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The heterogeneity of a catalyst surface has been estimated using hard sphere 
models. The number of sites of different free bond number was calculated for atom- 
ically-flat surfaces on body or face-centered cubic lattices. By substituting this theo- 
retical heterogeneity into the equations derived previously the apparent activation 
energy and pre-exponential factor for simple first or zero-order reactions catalyzed 
by a single (h/cl) plane or polycrystalline surfaces were found. 

The model predicts that, despite the heterogeneity of the surface, the apparent 
rate constant will still appear to obey the Arrhenius equation. The apparent acti- 
vation energy derived from this equation will, however, be very sensitive to the rangr 
of temperature used in its determination. 

The activation energy for a first-order reaction will be independent of surface 
orientation. For a zero-order reaction, depending upon some assumptions, the acti- 
vation energy for low-index planes is different from that for high-index planes or 
polycrystalline surfaces. 

If  the true activation energy and pre-exponential factor on individual types of site 
show the compensation effect, then a series of catalysts of different orientation or 
composition will also show compensation between apparent activation energy and 
pre-exponential factor. It is not necessary to postulate some special site distribution 
to obtain this result. 

INTRODUCTION In Part I (3)) equations were derived 
The importance of the crystallographic which related the apparent activation 

orientation and structure of surfaces in energy to any postulated type of hetero- 

catalytic theory is shown by the extensive geneity. These equations would allow some 

discussions of the “geometric factor” (I) progress to be made in the interpretation 
and by Balandin’s theory of multiplets of activation energies if some estimate 
(2). The majority of catalysts of practical could be made of the heterogeneity due to 

importance are polycrystalline and expose crystal orientation. In recent years, models 
many crystal planes to the reactants. If of surfaces have been constructed from 

these planes differ in catalytic activity then hard spheres to aid the interpretation of 

the apparent activation energy derived results from field emission, adsorption and 

from the temperature-dependence of the catalysis (4-7). The field ion patterns 
overall rate will be a function of the area, found by Miiller provide evidence that, in 

activation energy and pre-exponential fac- some cases, these models are useful in simu- 

tor for each plane. Without some knowledge lating real surfaces (6). Using the hard 
of the heterogeneity, the apparent activa- sphere model, Nicholas has made extensive 
tion energy is of limited value in comparing calculations of the number and type of 
catalysts and catalytic reactions. bonds broken at the surface of a variety 
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of crystal lattices (7-9). As shown below, 
these calculations may also be applied to 
determine the number and type of adsorp- 
tion site and thus the heterogeneity of 
crystal surfaces. 

There are limitations to be considered in 
applying the model, for example, the cata- 
lyst surface may rearrange during the re- 
action. When silver is heated in oxygen 
visible facets are formed indicating a max- 
sive rearrangement (10). 

The adsorption of oxygen by nickel ap- 
pears to produce a crystal structure with 
different crystal parameters to the bulk 
(11). Even in the absence of adsorption 
there is some evidence of small changes in 
lattice parameter at’ the surface (12). 

Another factor which must not be over- 
looked is the presence of defects such as 
dislocations and stacking faults which in- 
tersect the surface causing deviation from 
the idealized surface. It is possible, how- 
ever, to make models which contain these 
defects and so to improve the approxima- 
tion to real surfaces (13). 

In view of t’he author, despite the above 
limitations, ball models seem valuable in 
simulating real surfaces and allowing 
semiquantitative conclusions to be drawn 
about adsorption and cat’alytic behavior. 
In this paper the number and types of 
sit~es on surfaces formed by the intersection 
of (Z&Z) planes with body-centered (BCC) 
or face-centered (FCC) cubic lattices, the 
most common structures of metal catalysts, 
have been calculated. By making various 
sets of assumpt’ions about the activation 
energy and pre-exponential factors on in- 
dividual sites the apparent act8ivation ener- 
gies for these planes were obtained. 

DERIVATION 

(i) Adsorption sites on (hkl) surfaces. 
If an infinite ideal crystal is imagined to 
be divided into t.wo parts by a plane with 
Miller indices (Z&Z) the two new surfaces 
may be described as atomically-flat sur- 
faces with indices (hlcl) and (La). Such a 
semi-infinite crystal with an atomically- 
flat surface is one in which all possible 
atomic positions are occupied one side of, 
and possibly on, the dividing plane but 

none are occupied on the other. If an inter- 
atomic bond is represented by a line seg- 
ment terminated at each end by atoms 
then some of these bonds must be broken 
in the creation of the surface. 

Atoms in the bulk of the crystal have 
a nearest-neighbor coordination of 2, where 
2 = 8 or 12 for BCC and FCC lattices, 
respectively, so that’ a surface atom will be 
any atom with less than 2 nearest neigh- 
bors. Nicholas has given simple equat’ions 
for the density (number of atoms/unit sur- 
face cell) of atoms with exactly 1,2,3 . . . Y 
of the nearest-neighbor bonds broken (7). 
It hat; been postulated that directed orbitals 
can emerge at catalyst surfaces (14, 15) 
and that, on metals, the metal-adsorbate 
bond is essentially similar to the metal- 
metal bond (141. If the nearest-neighbor 
vectors are identified with directed orbitals 
then the number and location of broken 
bonds in the ball model define the number 
and type of adsorption site. 

The configurat’ion of catalyst atoms that 
constitute a site will depend upon the size, 
shape, and electronic structure of the ad- 
sorbed species. The reacting species will be 
,assumed to be locat’ed within a sphere 
whose diameter is not greater than that of 
the underlying catalyst atoms. The reactive 
species are further assumed to be adsorbed 
in such a way that’ the imaginery spheres 
take up the same positions that catalyst 
atoms would occupy in adding one complete 
surface layer to the crystal. Depending upon 
the site, therefore, an adsorbed species will 
be bound by 1,2,3 . . . Y bonds to the cata- 
lyst, where Y = 4 or 6 for BCC or FCC, 
respectively. On this basis then, 

Na(j, hkl) = NJj, la), (1) 

N,(j, hkl) = number of species bound by j 
bonds to catalyst atoms/unit surface cell, 
N,(j, hkl) = number of sites with j free 
bonds/unit. surface cell. An atomically-flat 
surface can be constructed from a unit sur- 
face cell repeated in two dimensions and 
the area of this cell, A,(hkZ), can be cal- 
culated from the Miller indices and three- 
dimensional cell constants (7). 

Consideration of the model shows that 
t,he bonds between adsorbed species and 
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catalyst atoms on an (h/cl) surface 
identical in number and geometry with 
broken bonds on an (ia) surface, i.e., 

N8(j, hkl) = N,(j, I-a), 

By symmetry, 

J. BAGG 

are 
the 

(2) 

Ne(j, hkl) = number of catalyst atoms with 
exactly j broken bonds/unit surface cell. 

The equations of Nicholas are concerned 
with the coordination of the catalyst atoms 
and give N, (j, hkl) but Eq. (2) allows 
these values to be used directly to give 
N8 (i, hkl), 

Catalyst atoms with the same number 
of nearest-neighbor bonds can differ with 
respect to the geometrical arrangement of 
their nearest neighbors. For example, on 
BCC surfaces there are two possible ar- 
rangements of neighbors around atoms with 
four broken bonds. It follows that there 
will be also two types of site differing only 
in the orientation of the four free bonds to 
the surface. On the simple hypothesis used 
in this derivation only the number of free 
bonds should govern adsorption and so all 
the sites with the same bond number are 
considered equivalent. The expressions 
for N,(j, hAA) on BCC surfaces are given 
in Table 1; the expressions for FCC are 

TABLE 1 
N,(j, hkl) FOR ANY (hkl) PLANE ON A BCC 

CRYSTAL (h > k > 1 2 0) 

Free Region A Region B 
bondno. (h-k-130) (-h+k+Z>O) 

1 21 21 
2 2(k - 1) 2(k - 1) 
3 21 2(h - k) 
4 h-k-l -h+k+Z 

more complicated and may be obtained 
from the original reference (9). 

(ii) General expressions for apparent 
activation energy and pre-exponential fac- 
tor. Equations (17a), (17b), (Ma), (18b) 
from Part I are rewritten using the follow- 
ing symbols (3) : 

ri = 

&2 = 

n= 

i= 

xi = 

Pj = 

kb, h = 
sj = 

tj = 

The 

number of replicate measurements of 
In k,,, at reaction temperature TioK. 
error variance of replicate measure- 
ments of In k,,, at Ti. 
number of reaction temperatures 
used in determination; 
1, 2, 3 . . . 12. 

?l 
l/Ti; Sxx = c Ti(Xi - $2; 

~~T~X~ 
f=+;p=Oorl 

z 

‘+ exp(Sj/R) 

Boltzmann and Plank constants, 
entropy term [defined in Part I (S)] 
for a j-site, 
transmission coefficient of the acti- 
vated complex on a j-site. 

differences between the apparent 
activation energy E,, and pre-exponential 
factor, A, and the activation energy, El, 
and pre-exponential factor, P,, on sites of 
single free bond (j = 1) are given by: 

E,-El=AEefAEE;lnA-InPI 
=AlnAcfAInAB 

where AEo, A In A, arc attributable to curva- 
ture and AEE, A In A,, are attributable to 
experimental error (3). 

AEc = sx \P c ri In 2;(2i - Z) 

- 2 riln(l + C(xi))(zi - Z)} 

+ (Em - Ed, (3) 

A In AC = In & + (AEc/R)Z 
+ Znl”i ln(1 + C(Xi)) _ p X”Ti In Xi 

m=i &i 
(4) 

Two types of surface will be considered. 
First, a surface exposing a single (h/d) 
plane, secondly, a polycrystalline surface 
exposing many atomically-flat (hkl) planes, 
each plane being of sufficient area that 
grain boundaries occupy only a negligible 
fraction of the surface. For a single 
orientation, 
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C(Si) =] ~ *knit ~~)~~ 
lysts and may also be used for the more 
complex surfaces described here (17). If 

j=A4+1 8 ’ the upper and lower temperatures used in 

(- (Ej - E.W;l)Xi) 

I 

the determination are T, and T, then with 
, 

R 
xh = ?‘ib, +x2), 

N&V, hk2) = number of sites/unit surface 
cell with the minimum free 
bond number, M, found on El) (7) 

that particular (Ml) surface, 
i.e., M 2 1. This form for 

A ln A*c = ln Q + p _ p ln x: 

C(G) is necessary because not + ln(l + c(~,>) + +hiD(ic:,) - EMC(~h)l 

all (h/cl) planes contain single R(l + c&h)) 

bond sites. (8) 
Ej, EM = enthalpy terms (defined in 

Part I) for j- and M-sites, 
For a single orientation 7 

Y 

For a polycrystalline surface! 
V 

X exp - (Ej - EMM)x~ 1 ~(~~1 = - c EjJ’jg*(j) 
R j=M+l E.d’wW) 

Whk&s(j, hW 

A&W 
X exp 

- (Ej - EM)x~ . 

h k 1 
R I 

Whkl = 

Q= 

The equations presented for AE, and 

area of (hkl) surface/total poly- 

A In AB are more general than in Fart I 
because constant error variance 8i2, is not 

crystalline area. 

assumed. 

SdJwM 
Pl 

D(xd = 
c 

EjPjNs(j, hkl) 

i=M+l 
EMPMNW, hkl) 

X exp 
- (Ej - EM)x~ . 

R 1 
For a polycrystalline surface, 

Y 

AEE = Rt[B ri(xi - z)%~]~‘~, 
sxx (5) 

AhrAE 
= tp r&%x - (29 ?-iXJ” (Xi - qpp, 

sxxzri 
(6) 

t = 1.96 for 95% confidence limits (16). 
Excellent approximations for AE, and 

A In AC which reduce arithmetical labor 
were possible in the case of dual-site cata- 

entropies of activation and adsorption fur- 
ther restrictions are applied in this paper. 

( iii ) Assumptions concerning reactions. 

Firstly, the rate-determining step is as- 
sumed monomolecular to avoid the compli- 

Equations (3-S) can be applied to all the 

cation of reaction between two adjacent 
species on different types of site. Secondly, 

reactions that fall within the restrictions 

the assumption that the activated complex 
is the same on all types of site is extended 

laid down in Part I (3). However, to mini- 

to mean that the enthalpy of the activated 

mize assumptions about enthalpies and 

complex, H# (O), is the same on all sites. 
The enthalpy of activation is, under these 
circumstances, governed by the heat of ad- 
sorption of the reacting species (18). For 
first-order reactions this assumption leads 
to a simple result; from Eq. (8) in Part I 
(8, 
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Ej = AHlzO(O, j) + ~IzO(O, j) 
= W(O) - Ha(O)) + (Ha(O) - H,) 
= H#(O) - H, 

where H,(O) = partial molar enthalpy of 
the adsorbed species at low coverage, H, = 
molar enthalpy in the gas phase. 

The activation energy, Ei, is, therefore, 
independent of the type of site and the 
surface will appear to be homogeneous. 
The expressions for AEc and A In A, are, 

AE _ RZnri In xi(xi - Z) 
c- sxx ’ 

A In AC = I~l(n~~(hlcZ)/A,(hlcZ)) 

+ (AEc/R)Z - z^;;;xi~ (9) 
z 

N,(hkZ) = total number of all types of 
site/unit surface cell. The first term in Eq. 
(9) only varies weakly with orientation so 
that the apparent activation energy and 
pre-exponential factor will, within experi- 
mental error, be the same on all (I&l) 
planes or polycrystalline surfaces. 

2 3 4 5 6 

Free bond number j 

FIG. 1. (Ej - El) vs j on FCC surfaces using (a) 
Eq. (11); (b) Eq. (12); and (c) Eq. (13) for f(j). 

At saturation coverage the enthalpy and 
entropy of activation will be governed by 
the heat and entropy of adsorption upon 
a given site and, consequently, by the type 
of site. The heat and entropy of adsorption 
should be greatest on sites with the maxi- 
mum number of free bonds and least on 
sites with the minimum number of free 
bonds. The activation enthalpy and en- 
tropy will also vary in the same way; how- 
ever, the exact nature of the dependency 
is not known and only empirical equations, 
Ei = f(j), may be tested at present. From 
the above considerations, Ei and Pi must 
be related t,o each other and, from theo- 
retical considerations of adsorption (19) 
and the large body of data on the compen- 
sation effect (LO, WI), the following rela- 
tionship appears to be generally applicable, 

Ej = EI + ([j - l)/(Y - l)12AEl~p (11) 

Ej = El + [(j - l)/(Y - l)lAEl~, (12) 

Ej = El + [log j/log Y]AElr, (13) 

AElv = Ey - E,. 

A-L, AE16 were set equal to 10 and 15 
kcal/mole, respectively, because these 
values lead to variations in apparent acti- 
vation energies similar to some observed 
in practice (18). 

The value of PJP, for each value of Ej 
was calculated from Eq. (10) with j3 varied 
from 0 (no compensation) to 6 X 10e3. 

Measurements of log kapP were considered 
in ranges of 100” at reaction temperatures 
from 323 to 823°K. The number of reaction 
temperatures within the range were 4, 6, 
11 spaced as follows, 

n = 4, 323, 363, 403, 423; 
n = 6, 323, 343, 363, 383, 403, 423; 

InPj = a+/?E+ 

RESULTS 

(10) n = 11, 323, 333, 343, 353, 363, 373, 383, 
393, 403, 413, 423. 

Calculations for the apparent activation Values of N,(j, hlcl) and A,(hkl) used in 
energy at saturation coverage were made the calculations are given in Table 2 with 
using the following equations for Ej chosen an assumed catalyst atom radius of 1.35 A, 
to give linear, concave, and convex graphs typical of many metallic catalysts. A 
(shown in Fig. 1)) stereographic plot of the normals to the 
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TABLE 2 
N,(j, hkl) AND AREA OF UNIT SURFACE CELL 
FOR SURFACES ON BCC AND FCC CRYSTALS 

Free bond no. j 

A&W 
(h/cl) 1 2 3 4 b‘b 

BCC surfaces 
(100) 0 0 0 1 9.72 
(110) 0 ; 0 0 6.87 
(111) 2 0 1 16.84 
(210) 0 2 0 1 21.73 
(221) 2 2 0 1 29.16 
(311) 2 0 2 1 32.24 
(321) 0 18.18 
(432) 

: ; :: 
1 44.54 

(721) 1 .: 1 2 35.71 
(851) 1 1 1 46.11 

FCC surfaces 
12 S 4 5 6 

(100) 0 0 0 1 0 0 7.29 
(110) 1 0 0 0 1 0 10.31 
(111) 0 0 1 0 0 0 6.31 
(210) 1 0 1 0 0 1 16.20 
(221) 1 0 2 0 1 0 21.87 
(311) 0 1 0 0 1 0 12.20 
(321) 1 1 1 1 0 1 27.28 
(432) 1 1 3 1 0 1 39.26 
(721) 1 2 1 2 2 1 53.57 
(851) 4 2 1 2 1 3 69.16 

surfaces in Table 2 is shown in Fig. 2. Sur- 
faces exposing a single plane are not com- 
monly encountered so that calculations 
were also made for an “average surface,” 
i.e., the surface of a polycrystalline aggre- 
gate in which grains are of random orienta- 
tion. Such a surface may be approximated 
by t,he surface of a large hemisphere and 

/ 

J721) 
JS51) 

/ 
I 
d 

100) (2101 (I IO) 

FIG. 2. Stereographic projection of the normals to 
the surfaces shown in Table 2. 

the site density, g,(j), taken from the cal- 
culations of Nicholas (8), for this surface 
is given in Table 3. 

In general, the graph of log Knapp vs l/Ti 
is not linear for reactions over a hetero- 
geneous surface (3). A comparison of the 
degree of curvature predicted for the model 
with that observed using practical catalysts 
is a useful test of the model. Using Eqs. 
(19) from Part I (3) and (4) from Part 
II (17)) the percentage confidence limits 
(*CL%,) , required of an individual mea- 
surement of k,,, in order to detect curva- 
ture were calculated. If these confidence 
limits are greater than the experimental 
accuracy then curvature will be detected. 

( a) Dependence of apparent activation 
energy upon the number of reaction tem- 
peratures. In Table 4, AEc and A log A, are 
shown for different values of n with an 
equal number of replicate measurements at 
each reaction temperature, ri = T for all i. 

TABLE 3 
q,(j), (no. of j-sites/cm2 X lo-16) ON AN “AVERAGE SURFACE” 

Free bond no. j 

1 2 3 4 

BCC 
s.0’) 0.2303 0.2733 0.1539 0.1656 

FCC 
1 2 3 4 5 6 

s*(j) 0.2733 0.2270 0.3117 0.1943 0.2405 0.1689 
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TABLE 4 

A COMPARISON OF A&(kcal/mole), Alog& WITH A&, Alog AC DERIVED FROM DIFFERENT 
NUMBERS, n, OF REACTION TEMPERATURES 

BCC lattice: temp range, 432-523°K; 0 = 1.2 X lo+. 

No. of mea- 
surements 4 6 11 

used for AEc 

VW A& Alog AC AEc Alog AC AEc Alog AC A.& A log i;, 

(100) 10.93 23.33 10.93 23.33 10.93 23.33 10.93 23.33 
Gw 7.79 21.80 7.81 21.81 7.82 21.81 7.81 21.79 
(311) 7.34 21.62 7.37 21.63 7.40 21.64 7.43 21.64 
(432) 5.91 20.91 5.93 20.92 5.95 20.92 .5.93 20.90 
(721) 8.48 22.17 8.50 22.18 8.53 22.18 8.57 22.19 

These terms were almost independent of 11 
and calculations over a wider range showed 
similar independence for all ranges likely 
in practice. Table 4 also shows that 

A,??,, A log 1, are excellent approximations 
to AE,, A A,; over a wide range of con- 

ditions the difference between A&, and AE, 
will rarely exceed 0.05 AE,. Except for the 
most accurate work, E, is, therefore, most 
conveniently given by El + Ai _t AE,. 

(b ) Dependence of curvature upon ori- 
entation, temperature and /3. Values of 
H?L% are given in Table 5 and show 

that, except when ,6 = 1.2 x lCP, the cur- 
vature will not be detectable under normal 
experimental conditions. The condition 
n = 11 used in the construction of Table 
5 is rather stringent because apparent acti- 
vation energies are more often obtained 
from 4 or 6 reaction temperatures. Under 
the less stringent conditions even with 
/3 = 1.2 X lo-” curvature will not be 
detected. 

(c) Dependence of apparent activation 
energy upon Ei, ,8, and temperature range. 
Values of AE, for Chkli and “average sur- 

TABLE 5 
THE EXPERIMENTAL ACCURACY OF k,,, (*CL '%) REQUIREI) TO DETECT CURVAT~JRE IN THE GRAPH 

log km vs l/2’ FOR REACTIONS ON FCC SURFACES 

/3 = 0.4 x 10-S /3 = 1.2 X 10-s p = 2.0 x 10-a 
Eq. used for f(j) : 

@W (11) (12) (13) (11) (12) (13) (11) (12) (13) 

(100) 0.32 0.32 0.32 

(210) 0.60 0.39 0.38 

(311) 0.33 0.33 0.34 

(43% 0.78 0.77 0.42 

(721) 0.56 0.87 0.49 
Av. surf. 0.59 0.62 0.39 

(100) 0.10 0.10 0.10 

(2101 0.20 0.24 0.39 

(311) 0.27 0.27 0.29 

(432) 0.22 0.50 0.72 
6’21) 0.32 0.51 0.75 
Av. surf. 0.26 0.45 0.55 

Temp range 323423°K 
0.32 0.32 0.32 
8.07 10.74 13.61 
7.47 7.47 6.17 
4.37 7.60 12.74 
7.19 10.04 14.14 
6.31 9.55 13.79 

Temp range 623-723°K 
0.10 0.10 0.10 
0.14 0.19 0.23 
0.17 0.17 0.19 
0.27 0.43 0.41 
0.45 0.37 0.25 
0.40 0.37 0.28 

0.32 1 0.3“ 0.32 
0.39 0.55 0.88 
0..53 0.53 0.65 
0.70 1.50 2.19 
1.79 2.02 1.39 
1.45 1.81 1.50 

0.10 0.10 0.10 
0.10 0.10 0.10 
0.10 0.10 0.10 
0.10 0.10 0.11 
0.10 0.12 0.13 
0.10 0.11 0.12 
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TABLE 6 
A&(kcal/mole) FOR FCC &JRF.K!ES (n = 11, r; = 1 for all i) 

Eq. used for 

f(j) : 
VW 

fl = 0.4 x IO-3 p = 1.2 x 10-s p = 2.0 x 10-a 

(11) (12) 
AEc AEc 

(13) (11) (12) (13) (11) (12) (13) 
A& A& AEc A& AEc AE, A& 

(100) 6.33 9.93 12..i:3 

(110) 0.95 0.93 0.94 

(111) 3.33 6.93 10.13 

(210) 1.33 1.04 0.96 
(221) 1.63 1.15 0.98 
(311) 1.66 3.96 6.78 

(321) 1.48 1.40 1.08 

(432) 1.80 1.57 1.11 

(721) 1.55 1.68 1.20 

(851) 1.22 1.16 1.00 
Av surf. 1.49 1.36 1.06 

(100) 6.73 10.33 r2.93 

(110) 1.66 1 .52 1.46 

(111) 3. 73 7.33 10.53 

(210) 2.11 2.06 1.77 

(221) 2.60 2.64 2.13 

(311) 2.31 4.71 7.62 
(321) 2.34 2.81 2.52 
(432) 2.71 3.44 3.02 
(721) 2.61 3.42 3.26 

(851) 1.99 2.15 1.95 
Av. surf. 2.42 2.82 2.49 

Temp range 433-5Z”K 
6.33 9 !JS 12.53 
8.20 10.52 12.02 
3.33 6.93 10.13 

12.02 12.19 12.61 
6.41 9.04 11.13 
8.24 10.64 12.25 

10.27 10.(32 11.90 
9.12 10.08 11.4.5 
9.59 11.06 12.44 

10.98 ll..i7 12.32 
9.42 10.71 12.01 

Temp range 62%723°K 
6.73 10.33 12.93 

10.80 13.28 14.79 
3.73 7.S3 lo..53 

16.27 16.15 13.91 
10.28 12.56 13.84 
10.77 lS.17 14.59 
16.11 1.3. 74 15.Sl 
16.02 15.49 14.8% 
15.23 14.73 14.86 
16.04 15.76 13. 38 
15.48 15.00 14.94 

6.33 9.93 I%.53 
10.53 1%.9S 14.43 

3.33 6.93 10.13 
15.93 15.93 15.91 
10.51 12.88 14.27 
10.53 12.93 14.43 
1.i. 93 15.91 15.76 
15.9S 15.90 15.71 
15.86 15.56 15.26 
15.92 15.85 15.72 
15.88 15.66 15.40 

6.7s 10.33 12.93 
10.93 13.53 14.83 

3.7s 7.33 10. 53 
16.33 16.33 16.33 
10.93 13 33 14.79 
10.93 13.33 14.83 
16.33: 16. SS 16.28 
16.33 16.33 16.27 
16.32 16.19 1.5, 91 
16.38 16.31 16.2:~ 
16.32 16.23 16.08 

faces” on FCC lattices are given in Table 
6. The magnitude of AE, is dependent upon 
the choice of f(j) but the general pattern 
of its variation with orientation, temper- 
ature and p is not. This independence is 
illustrated in Fig. 3 where the shape of the 
curve and the shift with temperature is 
very similar for all three functions tested. 
Some general conclusions can, therefore, be 
drawn from the ball model without detailed 
knowledge of f(j), provided that, it is not 
some unusual function. 

The strong variation of AE, with /3 is 
shown in Figs. 4 and 5. When /3 < 0.4 X 
lo-“, AE, is greatest on planes of low in- 
dices, BCC surfaces (IOO), (ill), (210) 
and FCC surfaces (loo), (ill), but is 
small and almost independent of orienta- 
tion on all other surfaces. When /3 > 1.2 X 
10m3, AEc is smallest on planes of low in- 
dices, BCC surface (110) and FCC sur- 

faces (1001, (111)) and has larger values 
on all other surfaces. The compensation 
effect is weak for /3 < 0.4 X 10m3 and strong 
when /3 > 1.2 x lo-“. 

In Figs. 3, 4, and 5 the limits -+AEE are 
marked for an experimemal accuracy of 
‘-+50/, in JzaP,,, and show that the orientation 
dependence will be masked by experimental 
error in some cases. 

The apparent activation energy is de- 
pendent upon the temperature range used 
for its determination. The dependence is 
strong for some orientations, e.g. (210) 
surface on FCC, and weak for others, e.g. 
(100) surface on FCC. Of more interest, 
because most catalysts are polycrystalline, 
is the effect of temperature for ‘(an average 
surface.” The following example indicates 
a variation that might occur in practice: 

E, = 10 kcal/mole, AE,, = 15 kcal/mole, 
p = 1.2 x 10-3, 
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FIG. 4. &To vs /3 for different orientation on a 
BCC surface with temperature range 423-523°K. 

I I I 
0.4 0.0 

I I 
1.2 1.6 2.0 

(jxd 

FIG. 3. AEc vs B at various temperatures for an 
“average surface” on an FCC lattice: (vertica1 bars) 
the limits AEc + UE and AEc - BEE; (- - -) f(j) 
given by Eq. (12); (-) Eq. (11); (. -) Eq. (13). 

n = 11, experimental accuracy *5%, f(j) 
from Eq. (12), 

Temp. 
(“K) 

323423 
423-523 
723-823 

E, 
(kcal/mole) 

13.4-12.6 
21.2-20.2 
26.4-24.0 

DISCUSSION 

The only experimental data for a zero- 
order reaction carried out over surfaces of 
known orientation appear to be those for 
the decomposition of formic acid vapor 
over silver (18, 22). Even this system does 
not meet exactly the conditions of the 
model because adsorption data indicate that 
there is not a one-to-one correspondence 
between sites and formic acid mole- 
cules (23). The observed apparent activa- 
tion energies were in the order, polycrystal- 
line > (100) > (111) and there was strong 
compensation with ,B = 1.1 X 10m3. Figures 

3 and 5 show that for ,8 > 1.2 X 10e3 the 
model predicts the same order. No signifi- 
cant curvature was detected in the graphs 
of log kD, vs l/T as anticipated for the ex- 
perimental accuracy used. 

Apart from the special case above, there 

01 I I I I a 0.4 0.0 
I 

1.2 1.6 2.0 
pxtd 

FIG. 5. AEc vs 6 for different orientations on a 
FCC surface with temperature range 423%523’K. 
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are two generally observed features of cata- 
lytic reactions consistent with the model. 
First, the apparent activation energy does 
not, with the exception of some reactions 
on low index planes, appear to be very 
sensitive to surface orientation. Duplicate 
preparations of polycrystalline catalysts 
are unlikely to have the same surface 
structure yet the difference between their 
apparent activation energies usually falls 
within experimental error. The model 
shows that the activation energy for first- 
order reactions is independent of orienta- 
tion and that for zero-order reactions dif- 
ferences due to orientation will often lead 
to only small effects masked by experi- 
mental error. 

Secondly, in the majority of cases, ap- 
parent rate constants obey the Arrhenius 
equation without detectable curvature as 
predicted. One important conclusion to be 
drawn from the model is that, although the 
Arrhenius equation is obeyed, the apparent 
activation energy may be very sensitive to 
the temperature range. This effect should 
be borne in mind when comparing data not 
obtained under similar conditions. 

Another feature common to many re- 
actions is the compensation effect. By a 
suitable choice of conditions the model 
should be able to lead to this result from 
the basic assumption of compensation be- 
t’ween true activation energy and prc-ex- 
ponential factor, Eq. (lo), on individual 
sit,es. There are two cases to be considered, 
first, surfaces of the same composition but, 
different orientation an!,. secondly, sur- 
faces of different composltlon and orienta- 
tion. As an example of the second case the 
decomposition of formic acid vapor over 
a series of different polycrystalline metals 
may be cited (24). For the first case, Eq. 
(10) may be rewritten in terms of the 
compensation temperature, T,,, 

B1 exp( -&/RT,) = Bi exp( -Ei/RT,), 
(14) 

with T, = I/R/3; 

In A and E, may be related by using the 
fact that 2, -t- AE, is a very good approxi- 
mation to E,, and then from Eqs. (7)) (8)) 
and (14)) 

In 2 = In cNdM7 hkz)P1) _ p ln 2n 
Au(hkZ) 

- E+ + ln(1 + C(x,)) + +. 

The first term is almost independent of 
orientation and, for the same temperature 
range, a linear relationship between 2, and 
InA is obtained if xc = ~1~. Under these 
circumstances, 

In d = In 
I 

N&V, hkl)P, --- 
il,(hkZ) I 

* 
- p In Z* - b* + Ey. (l(j) 

The apparent activation energy and pre- 
exponential factor will be scattered around 
this line within limits kAEE and 
+-A In A, and because of this scatter T, and 
Th can differ considerably before curvature 
becomes detectable. 

This treatment can be extended readily 
to catalysts of different~ composition by 
postulating t’hat Eq. (14) holds for all sites, 
irrespective of composition, i.e., 

BIA exp( -EIA/RT,) 
= BIB exp( -h’lB/RTc) 
= BJX exp(-13JX/RT,), 

where the superscript refers to the com- 
position and the subscript to the type of 
site. The first term in Eq. (15) will be 
slightly modified but the slope of the line 
will still be x,&/R. 

At present no theoretical justification 
can be given for the choice of T, but it may 
be noted that several reactions have given 
experimental slopes close to the predicted 
slope (17). 

The ball model is capable of extensions 
by calculations involving next-nearest as 
well as nearest neighbors in the definition 
of a sit’e (S), by considering the size and 
shape of the adsorbed species when their 
diameter exceeds that of the catalyst atom 
defining a site, and by allowing for the 
intersection of defects with the surface 
(IS). The chief limitation at present is 
t,he assignment of enthalpies and entropies 
appropriate t’o these surfaces. 
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