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Methods of obtaining the approximate number of active sites per unit area, the site density,
L, in heterogeneous catalytic systems are described for reactions in which the slow step is one
of the following: a monomolecular surface step for either fixed or mobile species; a bimolecular
surface step for either like or different molecules for four different adsorption situations; ad-
sorption; desorption; attack of a surface species by a gas molecule; or dissociation of the
adsorbing molecule. For certain groups of possible slow steps the same method of obtaining L
must be used for each slow step in the group. If there is one reactant, five different calculations
of L can be made; if there are two reactants, ten different calculations can be made. It is
shown for the various possible slow steps what the physically allowable values of L are. There-
fore, calculation of L for the various possible slow steps which might be postulated for a reac-
tion provides a means of rejecting some of those steps. The method is applied to 81 representa-
tive reactions reported in the literature, including adsorption, isomerization, monomolecular
decomposition, hydrogenation, hydrogenolysis, exchange, and other reactions. The results are
discussed in terms of other information about the reactions (such as reaction order) which has
been reported. It is often possible to conclude that none of the steps is a satisfactory slow step,
i.e., the reaction is complex. Also, even a physically impossible L value can aid one in making
deductions concerning the active site.

NOTATION L Site density, sites cm™2
A, A Reactants M Molecular weight, g mole™!
Experimental activation en- - P Pressure, atm™
ergy, keal mole™! R Gas constant
E., B, Activation energy for adsorp- T Temperature, °K
tion of A, A’ on active sites V Volume of reactor
Experimental activation en- s Car Number of active sites cm—2
ergy, Case 3¢, keal mole~! upon which A, 4’ are adsorbed
Experimental activation en- Cg Ce Concentration of 4, A’, mole-
ergy, Case 3d, kcal mole! cules cm—3
F, F' Partition function for 4, A’ Cs Number of unoccupied active
G Function of partition functions, sites cm™2
concentrations, s, and T h Planck constant
I Moment of inertia of linear % Boltzmann constant
molecule ks Rate constant for surface step
Ia, Is, Ic Moments of inertia of non- k. First order rate constant with
linear molecule respect to time
K Equilibrium constant for ad- m Mass of molecule
sorption of reactant on active n Number of moles of reactant in

sites, atm™!
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s Number of active site adja-
cent to a given site in the
Langmuir-Hinshelwood mech-
anism
Time, sce

v Reaction rate, molecules ecm™2

sec™!

Symmetry factor

Subscripts designating vibra-

tional, translational, rotational

* Superseript  designating acti-
vated complex

g
vib, tr, rot

INTRODUCTION

For a gas reaction catalyzed by a solid
it is sometimes possible to use rate data to
calculate the number of active sites per unit
area, the site density L, if the mechanism
or at least the slow step of the mechanism
is known. If a slow step is postulated and
the value of L subsequently calculated is
not physically possible, then, assuming that
the method of calculation is wvalid, the
postulated mechanism is not the correct
one. Thus, obtaining a physically possible
value of L is a criterion that must be met
by a mechanism which includes a slow step.
Such a criterion could have the status of the
enthalpy and entropy criteria which have
been given by Boudart et al. (1).

For example, in the esterification of
n-propanol and acetic acid Fricke and
Altpeter postulated a complicated mecha-
nism which requires L to be equivalent to
a fully covered surface (2). We showed that
the calculated value of L is indeed as large
as required (3). As will be seen, application
of the site density criterion can also provide
some insight into the nature of the reaction
and suggest useful experiments to carry out.

The purpose of the present work is (i)
to show how approximate values of L can
be calculated for several different possible
slow steps, (ii) to make L calculations for
these steps on a wide variety of systems
described in the literature, and (iii) to show
how these calculations can aid in the choice
of the slow step. None of the calculated
values of L is physically possible in some
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of the systems examined. Failure to obtain
a physieally possible value of L can mean
that no one step can be isolated as the slow
step or that a slow step for which no calcu-
lation was made is the slow step of the re-
action. Obviously, failure in an attempt to
obtain a physically possible value of L is
itself information.

We shall discuss later in some detail what
range of L values is physically possible
for the various possible slow steps. But it
should be noted here that the question is
not as easily answered as might be thought.
We showed earlier that it is probable that
the L values of many catalysts in use are
such that less than 0.019, of the surface
is active (4, ). Thus, for some types of
rcactions and eatalysts, the most that can
be said about L is that its value is some-
where within a very large range.

When we showed that L can be very low,
we used several different methods, includ-
ing the transition state or activated com-
plex:theory outlined in Glasstone et al. (6).
In the present work calculations of site
density are made using only transition
state theory.

THEORY

In what follows, we give transition state
equations for five cases. With each of these
equations L or a quantity which approxi-
mates L is given as a function of observed
rate, temperature, ete. If one of the steps
listed is the slow step that governs the rate
of a given reaction, then L or its approxi-
mation can be calculated using the appro-
priate equation. The underived equations
used below may be found in standard
references, such as Ref. (6-8).

Case 1. Single Reactant, Zero Order

When there is only one reactant and the
rate is independent of the reactant pressure,

L = veFIRT/(KT/h). 1)

Equation (1) is used assuming that both
the reactant and the activated complex are
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adsorbed and immobile, that the trans-
mission coefficient is unity, and that there
is no important difference between the vi-
brational partition functions of these two
species. Except where noted, these assump-
tions arc also made in the other cases.

Equation (1) holds for a reaction whose
slow step is a unimolecular surface reaction
in which virtually all the active sites are
occupied. Equation (1) can be used in con-
nection with at least three other slow steps.
First, Eq. (1) applies when the slow step is
product desorption ; here too, both reactant
and activated complex are fixed surface
species. Second, Eq. (1) applies when there
is a single reactant which saturates the sur-
face but the reaction is bimolecular, a re-
action between two identical surface species.
In such a reaction a molecule on the surface
reacts because of its “‘environment,” an cn-
vironment which happens to include other
like-adsorbed molecules. In a unimolecular
reaction a molecule also reacts because of
its “cnvironment,” and so when the sur-
face is saturated the two cases arc not
distinguishable.

Third, Eq. (1) can be used to give at
least an estimate of the value of L in a uni-
molecular surface reaction even if the sur-
face is not saturated. It can be shown in
general for a unimolecular surface reaction
that

v =kKP/(1 4+ KP). (2)

But k; is the rate constant for the surface
reaction. As with Eq. (1), we can write

ky = L(kT/h)eFIET, (3)
Combining Egs. (2) and (3) and rearrang-
ing,

v[(1/K) + PJlef/ET

L= . 4
(kT/h)P @

When K is large, i.c., when the surface is
saturated, Eq. (3) reduces to Eq. (1).
However, when P « (1/K),

v(1/K)ek!RT peEIRT
L= - (1/KP>[ ] 5)
*kT/m)P (kT/h)

When the bracketed quantity on the right
is used to calculate L, as is the case if Eq.
(1) is used, the value so calculated is evi-
dently too small by the factor (1/KP) if
P < (1/K), that is, if (1/KP) > 1. Since
we can know P and may be able to estimate
K, we can start with Eq. (1) for a unimo-
lecular surface process and make a rough
estimate of the correct value of L. Ob-
viously, if neither P nor (1/K) can be
neglected with respect to the other, our two
previous calculations of L will bracket the
correct value. For what is probably typical
of a certain class of reactions, we found K
for the adsorption of cumene on the active
sites (not to be confused with adsorption
on all surface sites) of a commercial SiOy~
ALO; (10 wt9% Al:O;) catalyst to be 0.67
atm™! at 420°C (9). The adsorption equilib-
rium constants of reactants are gencrally
much smaller than those of catalyst poisons.

Case 2. Rideal-Eley (RE)

If the slow step is the reaction between
a gaseous reactant and the catalyst surface,
then
OF (o F roro*e B I RT

L=—17—" 6
ey (KT/1) ©

where it is assumed that the partition func-
tions of the unoccupied sites and the acti-
vated complex approximate unity. (Exeept
where noted, the same assumption is made
in the subsequent slow steps considered.)
For a gas molecule

Fio = QumkT)3/k3. 7
If the gas molecule is lincar,
Frot = (872IKT)/ (ah?). (8)

If the molecule is nonlincar it has three
moments of inertia and

Frow = 8T (80T 4 IpIc) (kt)}/ (ch®). (9)

Since the method used to calculate L can
at best be approximate, we always assume
that the symmetry factor for the activated
complex, ¢*, is cancelled by the symmetry
factor of Eq. (8) or (9).
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Equation () gives the correct value of L
if L approximates the number of bare sites.
If adsorption is postulated to be the slow
step, this condition is usually met; in any
case, the calculated value of L will not be
greater than the true value.

Equation (6) is valid for at least three
different steps. First, it holds for the RE
mechanism when the slow step is a reaction
between a gas molecule and a previously
adsorbed molecule, Second, this equation
holds when the slow step is adsorption of a
molecule on a surface, regardless of whether
one or two reactants are involved. Third,
Eq. (6) holds where the slow step is one
of the special cases of the Langmuir-
Hinshelwood (LH) mechanism, i.e., the
mechanism in which two adsorbed mole-
cules react with each other. The proof and
fuller explanation of this statement are
given later.

Case 3. Langmuir-Hinshelwood (LH)

The general equation describing the re-
action between two molecules which are ad-
sorbed on active sites is

2thrFtrlFrotFrotleElRT

(esr/L) =
scgCe (KT /R)

(10)

Four special cases are considered.

Case 3a. If the surface is sparsely covered,
¢s =~ L and the left side of Eq. (10) be-
comes L and the equation can be used to
obtain the site density. This equation also
holds when 4 = 4/, i.e.,, when there is a
bimolecular surface reaction between two
like molecules.

Case 3b. When an appreciable fraction of
the surface is covered by one reactant but
the fraction which the other molecule covers
is relatively small, L = ¢, + ¢,. If the sur-
face is, for example, half covered, i.e., if
¢, = Cs, then the left side of Eq. (10) be-
comes ¢;/2. Then evaluation of the right
side yields a quantity which is equal to
one-half the number of unocecupied sites
or one-fourth of L. Since, in Cases 3a and
3b, Eq. (10) may give L only within an

order of magnitude, the results obtained
cannot be used to distinguish between
these two cases.

Case 3c. If one of the two reactants ad-
sorbs strongly enough to occupy almost all
of the surface, the adsorption isotherm of
that reactant must be considered. The
strongly adsorbed species tends to inhibit
reaction. It can then be shown that Eq.
(10) becomes

L = (2v/s)(ce/ce) (Fex'Frot'/FxF 1o1)

X (eE'IRT/ET/R).  (11)

The experimental activation energy, E’,
takes into account the energy of adsorption.
An evaluation of L assuming Case 3c ob-
viously yields a value different from what
is obtained from Case 3a or 3b, and thus
Case 3¢ can be distinguished from the other
two cases. Since Eq. (11) is not symmetrical
in the two reactants, Case 3¢ leads to two
possibilities, one for each of the two re-
actants covering almost the entire surface.

Case 3d. If both reactants adsorb appreci-
ably, then both adsorption isotherms must
be taken into account. It can be shown for
the adsorption isotherm of A that

Co = CsCZ/BT/F F o .

(12)

A similar relation holds for the other re-
actant. Since L = ¢, + ¢ + ¢, and since
¢, can be neglected in this equation because
the reactants adsorb appreciably, we can
write
CeCgeE BT oyoyieEa'|ET
L= + . (13)
FtrFrot Ftr’Frot,

Both A and A’ adsorb appreciably on active
sites and therefore we assume that E,= FE.,..
This assumption is valid if the appreciable
adsorption of the two substances is not the
consequence of radically different concen-
trations. Then, from the expression for L
given by Eq. (13), the quantity (c?/L)
becomes
¢~ Fal BT

(/L) = ; =
(cg/F‘trFrot) + (Cg’/Ft.r Frot ) (14)
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But (¢;2/L) is the left side of Eq. (10), the
general LH equation. If the right side of
Eq. (10) is equated to the right side of Eq.
(14) and if

(cor/FeeF o) > (Co/FuF o), (15)
then we have
20FtrFrot6E”/RT
€e = ———————, (16)

scg(kT/h)

where £, includes E, and E. But the right
side of Eq. (16) is the same as the right
side of Eq. (6), used for the RE mechanism,
except for the (2/s) factor. The (2/s) factor
is of the order of unity, and ¢, in Eq. (16)
is much smaller than L of Eq. (6); since,
however, site densities usually cannot be
known e priori within a few orders of mag-
nitude, it is not possible to use Eqgs. (6) and
(16) to distinguish between an RE mecha-
nism and an LH mechanism in which both
reactants adsorb appreciably. If the in-
equality of Eq. (15) is reversed, it then be-
comes impossible to distinguish an RE
mechanism in which the gasis A’ from an
LH mechanism in which both reactants
adsorb appreciably. If neither Eq. (15) nor
its reverse is true, i.e., if

(cg,/Ftr/Flut,) =~ (cg/FhFrot),

then the denominator in Eq. (14) can be
approximated by twice either of the terms
in Eq. (17) and, except for a factor of two,
Eq. (16) or its analog for A’ is produced
once again. Since it is always possible to
calculate the (c,/F:i.F..;) quantities, it is
possible to determine which of these various
cases applies. Notice that if Eq. (15) holds,
the LH equation is equivalent to the equa-
tion for the RE slow step in which 4’ is in
the gas phase; but if Eq. (17) holds the
LH equation is equivalent to either form
of the RE equation. Thus, if a physically
possible value of L is found using Eq. (6)
with one reactant in the gas phase, but the
value found with the other reactant in the
gus phase is not physically possible, then it
is sometimes possible, depending upon the

(17)

relative (co/Fi.Fos) values, to eliminate the
LH possibility.
Case 4. Dissociation

If a reactant molecule adsorbs rapidly
and the slow step is the subsequent dissocia-
tion of that molecule, then

U(FtrFrot)%eE/RT
ce*(kT/h)

Cs =

(18)

Here c. is the concentration of bare dual
sites at any instant. Obviously, ¢, is always
within one or two orders of magnitude of L,
but never greater than L. The reaction rate
is one-half order in the partial pressure of 4.
When there are two reactants, Case 4 can
apply to either.

Case 5. Mobile Activated Complex

If the entire surface is active and there is
no immobile active site, the gas molecule
becomes a two-dimensional gas, losing only
one-third of its translational degrees of free-
dom. Then it can be shown (10) that the
rate is given by

Frot*Fvib*e_E/RT

v =cy(kT/h)

(19)

1
tr*t rotd' vib

Here the vibrational and rotational parti-
tion functions of the activated complex
cannot be equated to unity. We assume,
using the reasoning of Miyamoto and
Ogino, that in many cases (Fro*Fyin*)/
(FrotFyin) is the order of ten. Then, upon
insertion of the values of the constants, Eq.
(19) becomes

1= [(7.8 X 107 M} T3)/P]

veE/RT
X l: ] (20)

(kT /h)
But the second quantity in brackets in Eq.
(20) is L as calculated according to Eq. (1),
the equation used for the zero-order case.

Therefore, if L as calculated for the zero-
order case is multiplied by (7.8 X 1017
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Mt TH/P and a number of the order of

unity is obtained, then the slow step could 2ot 2r-Bdis
involve a mobile activated complex. It can “lolaw mooconxw
be seen if Egs. (19) and (20) are compared mr
with Egs. (1), (6), and the other equations " L8 552
used to determine the site density that the
left side of Eq. (20) is actually a sitec den- E LT 5 R¥ARRE
sity. That is, the entire unit arca, regardless 7, 2a sow ne
of the units chosen, consists of one active g
site. Gls 1ve evesex
Only one reactant was considered in for- ]
mulating Eq. (19). If there are two re- - 2 TN
actants, it is still possible that one reactant ™
. M N O > O
forms a mobile activated complex in the 0 L I
slow step. In such cases, the validity of - o e
Egs. (19) and (20) does not depend upon 5 ST o momaean
which reactant contacts the surface first. E 1L 8% EBBRELE
To summarize, Eq. (1) gives physically &
reasonable L values when the slow step is é 25 222238
either a unimolecular or a bimolccular (f E N X XX XXXXX
the two molecules are the same) reaction on % - x| SR
a saturated surface or when the slow step i g  mme e
is product desorption; low values of L are o) & 8% 233333
obtained when the surface is not saturated. E E ce wmooan
Equation (6) yiclds L for an RE slow step, 2 a 3 ArIReR
regardless of whether or not there is al- = 5 | &
ready a second rcactant on the surface, = ?E H 28 2IT3;IJgT
and for an LH slow step if both reactants £ &
adsorb appreciably and certain other re- ey o
quirements are met. Equation (10) yields K CF
L for an LH slow step if the surface is % g £
sparsely covered of if one reactant adsorbs = = 3 = ?
somewhat more than the other; Eq. (11) Js 3\1(5 e =8 CT) (T) ®
gives L for an LH slow step if one reactant e | & ;5 g 7 882
adsorbs strongly. Equation (18) gives L if |3 =14 5 2SS
the slow step is surface dissociation of one & ;g% Eéiit
reactant, and Eq. (20) holds if the activated 2m Xy fErak
complex contains one molecule and is ; gg % ;gi i%
mobile, SRR
- T 20 20w oo
SE5sSoEE
RESULTS [ORSN-~] Zo0OVO
Calculated values of L are reported in
Tables 1-4. The number of calculations 5 Z ?;7;
actually made from the information given :: B §§
in the cited references was for about twice S g 5% 5g
the number of systems listed in the tables. Epy 2ESEA
The systems described in the tables are a g
representative cross section of the larger E 288 28338
4

group.

32
31

17
15

44
43

32 28
30 26

25
23

13
11

14
29 13

38*% 31
37*

1.96 X 102
4.22 X 1012

373
408

43.2
43.5

hyd. prods.
Neopentane (0.105) + H:(0.947) —

CH;CH,CH (CH3)CH3(0.105) + H2(0.947) —
hyd. prods.

Ru(0.5%)/A1:03
Ru (0.5%)/A1:03
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Four groups of reactions, reactions in
which there is only a single reactant, oxida-
tion reactions, hydrogenation and hydro-
genolysis reactions, and exchange and other
bimolecular reactions, were studied. To aid
in surveying a large number of results
which can at best be approximate, L values
arc reported by means of recording log L
rounded off to the nearest whole number.

In constructing Tables 1-4, approxima-
tions had to be made in certain cases. For a
few molecules the moments of inertia [re-
quired by Eqgs. (8) and (9)] could not be
located in the literature, and estimates were
made by comparing the molecules with
others for which the moments of inertia
are known. Some authors did not report
the surface area of the catalyst used and
so the area was estimated on the basis of
what is known about the type of catalyst
in question. Also, where necessary, it was
assumed that the experimental activation
energy is the same as would hold at 0°K.
In some cases the “‘apparent” activation
energy was uscd instead of the “true” acti-
vation energy. The error so introduced is
not as large as might be thought; in the
zero-order case the magnitude of the error
is given by Eq. (6). Some examples illus-
trating the magnitude of this error in
typical cases, one a unimolecular case and
another an RE case, arc given in the next
section. For the LH cases s = 4 was csti-
mated, although it is obvious that this value
for s is not necessarily always the correct
one. Since it is only an order of magnitude
of L that is sought, the consequences of
making these estimations are not serious.

Experimental results have been reported
in the works cited in several different
sets of units. Appropriate conversions have
been made so that the units used in Tables
1-4 are uniform. In some cases what has
been reported in the original article is the
first-order rate constant with respeet to

time. That is, for
(dP/dt) = —Fk P, (21)

k. has been reported. In Tables 1-4, how-

ever, v, not k,, is required. From the ideal
gas law dP = dn(RT/V) and Eq. (21)
becomes

(RT/V)dn/dt = —k,P. (22)
Then

(dn/dt) = —(PV/RT)k, = (23)

Thus, [ — (dn/dt)], which can be converted
to the units in which ¢ is given, is obtained
when the reported k; is multiplied by the
number of moles of reactant in the system.

—nk,.

DISCUSSION
Physically Possible Site Densities

If the calculated values of L in Tables
1-4 are to be used to rule out possible
candidates for the slow step of a reaction,
it is necessary to know which values arc
physically possible. In what follows, we
shall discuss case by case what is physically
possible and then indicate that a somewhat
larger range should be used when actually
using Tables 1-4, simply because (as is gen-
erally understood) transition state theory
predicts the reaction rate only within one
or two orders of magnitude cven when the
best values of the needed parameters are
available.

The upper limit to L is a fully covered
surface. Thus, if the arca of a site is 10 A2,
the upper limit is 10" em=—2. The lower
limit allowed depends upon reaction con-
ditions and the rate of the reaction being
studicd and can be calculated using this in-
formation and the rate at which gas mole-
cules strike the surface. It can be shown
from kinetic theory that

mass striking 1 em? of wall per second

=P(M/2xRT)}.  (24)

The maximum area of a site, if “area”
means the area of the surface a gas molecule
can strike and subsequently be adsorbed
onto the site, must be much larger than
the minimum area of 10 A2 assumed above.
If this maximum area is 100 A2, the mass
striking one site/sec is 10714 times the quan-
tity shown on the right in Eq. (24). Then,
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since a site cannot convert more molecules
per second than strike it in 1 sec, the mini-
mum number of sites per square centimeter
can be shown to be

Lin = [3.77 X 102 o(TM)¥]/P. (25)

For a reaction in which v = 103 molecules
sec™! em™?, T = 400°K, M = 40 g mole!
and P = 0.1 atm, Luin is 5 X 107 sites
em~2. These experimental conditions and
results are typical of those in Tables 1-4
and, taking into account the reservations
already expressed, it is apparent that calcu-
lated value of L for immobile sites is not
physically acceptable if it is outside the
range 105-10'7 sites em™2.

For the LH cases the requirements seem
to be more stringent. Since the two mol-
ecules must be close to each other in order
to react, it would seem that the actual value
of L must be at least 10 sites em—2 unless
there are clusters of active sites separated
by inactive areas. Ordinarily a calculated
L value is unacceptable if it is outside the
102-10'7 range.

Calculating L for the mobile case is
equivalent to calculating the right side of
Eq. (20), and probably this model should
be rejected if the calculated value of L is
outside the 10~2-10"*2 range.

Other Criteria for Acceptable Models

Some of the many criteria for rejecting
or accepting mechanistic models, in addi-
tion to those just discussed, can be con-
sidered here either because they depend
upon information often reported along with
the data given in Tables 1-4 or because
they are readily obvious. For example, for
the reaction studied, workers often report
the order with respect to reactant concen-
tration. With Case 1, the reaction is zero
order, but according to Eq. (2), the order
can be greater than zero but no greater
than one. With Cases 2, 5, and, under cer-
tain conditions, 3d, the reaction order is
one. With Cases 3a and 3b the order is one
for each of the two reactants; with Case 3¢

the order is one for one reactant and —1
for the other. With Case 4, the reaction is
0.5 order.

Also, it is not reasonable to accept as a
slow step dissociation (Case 4) of a mole-
cule which almost certainly does not dis-
sociate at any time during the reaction;
there are many such examples in Tables
1-4. On the other hand, it may not be
reasonable to accept an LH step as the
slow step if the step calls for the reaction
of molecules like O, and H,. With such
molecules it is usually to be assumed that
atoms, not molecules, are the reacting
species in an LH step. In a few examples
of Tables 1-4 the calculations were made
assuming the validity of a model proposed
by the workers who report the data; where
this is the case, it is so indicated in the
discussion of the model. In such cases, the
postulated slow step might be rejected on
the basis of the L calculation, but no other
step may be accepted on the basis of that
calculation.

Discussion of the Reactions

Examples 1-5 (Table 1) are examples of
adsorption reactions. The L value is ac-
ceptable for adsorption (Step 1) as the slow
step in Examples 1, 2, and 5; with Examples
4 and 5, acceptable values for Step 1 should
be obtained, since the data were used with
the assumption that Step 1 is the slow step.
Evidently in Example 4 the reaction is more
complicated than is assumed here. In Ix-
amples 1 and 3, the authors suggest oxygen
dissociates and for the dissociation step
acceptable L values are indeed obtained.
Surface mobility of the activated complex
is technically a possibility with Example 3
but, because of the nature of the system,
mobility does not seem likely.

Examples 6-38 are examples of other
monomolecular reactions. In Examples 8,
9, 25-29, 36, and 37 the data were used
assuming that Step 3 is the slow step, and
acceptable L values for that step were in-
deed obtained. For five of these nine ex-
amples the L value for Step 3 is very small.



In Ex 7,24, 33, 34, and 38,
Step 3 1is technu,ally acceptable, but in
three of those examples the L value is low,
less than 109, The authors report that the
reaction is zero order in reactant concentra-

nnnnn muples 24 and 38 and so prn 3

4\'A\)u in EA‘E‘Mul,u\,o
is very likely the slow step. In four of the
examples Step 2 is technically possible but
seems to be very unlikely in all cases. The
only instance in which Step 4 is acceptable
as the slow step with respect to both the
L caleulation and what might be expected
a priort is Example 33, NoO decomposition,
but here is a case where the results given
in Table 1 are probably inadequate. The
authors report with good evidence that the
reaction consists of two steps and that
neither rate can be neglected with respect
to the other. In Example 34 the authors
favor a modification of Step 1, attack by
reactant of a partially filled surface.

The dehydrogenation and dehydration

amples 6,

reactions of ethanol over two catalysts con-

stitute Examples 10-15. The authors re-
port that the rate of C,H, formation is
proportional to the first power of the
amount of C,H;OH adsorbed while the
rate of ether formation is proportional to
the second power. Unimolecular and bimo-
lecular surface reactions both seem ques-
tionable because of some of the low L values
calculated for Step 3, the step which would
apply in both cases. Some C,H;OH may be
adsorbed on inactive sites. For the dehydro-
genation and the dehydration of isopro-
panol over four catalysts (Examples 16-23),
only some of the I values are consistent
with what would be expected if the mecha-
nisms were simple ones. The authors report
that the complexity

complexity of the reactions is
demonstrated by the wide range of products
obtained. The results in Examples 10-23
are consistent with the generally held idea

that alcohol decomposition is complex. In

a elml]qr wavy
;;;;;;;; Wby,

acid decomposition over three catalysts
(Examples 30-32) might not be a simple
reaction. The phenomenonally large activa-
tion energies in two of the three examples is

it can be seen that acetic

~
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responsible for the very unusual L values
caleculated. The authors suggest that the
formation of surface metal carbonates may
account for the large activation energies.

We include Example 35 in order to dis-
cuss data we have reported earlier in terms
of the approximation for Step 3 given in
Eq. (5). The L values for Step 3 in Example
35 is 129, of its value when the Eq. (5)
approximation is not made, i.e., when the
surface is saturated and the “true”
tion energy is used. In a similar calcula-
tion made for another cumene-silica—
alumina system which we described, the
lower L value is 0.59, of the value calcu-
lated not using the approximation (54).
Since it is possible to carry out the reaction
so that it is zero order, Step 4 is not a
suitable option.

A similar comparison for a bimolecular
reaction is also instructive. For the esterifi-
cation of n-propanol and acetic acid we

T A e\ +h 3
showed (3) that the mechanism postulated

by Fricke and Altpeter (2) led to a calcu-
lation of site density consistent with their
mechanism. That calculation was made
using not their observed rate but, rather,
the value
rate constant of the reaction they postu-
late to be the slow step, the attack of ad-
sorbed alcohol by gaseous acid, i.e., Step 1.
If, however, the calculation is made using
the observed rates of Fricke and Altpeter
and the corresponding apparent activation
energy, the value of L obtained ig 1607 of
the better value. In other words, if it is
only an order of magnitude that is sought,
here is a bimolecular example indicating
that observed rates and apparent activa-

tion energies can be used.

The calculations for the oxidation re-
actions in Table 2 (Examples 39-58) which
depend upon the validity of the mecha-
nisms the authors suggest are the calcula-
Ll()Ilb Ul I‘delllplﬁb \L-_L)L) lll DXa/lTlplﬁb t)é
and 53 it is assumed that p-xylene reacts
with a previously oxidized surface; at the
higher temperature Step 3 could be the
slow step; at the lower, Step 1. Examples

antiva

v UG avuLy a~

and activation energy of the
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54 and 55, in which it is postulated that
oxygen regenerates the surface, are part of
the same overall reaction. Again, Step 3
could control at the higher temperature and
Step 1 at the lower.

Examples 3948 and 51 are for olefin
oxidation with oxygen, except for Examples
46 and 47, where the presence of NH; must
be taken into account. In all these examples,
except for Examples 39, 47, and 51, an L
value calculated allows for at least the
technical possibility that Step 3 is the slow
step; likewise, oxygen or NH; dissociation
{Step 4b) is allowed in all 11 examples.
However, in Examples 43 and 44, and prob-
ably also in Example 51, the reported order
with respect to oxygen rules out Step 4b.
Examples 39 and 40 are reported by the
authors to be first order in propylene. This
fact, combined with the -caleulated L
values, suggests that Example 40 is com-
plex. With Examples 45 and 46 the authors
suggest that Step 4a is a possible slow step.
The calculated L values allow for this
possibility. Step 4a is not as likely to be
the slow step in Example 47, a conclusion
made from Table 2 and from what the
authors state concerning this reaction.

In the oxidation of CO (Examples 49 and
50) the order with respeet to CO is 0.6 and
0.8, and with respect to oxygen, 0.3 and
0.0, respectively. The calculated L values
combined with the information on the order
suggest that Step 3, 4a, or 4b is slow at
the lower temperature and that Step la
is slow at the high temperature. Example
50 provides an instance in which Steps 7a
and 7b cannot be distinguished from Steps
1a and 1b, although it is not likely that
oxygen would adsorb and react with CO
before dissociating. An indication that the
mechanism is different at the high tempera-
ture is the drop in the activation energy
from 19.0 to 3.0 keal mole™! with the in-
crease in temperature.

In the oxidation of NH; (Examples 56—
58) the slow step seems to depend upon the
catalyst used. In Example 56 the authors
state that the slow step is surface oxida-

MAATMAN

tion of NH; by Cu(Il), not O, and so
Step 3 seems to be the slow step. In Ex-
ample 57 the authors rule out Steps 1a and
1b because of the order of the reaction
and suggest that both reactants dissociate;
Steps 4a and 4b are therefore candidates
for the slow step. The author states in
Example 58 that two surface fragments of
NH; react with each other, and so Step 4a
is a possible slow step.

In Table 3 (Examples 59-68) hydrogena-
tion and hydrogenolysis are considered.
In all the hydrogenation reaction (Ex-
amples 59-63), includng NH; synthesis,
Step 1b could be the slow step. In Example
63, however, the authors report the order
of the reaction is —1.43 with respect to CO
and 2.04 with respect to hydrogen at
573°K. Thus, CO seems to adsorb on the
active sites, but it is not at all clear how
the large positive order with respect to
hydrogen can be fitted in. In four of the
hydrogenation reactions, Step 6b is tech-
nically a possibility, but it is not likely that
adsorbed hydrogen reacts before dissocia-
tion. Also, Step 4a is unrealistic as a step
in the mechanism of the reactions in Ex-
amples 59-61. In Example 61 the reaction
is ~0.1 order with respect to benzene and
~0.6 order with respect to hydrogen. Thus,
Step 4b is also a possible slow step.

Hydrogenolysis reactions (Examples 64~
68) are generally assumed to be complex.
The authors postulate scission of the C-C
bond as the slow step in Examples 64 and
65. Such a model seems to be consistent
with the choice of Step 3 as the slow step,
even though the L value may be unaccept-
ably large for Step 3 in Example 65. It is
claimed for Example 66 that the reaction
is facile; if so, Step 1b, 4b, or 6b could be
a slow step. For a facile reaction, L should
be large, and so Step 3 may be ruled out;
also, Step 4 does not seem to be a logical
step. The lack of reasonable L values for
Examples 67 and 68 is probably consistent
with the complexity of hydrogenolysis re-
actions. In both of these examples the order
is negative with respect to hydrogen and
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positive with respect to pentane. Thus, if
it were not for the unacceptable L values
for Step 6b, that step could be chosen as a
slow step for these reactions.

In Table 4 (Examples 69-81) exchange
and other bimolecular reactions are de-
seribed. In examples 69-74 and 79, the L
values obtained suggest that Step 1b is a
slow step. But in Examples 73 and 79 as
well as in Example 80 the reaction is re-
ported to be about first order in the first
reactant listed and about zero order in the
second. In Example 73, Step 1a is clearly
a possible slow step as is also Step 7. The
L values seem to be too large for Step la
in Examples 79 and 80, but because of the
reaction orders that step may be the only
reasonable one to consider. For the reac-
tions of Examples 70 and 72 the authors
suggest that there is reversible formation of
adsorbed radicals; Step 7, an outside possi-
bility in both cases as far as the L value
obtained is concerned, must therefore be
considered.

Step 4 for one or both of the reactants is
almost certainly a slow step in Examples 71
and 74-76; the reaction is reported as 0.5
order in Example 75. (Example 76 could
possibly be classified with the reactions of
Table 1.) For the reactions of Examples 77
and 78 the authors present data indicating
that Step 7 is the slow step. This is almost
certainly the ecase with Example 77, al-
though the L calculation does not favor that
step ; the caleulation is slightly more favor-
able with Example 78. It has been shown
carlier that Steps 3 and 6 cannot be dis-
tinguished for a surface bimolecular reac-
tion between two like molecules. The
reaction of Example 81 is clearly such a
bimolecular reaction, and the L value ob-
tained is quite satisfactory.

Concluding Observations

First, it appears that calculating L for a
postulated slow step can aid one in accept-
ing or rejecting the postulate. If the L
value obtained is not reasonable for any
postulated slow step, then probably the

reaction cannot be characterized by a single
slow step ; unsuspected complexities may be
identified in this way. Further, even an
unacceptable value of L may indicate what
direction to go in seeking the correct mecha-
nism. Thus, it has been shown above that
L is always given by

L = GueE/RT,

(26)

To consider Eq. (26), it is useful to con-
sider v to be constant and focus attention
on the relation between L and E. (Tables
1-4 show that most values of v fall in a
range of only a few orders of magnitude.)
If for a postulated mechanism the L value
obtained is too large, then E is too large
for that mechanism. But ¥ is an observed
quantity, and so it can be concluded, in
order for the postulated mechanism to
hold, that the sites would have to be more
efficient than they actually are, ie., E
would have to be smaller. Such an analysis
could help in deciding upon experiments
to carry out in order that mechanistic
questions be answered. In addition, if it is
known on other grounds which mechanism
is the correct one but the value of L is not
physically acceptable for that mechanism,
it is suggested by Eq. (26) that & is the
experimental quantity most likely to be
in error. In such an instance it could be
fruitful to consider the difference between
the “apparent’” and the “true’” activation
energy.

Second, in none of the examples studied
is the L value for Step 5 even close to that
which is physically possible. For this step,
in which there is reaction between adsorbed
reactants under conditions such that the
surface is not completely covered and no
more than one reactant adsorbs appreci-
ably, all the L values obtained are far too
large. However, Glasstone et al. (6) do
show, using an equation similar to Eq. (10),
assuming that the surface is sparsely
covered, that the rate of O;~NO reaction on
glass at 85°K (measured by Temkin and
Pyzhow (55)) is accounted for by assum-
ing L to be about 10" em~2. We have re-
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produced this calculation assuming that
the reacting species are molecules. Even so,
one might expect Step 5 to be the slow
step in very few reactions; if at least one
reactant adsorbs very little, the rate at
which product can form will of necessity
be very low unless the sites are unusually
efficient. From the v values tabulated
(Tables 1-4) it can be seen, however, that
there is a practical lower limit to observable
rates. The requirement that the sites must
be very efficient for Step 5 to be the slow
step is in accordance with the conclusion
made in discussing Eq. (26).

Third, one obvious candidate for a slow
step which is not among those considered
in Tables 1-4 is the interaction between
two surface species after one or both have
dissociated. In some reactions of this type,
however, it might not appear that the re-
action is bimolecular but, rather, mono-
molecular, i.e., one of the reactants will
act as part of the “surface.” If such is the
case, then one of the cases we have con-
sidered may well characterize the reaction.
Predissociated oxygen, for example, has fre-
quently been considered to be a part of the
surface.

Fourth, it seems evident from the L
values in Tables 1-4 that it is necessary to
postulate, just as it was in our earlier work,
that many catalytic systems are correctly
described only when it is assumed that the
site density is extremely low.

ACKNOWLEDGMENT

Acknowledgment is made to the donors of The
Petroleum Research Fund, administered by the
American Chemical Society, for support of this
research.

REFERENCES

1. Boudart, M., Mears, D. E., and Vannice, M. A,
Ind. Chim. Belg. 32, 281 (1967).

. Fricke, A. L., and Alpeter, R. J., J. Catal. 25,
33 (1972).

3. Maatman, R., Mahaffy, P., and Mellema, R.,
J. Catal. 35, 44 (1974).

. Maatman, R. W., J. Catal. 19, 64 (1970).

. Maatman, R. W., Catal. Rev. 8, 5 (1973).

@

v I

6.

10.
11.
12.

13.

14.

15.

16.

17.
18.

19.

20.

21.
22.

23.

24.

25.
26.
27.
28.

29.

RUSSELL W. MAATMAN

Glasstone, S., Laidler, K., and Eyring, H., “The
Theory of Rate Processes,”” pp. 355-358, 376—
380. McGraw-Hill, New York, 1941.

. Laidler, K., “Chemical Kinetics,” pp. 65, 160—

168. MeGraw-Hill, New York, 1950.

. Glasstone, 8., “Textbook of Physical Chem-

istry,” p. 278. Van Nostrand, New York,
1946.

. Maatman, R. W., Leenstra, D. L., Leenstra, A.,

Blankespoor, R. L., and Rubingh, D. N., J.
Catal. 7, 1 (1967).

Miyamoto, A., and Ogino, Y., J. Catal. 27, 311
(1972).

Otto, K., and Shelef, M., J. Catal. 35, 460 (1974).

Kilty, P. A,, Rol, N. C., and Sachtler, W. M. H.,
in “Proceedings International Congress on
Catalysis, 5th, 1972,” p. 929. 1973.

Happel, J., Lief, R. E., and Mezaki, R., J. Catal.
31, 90 (1973).

Ross, P. N, Jr., and Delgass, W. N, J. Catal.
33, 219 (1974).

Clarke, J. K. A., McMahon, E., and O’Cinneide,
A. D, in “Proceedings International Congress
on Catalysis 5th, 1972, p. 685. 1973.

Suzuki, I., Honda, Y., Ono, Y., and Keii, T,
in “Proceedings International Congress on
Catalysis, 5th, 1972, p. 1377. 1973.

Ballivet, D., Barthomeuf, D., and Trambouze,
Y., J. Catal. 34, 423 (1974).

Iwasawa, Y., and Ogasawara, S., J. Catal. 37,
148 (1975).

MecCaffrey, E. F., Klissurski, D. G., and Ross,
R. A., in Proceedings. International Congress
on Catalysis, 5th, 1972, p. 151. 1973.

Szabo, Z. G., and Jover, B., in “Proceedings
International Congress on Catalysis, 5th,
1972, p. 833. 1973.

Kibby, C. L., and Hall, W. K., J. Catal. 31, 65
(1973).

Zanderighi, L., Greco, A., and Carra, S., J.
Catal. 33, 327 (1974).

Imanaka, T., Tanemoto, T., and Teranishi, S.,
in ‘“‘Proceedings International Congress on
Catalysis, 5th, 1972, p. 163, 1973.

Yang, C. C,, Cutlip, M. B, and Bennett, C. O.,
in “Proceedings International Congress on
Catalysis, 5th, 1972, p. 279, 1973.

Prinsloo, J. J., Van Berge, P. C., and Zlotnick,
J., J. Catal. 32, 466 (1974).

Heynen, H. W. G., and Van Der Baan, H. S,
J. Catal. 34, 167 (1974).

Iwasawa, Y., Nobe, H., and Ogasawara, S., J.
Catal. 31, 444 (1973).

Gentry, 8. J., Rudham, R., and Sanders, M. K,
J. Catal. 35, 376 (1974).

Akimoto, M., and Echigoya, E., J. Catal. 35,
278 (1974).



30.
31.
32.

33.
34.

35.

36.

39.

40.
41.

42.

SITE DENSITY AS A CRITERION

Akimoto, M., and Echigoya, E., J. Catal. 31,
278 (1973).

Wragg, R. P.,, Ashmore, P. G., and Hockey, J.
A, J. Catal. 31, 293 (1973).

Parera, N. S., and Trimm, D. L., J. Catal. 30,
485 (1973).

Yao, Yung-Fang Yu, J. Catal. 36, 266 (1975).

Mathur, B. C., and Viswanath, D. 8., J. Catal.
32,1 (1974).

Williamson, W. B., Flentge, D. R., and Luns-
ford, J. H., J. Catal. 37, 258 (1975).

Ostermaier, J. J., Katzer, J. R., and Manogue,
W. H., J. Catal. 33, 457 (1974).

. Matsuura, 1., J. Catal. 33, 420 (1974).
38.

Takeuchi, T., Miyatani, D., Okamoto, K.,
Takada, Y., and Takayasu, O., in ‘‘Proceed-
ings. International Congress on Catalysis, 5th,
1972, p. 553, 1973.

Koh, Ho-peng, and Hughes, R., J. Catal. 33, 7
(1974).

Van Meerten, R. Z. C., and Coenen, J. W. E,,
J. Catal. 37, 37 (1973).

Ozaki, A., Aika, K., and Morikawa, Y., “Pro-
ceedings. International Congress on Catalysis,
5th, 1972, p. 1251. 1973.

Dalla Betta, R. A., Piken, A. G., and Shelef,
M., J. Catal. 35, 54 (1974).

43,
44

45.

6.
47.
48.

Or
Or

17

Burton, J. J., and Hyman, E., J. Catal. 37, 114
(1975).

Kahn, D. R., Petersen, E. E., and Somorjai,
G. A, J. Catal. 34, 294 (1974).

Kempling, J. C., and Anderson, R. B., ¢n “Pro-
ceedings. International Congress Catalysis,
5th, 1972, p. 1099. 1973.

McNaught, W. G., Kemball, C., and Leach,
H.F., J. Catal. 34, 98 (1974).

Metcalfe, A., and Vickers, D. E., J. Catal. 30,
250 (1973).

Ross, P. N, and Stonehart, P., J. Catal. 35, 391
(1974).

. Urabe, K., Aika, K., and Ozaki, A., J. Calal.

32, 108 (1974).

. Eley, D. D., Forrest, H., and Rudham, R., J.

Catal. 34, 35 (1974).

. Fujita, K., Hatada, K., Ono, Y., and Keii, T.,

J. Catal. 35, 325 (1974).

. George, Z. M., J. Catal. 32, 261 (1974).
3. Ismayel-Milanovic, A., Basset, J. M., Praliaud,

H., Dufaux, M., and De Mourges, L., J.
Catal. 31, 408 (1973).

. Horton, W. B,, and Maatman, R. W., J. Catal.

3, 113 (1964).

. Temkin, M., and Pyzhow, W., Acta Physico-

chim. URSS 2, 473 (1935).



