiCl,

HIHCY g NiCT,

C*02~"'C0

Ge+03-—-> Ge0

- _22_ ‘

" Table III
Experjnéntgl-and Calculated Pke¥expgnent1a1AValues .

- Catalytic Reactions -

* Reference Experimental Calculated - - Expression for'A
B : ,Pseudo-Firs{ Order Pseudanirsf Order
A (sec!) A (sec!) 2 o
, : KT qn.ou(s)‘.‘T.uzn(s)’"z-‘-g)
_ 2x10° below 600 K - - 5x0° . 7 2 a7
. R!D (S) TID (5) T IH (g) Rv“ (9) .
7 2 . 4. 2 2 A AR ?
1x10% above 600 K~ - - 2x107e o (c/4)0a/v - :
9 1.3x10'0 5x10'° o w25
_ o _ Yot Mg
10 1x10'2 o 310! v on¥s
. o . o® Ps /-
5 1102 ass k RS L o
5.8x103 >455 K 10 » (r:/43’a/v
16 - 1en’/atom sec ™t _ .001cm?/atom sect o ;_IAIE
.. . o . hoa
1 l.OGxYO'ZcmZ/atom sect - .Oolcmzlatom secf : KT
' . , - ‘ — =
h qT
- Gas-So11d Reacttons -
A1 ) 1.3x10']8cm4/atom sect - 4.4x10‘?0cm4/dtom sect : ) _El %A ;
_ : v o _ . R
R 11.59cm2/atom sect 1.7x10 2cmzlatom sect : —H—.a$
2. 107 107 for ng = a0’ vy d2on3/2/3
12 108 10® for Ny = 5x10"! , v dton s
3o w0 for wg = g v d?ones
T sk’ 107 for N = 1x10" on?/3
x10'2 - S 102013 o Vo
7 we' ot N %Igf

t  Reported as an'Nth order rate constant,
* See text for explanation of Q*/Q.

' Suggested
Mechanism

Reaction limited

Adsorption Timited

Diffuson limited

Diffusion limited =

Reaction limited .
Adsorption Vimited

Reaction,limfted

"~ Reaction limited

Reaction 1imiteq '

Reaction 1imited

Diffusion limited

"Diffusion limi ted .

" Diffusion limited

Diffusfon Tiinited

Desorption limited

Desofpfion.limitnd

"

»
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