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A method is described for analyzing transient response data obtained in isotopic tracer studies of 
CO hydrogenation. Methane is assumed to be produced by the independent hydrogenation of 
various pools of carbon present on the catalyst surface, but no assumptions are made about the 
number of such pools nor the homogeneity of theirreactivity. Application of the method to data for 
Ru and Ni catalysts reveals bimodal spectra of first-order rate coefficients. The peaks in these 
spectra are assigned to specific forms of adsorbed carbon. It is also shown that the ability to resolve 
different carbon forms and the heterogeneity in the reactivity of these forms is closely linked to the 
noise in the experimentally observed transients. 8 1987 Academic Press, Inc. 

INTRODUCTION While the relationships of C, to adsorbed 
CO and the formation of methane are rea- 

The formation of methane from synthesis sonably well established, the pathways via 
gas has been shown to proceed via the dis- which CB is formed and reacts are not yet 
sociation of adsorbed CO and subsequent fully defined. Bell and co-workers (II, 15) 
hydrogenation of the nascent carbon (see, have proposed that for Ru, C, and CB are 
for example, Refs. (Z-3)). Isotopic tracer related as shown in Scheme A: 
experiments (4-14) and NMR studies (IS, 
26) have demonstrated further that under CO,~CO,+C,+ 0, 
working conditions Group VIII metal cata- +H, Jf -Ha 
lysts may have several types of carbon KW * CB 
present, which differ in their structure and 4 J 
reactivity. The principal forms are atomic C& 

carbon (C,), short alkyl chains (Cp), and A similar scheme has also been proposed 
graphitic carbon (C,). For Ru it has been by Happel and co-workers (9) for Ni. In a 
established that the surface concentration recent study of CO hydrogenation over 
of C, comes to a steady state with the same Raney Ni, Soong et al. (14) have proposed 
time constant as the rate of CO hydrogena- that in addition to Scheme A, one should 
tion, and that C, is the primary precursor to consider Schemes B and C shown below: 
methane and other hydrocarbon products. 
The surface concentration of Cg, builds up CO, + C, 2 CH4 C, 2 CH, 
more slowly than that of C, and does not 0 
correlate with the rate of product forma- C, 2 CH‘, 

CO< 

tion. Thus, C, can be regarded as a reser- c! $CH4 

voir of carbon that is less active than C,. An important point brought out by these 
The formation of C, is not observed for low authors is that the equations describing the 
reaction temperatures (i.e., T d 498 K), but transient response of these networks to a 
is formed at higher temperatures (21) or if sudden change in the isotopic label of car- 
C, and CB are heated in the absence of hy- bon are identical in form. Consequently, it 
drogen (17). is not possible to distinguish between the 
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FIG. 1. An illustration of the response in the rate of 
VH, formation during an isotopic-tracer experiment. 
The switch in feed composition from 13CO/Hz to ‘*CO/ 
H2 is made at t = 0. 

three schemes on the basis of transient ex- 
periments alone. Because of this, Soong et 
al. (14) analyzed their data assuming that 
C, and CB react to methane along parallel, 
independent pathways. 

The kinetics of carbon hydrogenation to 
methane have been assumed by previous 
authors (7, 9-21, 14) to be first order in 
carbon coverage and characterized by a sin- 
gle rate coefficient for each form of ad- 
sorbed carbon. The latter assumption im- 
plies that all atoms in a given class have the 
same reactivity. We believe this assump- 
tion to be overly restrictive. Recent NMR 
evidence (25) suggests that carbidic carbon 
atoms are present in a variety of environ- 
ments. As a consequence, one might rea- 
sonably expect carbidic carbon, as well as 
other carbon forms, to exhibit a spectrum 
of reactivities with adsorbed hydrogen. In 
the present paper, we propose that the hy- 
drogenation of adsorbed carbon be de- 
scribed by a spectrum of first-order rate co- 
efficients and show how to determine this 
spectrum from isotopic-tracer experiments. 
Our method of data analysis requires no as- 
sumptions regarding the number of carbon 
classes, the distribution of carbon between 
classes, or the homogeneity of reactivity 
for carbon atoms in a given class. 

METHOD OF DATA ANALYSIS 

Before describing the method of data 
analysis, it is useful to review the proce- 

dure used to acquire transient-response 
data and the assumptions underlying their 
interpretation. Fig. 1 illustrates the se- 
quence of steps involved in a typical iso- 
topic-tracer experiment. 

The catalyst is first exposed to a mixture 
of i3C0 and HZ for a fixed period of time. At 
time t = 0, the feed is switched to a mixture 
of i2C0 and Hz, without altering the partial 
pressures or flow rates of either reactant. 
Assuming that the reactor space time is 
much shorter than the reaction system re- 
sponse time, the switch in feeds at t = 0 
imposes a step function change in the iso- 
topic composition of the gas-phase CO 
present over the catalyst. Since the CO and 
H2 remain constant throughout the experi- 
ment, the coverage of all adsorbed species 
remains constant. For carbon, this situation 
can be represented by 

t313~ + &ZC = dc = const. (1) 

where f& , &c , and f3c are the surface cov- 
erages of i3C, 12C, and total carbon, respec- 
tively. 

The decay in the rate of 13CH4 production 
for 1 > 0 is due to the depletion of 13C- 
containing species (e.g., i3C0, i3Ca, i3Cg) 
from the catalyst surface. Since the ex- 
change of adsorbed i3C0 for 12C0 has been 
found experimentally (7,12-13) to be much 
more rapid than the rate of methane forma- 
tion, the majority of the r3CH, observed 
during the transient response derives from 
the hydrogenation of r3Cn and r3Cp, the hy- 
drogenation of adsorbed 13C0 contributing 
to only the first few seconds of the tran- 
sient . 

To simulate the transient response shown 
in Fig. 1, it is necessary to make some as- 
sumptions about the distribution of carbon 
species on the catalyst surface, the homo- 
geneity in reactivity of each carbon species, 
and the connectivity between species. If, 
for example, there is only one form of car- 
bon with a uniquely defined reactivity, then 
the rate of 13CHq formation as a function of 
time, r*(t), is given by 
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r*w = 6: keekt, (2) 

where 0;T is the initial coverage of Y-la- 
beled carbon and k is the first-order rate 
coefficient. For the case of P pools of car- 
bon, each of which can react indepen- 
dently, the expression for r*(t) becomes 

P 

r*(t) = C B$Xikiemka’, (3) 
i=l 

where Xi is the fraction of 13C-labeled car- 
bon in pool i at time zero and ki is the rate 
coefficient for carbon in pool i. If the num- 
ber of carbon pools becomes very large 
and/or the reactivity of carbon in a given 
pool is not uniquely defined, xi in Eq. (3) 
can be replaced by dx = f(k)dk, where 
f(k)& gives the probability that carbon at- 
oms have rate coefficient between k and k 
+ dk. The total rate of 13CH4 formation at 
any time during the transient can then be 
represented by 

r*(t) = e,* I ; kf(k)e+‘dk. (4) 

Equation (4) is identical to that written by 
Scott (18) to describe the time-dependent 
reaction of a preadsorbed reactant for situa- 
tions where there is a distribution of cata- 
lytically active sites. 

For the present study we assume that 
r*(t) is given by Eq. (4). The objective is to 
then findf(k) such that Eq. (4) describes the 
experimentally observed values of r*(t). 
Two approaches are possible. The first is to 
assume an analytical expression for f(k) 
and to then adjust the parameters appearing 
in this function so as to obtain a fit between 
theory and experiment (28). The difficulty 
here is that there is no physical basis for 
choosing the form of f(k). The second ap- 
proach starts by recognizing that r*(t) rep- 
resents the Laplace transform of @kf(k). 
One could, therefore, determine f(k) by 
taking the inverse Laplace transform of the 
experimental values of r*(t) and then divid- 
ing it by kO,*. The difficulty in this case is 
that noise in the time-dependent signal can 

cause large errors in the computed value of 
the inverse Laplace transform (19, 20). 

Since the second of the two methods de- 
scribed above requires no a priori assump- 
tions about the form off(k), it is more ap- 
pealing. The question then is how can f(k) 
be found with the greatest accuracy for a 
given Ievef of noise in r*(r). This problem 
can be addressed in a rigorous manner us- 
ing the approach described recently by 
McWhiter (21) and Ostrowsky et al. (22). A 
summary of their method is given in the 
Appendix. 

Application of the development given by 
Ostrowsky et al. (22) to Eq. (4) leads to the 
following representation of r*(t) 

where 

exp(-k,t) W,,,,(k,, t), (5) 

k n+~ = kl exp(ndo,,) (6) 

and 

exp[i log(k/k,,)] 
sin[o, log(klk,)] d(log k) 

7~ log(klk,) * (7) 

Thus, r*(t) is represented with a finite num- 
ber of values of k,, spaced logarithmically 
between kl and kN. The parameter wrnax 
which defines the spacing between adjacent 
values of k,, can be estimated from the noise 
in r*(t), E, using the relation (see Appendix) 

e-G+ C8) 

Ostrowsky et al. (22) have shown that 
W,,(k, , t) goes to 1, in the limit w,,,~ + 03, 
and in practice W,,(k, , r) - 1 for wmax ‘2_ 3 
(i.e., E 5 0.02). With this approximation, 
Eq. (5) can be simplified to read 

r*(t) = c a, exp(-k,t), 
n=l (9) 
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FIG. 2. The transient response observed for Ru/SiOz 
upon switching to WO/D2 following a 30-s exposure 
to WO/Dr: T = 363 K; P = 1 atm; DJCO = 3. The 
solid line represents a fit of Eq. (9) to the data. 

where 

The values of a, in Eq. (9) can be deter- 
mined by carrying out a least-squares fit of 
Eq. (9) to experimental values of r*(t) mea- 
sured at M discrete times ti (i = 1 to M). 
The objective function to be minimized is 
then 

2 [r*(ti) - 2 a, eXp(-k.t,)]'. (11) 
i=l !#=I 

Once the values of a, are known, the values 
of @f(kJ can be calculated from Eq. (10). 

The utility of the theoretical analysis 
given above can now be demonstrated. As a 
first illustration, we shall consider data ob- 
tained in this laboratory using SiOl- and 
Ti02-supported Ru catalysts. Isotopic 
tracer experiments were carried out at 463 
K and 1 atm with a DZ : CO ratio of 3 to 1. 
The transient response in WD4 formation 
following the switch from a mixture of DZ/ 
i3C0 to D2P2C0 is shown in Figs. 2 and 3. 
It is evident from the curvature in both 
semilogarithmic plots that the decay cannot 
be described by a single time constant, or 
rate coefficient, 

Figures 4 and 5 present plots off(k) de- 
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FIG. 3. The Transient response observed for Ru/ 
TiOz upon switching to ‘*CO/D2 following a 30-s expo- 
sure to r3CO/D2: T = 363 K; P = 1 atm; D&I?0 = 3. 
The solid line represents a fit of Eq. (9) to the data. 

termined from the data given in Figs. 2 and 
3. As indicated in the legends for Figs. 4 
and 5, the different symbols correspond to 
different values of kl ; the value of w,,,~ in 
both cases is 3.5. Each plot exhibits a bimo- 
dal distribution of rate coefficients. The in- 
tensity of the second peak has been set arbi- 
trarily to unity. Mean values of the rate 
coefficient x determined for each peak and 
the relative peak areas are given in Table I. 
The right peak can be assigned to the hy- 
drogenation of C,, whereas the left peak 
can be assigned to the hydrogenation of CP . 
These assignments are based on the obser- 
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FIG. 4. A plot of f(k) for Ru/SiOz, based on the data 
in Fig. 2. 
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FIG. 5. A plot off(k) for Ru/Ti02, based on the data 
in Fig. 3. 

vations of Winslow and Bell (12) for Ru/ 
Si02, which demonstrated that C, under- 
goes hydrogenation more rapidly than Ca. 

The results in Table I show that the k’s 
for C, and C, are about a factor of two 
greater for Ru/TiOz than Ru/SiOz. The in- 
terpretation of this difference must be done 
with care since the rate coefficient k used in 
the present analysis is, in fact, the product 
of the intrinsic rate coefficient and the cov- 
erage of the catalyst surface by hydrogen. 
The latter factor arises from the fact that 
while the rate of methane formation is first 
order in carbon, it is also dependent to 
some power on the hydrogen coverage. 
Since the hydrogen coverage does not 
change in the experiments described here, 
the dependence of the methanation rate on 

hydrogen coverage is incorporated into k. 
Consequently, the larger values of kfor Ru/ 
TiOz relative to Ru/SiO2 may be due either 
to a higher hydrogen coverage or to higher 
intrinsic rate coefficients. Without an inde- 
pendent determination of the dependence 
of E on hydrogen coverage, we cannot say 
which of these effects is dominant. 

It is also seen in Table I that for both Ru/ 
SiOf and Ru/TiO* , the relative area for the 
C, peak inf(k) is greater than that for the C, 
peak. This suggests that even after 30 s of 
exposure to synthesis gas, the coverage of 
Cp on both catalysts is greater than that of 
C, . Independent measurements of the cov- 
erages by C, and CB for Ru/SiOz (11,15) are 
in good agreement with this conclusion. 
The fact that the ratio of Cp and C, peak 
areas is greater for Ru/Ti02 than Ru/Si02 
(see Table I) suggests further that the accu- 
mulation of alkyl chains (i.e., C,) occurs 
more rapidly when Ru is supported on 
TiOz. Here too consistency can be found 
with independent observations. Under 
identical reaction conditions the probability 
of chain growth is greater for Ru/TiO* than 
Ru/SiOz (23). 

The solid curves in Figs. 2 and 3 are 
based on Eq. (9). In determining these 
curves, the values off(k) indicated by the 0 
symbols in Figs. 4 and 5 were used. It is 
evident that for both exposure times, Eq. 
(9) provides a very good description of the 
experimental data. Equivalent fits of the 
data were obtained if values of f(k) corre- 

TABLE I 

Average Rate Coefficients and Mole Fractions for C, and C, 

Catalyst I;c&sl) &+4 I;,,(s-‘1 xc. Ref. 

Ru/SiOl 3.3 x 10-Z 0.61 1.8 x 10-l 0.33 This work 
RulTiOz 7.1 x 10-r 0.89 4.1 x 10-l 0.11 This work 
Raney Ni 6.3 x 1O-4 0.30 3.8 x lo-) 0.70 Soong ef al. (14) 
Raney Ni 1.2 x 10-3” - 8.3 x lo-)” - Soong ef al. (14) 
Raney Ni 2.3 x lo-‘b - 8.9 x 10-3b - Soong et al. (14) 

(1 Determined from the time constants reported by Soong et al. (14). 
b Determined by fitting Eq. (12) to the data of Soong et al. (14). 
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FIG. 6. The transient response observed by Soong et 

al. (14) for Raney Ni upon switching to YO/Hz fol- 
lowing a 480-s exposure to 13COIH2 (14): T = 383 K; 
P = 1 atm; HI/CO = 2. The solid represents a fit of Eq. 
(9) to the data. 

sponding to one of the other symbols ap- 
pearing in Figs. 4 and 5 were used. What 
this indicates is that the quality of the fit of 
the experimental data is independent of the 
value of kr chosen in Eq. (6). 

The method of data analysis proposed 
here has also been used on data obtained 
for Raney Ni by Soong et al. (M). Fig. 6 
shows the decay in methanation rate. The 
corresponding plots off(k) is given in Fig. 7 
and the characteristic features of the plot 
are listed in Table I. Figure 7 again show a 
bimodal distribution of k. The ratio of mean 
k values for the C, and CB peaks are compa- 
rable to those observed for Ru/TiOz, but 
the ratios of peak areas is smaller. The 
much smaller accumulation of Cp relative to 
C, observed for Ni is consistent with the 
fact that chain growth does not occur as 
readily on Ni ds on Ru. 

The average values of the rate coeffi- 
cients for C, and CD obtained here for the 
data of Soong ef al. (24) can be compared 
with those reported by these authors. 
Soong et al. (M) obtained a value of k for 
C, from transient responses taken after a 
short (120-s) preexposure to the 13CO/H2 
mixture. It was assumed that since the pre- 
exposure time was short, little CB would 
have built up and hence influenced the de- 

termination of the time constant for C,. 
The value of k for CB was then obtained by 
fitting a model for the parallel decay of two 
carbon reservoirs to transient responses 
taken after a long (2000-s) preexposure to 
the r3CO/H2 mixture. The values of k ob- 
tained in this fashion by Soong et al. (24) 
are listed in Table I. 

It is evident from Table I that the value of 
k for C, obtained by Soong et al. (14) is 
significantly larger than that reported here. 
The principal reason for this difference is 
the difference in the methods of data analy- 
sis. In particular if the short preexposure 
experiments used by Soong et al. (14) to 
determine the value of C, contained some 
C,, this would lead to an underestimation 
of k and C, and, in turn, to an overestima- 
tion of k for CD. The present method of data 
analysis is not influenced by such consider- 
ations, since no a priori assumptions are 
required about the distribution of C, and 
C,. It is, therefore, the opinion of the 
present authors that the resulting values of 
k more accurately reflect the intrinsic reac- 
tivity of the different forms of carbon 
present on the catalyst surface. It should be 
noted further that while the data of Soong 
et al. (M), shown in Fig. 6, are very well 
represented by Eq. (9) and the distribution 
of rate coefficients given in Fig. 7, the rep- 
resentation of the data by a weighted sum 
of two exponentials is not as good. Figure 8 

0.002 0.004 0.006 0.008 0.010 0.012 

k (s-l) 

FIG. 7. A plot off(k) for Raney Ni, based on the data 
in Fig. 6. 
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t(t) 

FIG. 8. An illustration of the fit of Eq. (12) to the 
data of Soong et al. (14). 

illustrates the results of an unweighted 
least-squares fit to the data obtained using 
Eq. (12) (14) 

r*(t)lr*(O) = A exp(-kc,t) 
+ (1 - A) exp(-kc,t). (12) 

It is evident that this equation cannot repre- 
sent the data accurately over the full time 
domain. The values of kca and k,-, obtained 
by a nonlinear regression on all three pa- 
rameters in Eq. (13) are given in Table I. 
The differences between the values of k, 
and k2 we have obtained and those reported 
by Soong et al. (14) are very likely due to 
the different methods of curve fitting. 

The plots off(k) presented in Figs. 4, 5, 
and 7 each exhibit two peaks. An interest- 
ing question to ask is whether the width of 
these peaks reflects the heterogeneity of the 
reactivity in C, and Ca , or, instead the reso- 
lution limits in k imposed by the noise in the 
experimental data. To address this ques- 
tion, we recall that the resolution in k is 
controlled by mrnax (see Eq. (6)) which in 
turn is determined by E (see Eq. (8)). For 
heterogeneity in sites to be observable the 
width of the peaks inf(k) should be broader 
than that predicted by the resolution limit. 
This criterion can be expressed as 

log (k+/k-) > dwm,, , (13) 

where k+ and k- are the values of k for 

which the peak in f(k) has half its maxi- 
mum value. The values of log(k+/k-) esti- 
mated from the data in Figs. 4, 5, and 7 are 
comparable to ~T/w,,. Consequently, it is 
not possible to draw any conclusions about 
the extent to which site heterogeneity con- 
tributes to the breadth of the peaks seen in 
these figures. To do so requires that the 
noise in the data be reduced below -10W3. 

In closing, it is important to stress that 
the method of data analysis presented here 
is based on the assumption that each form 
of carbon on the catalyst undergoes hydro- 
genation to methane independently of all 
other forms. This assumption must be valid 
if the peaks in f(k) are to be ascribed to 
specific forms of carbon, as has been done 
here. If the assumption is not valid, then 
the peaks inf(k) will be indicative of a reac- 
tion scheme exhibiting identifiable grouping 
of rate coefficients, but it will not be possi- 
ble to associate the peaks with particular 
forms of carbon. 

CONCLUSIONS 

In this paper we have shown how tran- 
sient response curves obtained from iso- 
topic tracer experiments can be analyzed to 
extract the maximum amount of informa- 
tion concerning the reactivity of carbon de- 
posited during CO hydrogenation over 
Group VIII metals. The method assumes 
that different carbon forms can react inde- 
pendently to form methane and that the re- 
activity of each form is characterized by a 
first-order rate coefficient, k. The distribu- 
tion of rate coefficients, f(k), is obtained 
from an analysis of experimental transient 
response curves. Application of the method 
to data for Ru and Ni catalysts reveals the 
presence of two well defined peaks inf(k), 
which can be associated with C, and CP 
forms of surface carbon. The resolution in 
defining these peaks is set by the noise in 
the data. For the noise present in the data 
analyzed, it is not possible to determine the 
extent to which the breadth in the peaks in 
f(k) is due to a heterogeneity in carbon en- 
vironments. 
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APPENDIX 

McWhirter and Pike (20) have shown 
that there exists an orthogonal set of eigen- 
functions, &,(I& and eigenvalues, A,, such 
that 

I 60 $@(k)Ck’dk = A&Jr)* (Al) 

The eigenfunctions can be expressed in 
terms of the gamma functions F(f -+ iw) and 
the eigenvalues have the form 

Au=iG- CA*) 

Expansion of the function kf(k) in terms 
of the continuous complete set of eigen- 
functions gives 

km) = \ym Gourds. (A3) 

Equation (A3) can now be used to rewrite 
Eq. (3) as 

r*(t) = eo* I m dwh(W~. (A4) -m 

From Eq. (A2) we see that as w + 03, A, + 
0, which means that for large values of w 
(say w > w,,) the eigenfunctions are trans- 
mitted so weakly across Eq. (A4) that they 
cannot be distinguished from the noise of 
the experimental points, E(Z). We can then 
rewrite Eq. (A4) as 

+ I O’%lSX aoAoJI, OMJ + 4th (A9 I 

where the second term on the right side is 
of the same order of magnitude as the noise 
e(t) and cannot be used to recover the func- 
tion kf(k). Accordingly, Eq. (A3) can be ap- 
proximated by 

kf(k) = 1-z wh&W~, 

with omax being defined by 

A %lCX - E. 

(A@ 

647) 

By using the explicit functional form of 
&,,(k) (20) and the definition 

F(log k)d(log k) = kf(k)dk, (A8) 

Eq. (A6) can be rewritten as 

exp( - B log k) F(log k) 

= I Izm /3(o) exp(i w log k)dw, (A9) 

where /3(w) is a linear combination of a, and 
a-,. The function on the left side of Eq. 
(A9) is a band-limited Fourier transform for 
which the sampling theorem (24) applies. 
The function exp(-i log k)F(log k) can, 
therefore, be fully reconstructed from the 
knowledge of its values at points log k,, , log 
k,,+, , etc. separated by ?r/wmax using the in- 
terpolation formula 

exp( - f log k) F(log k) 

= $, exp(-t log kM’(log k,) 

x 
sin[w,, log(k/k,,)] 

wmax log(k/kJ ’ (A10) 

with 

k, = exp ( 1 2 k-l. (All) 

In practice, a finite upper limit 12 = N is 
used. Attempting to increase the resolution 
in F(log k) by spacing the values of log k,, 
more closely than &L+,,,, is equivalent to 
extracting information from data below the 
noise level, and leads to unreliable results 
W). 

Assuming that F(log k) is defined on the 
interval [log kl, log k,], then r*(t) 
written as 

exp( - kt) F(log k) d(log k) . (Al*) 

can be 

Introducing Eq. (AIO) into Eq. (A12) gives 

r*(t) = 8: 2 2 F(log k,) 
PI=1 

exp(-k,O wum,(kn, 0, (-413) 
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where 

w = %lax I :,“kT ew[-t@ - kJ1 
exp[f log( sin[omax log(k/kv)] 

77 log(k/k,) . 6414) 

Equations (A13) and (A14) are equivalent 
to Eqs. (5) and (7) in the text. 

ACKNOWLEDGMENTS 

The authors are indebted to Professor Erdogan Gu- 
lari for drawing their attention to the analytical method 
described in this paper and for subsequent discussions 
of its application to problems in transient response ki- 
netics. The work reported here was supported by the 
Office of Basic Energy Sciences, Chemical Sciences 
Division of the U.S. Department of Energy, under 
Contract DE-AC03-76SFOOO98 and Exxon Research 
and Engineering Company. Support for M. de Pontes 
was received from the Assistant Secretary of Fossil 
Energy, Office of Coal Research, University Contracts 
Division of the U.S. Department of Energy, under 
Contract W-7405-ENG-48. 

REFERENCES 

I. Ponec, V., and van Barneveld, W. A., Ind. Eng. 
Chem. Prod. Res. Dev. 18, 268 (1979). 

2. Bell, A. T., Catal. Rev. Sci. Eng. 23, 203 (1981). 
3. Biloen, P., and Sachtler, W. M. H., Adv. Catal. 

30, 165 (1981). 
4. Wentrcek, P. R., Wood, B. J., and Wise, H., J. 

Card. 43, 363 (1976). 
5. Araki, M., and Ponec, V., J. Caral. 44,439 (1976). 
6. Biloen, P., Helle, J. N., and Sachtler, W. M. H., 

J. Catal. 58, 95 (1979). 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 
22. 

23. 

24. 

Cant, N. W., and Bell, A. T., J. Catal. 73, 257 
(1982). 
Kobori, Y., Yamasaki, H., Naito, S., Onishi, T., 
and Tamaru, K., J. Chem. Sot. Faraday Trans. 1 
78, 1473 (1982). 
Happel, J., Cheh, H. Y., Otarod, M., Ozawa, S., 
Severdia, A. J., Yoshida, T., and Fthenakis, V., J. 
Catat. 75, 314 (1982). 
Biloen, P., Helle, J. N., van den Berg, F. G. A., 
and Sachtler, W. M. H., J. CataJ. 81, 450 (1983). 
Winslow, P., and Bell, A. T., J. Catal. 86, 158 
(1984). 
Winslow, P., and Bell, A. T., J. Catal. 91, 142 
(1985). 
Winslow, P., and Bell, A. T., J. Cnrol. 94, 385 
(1985). 
Soong, Y., Krishna, K., and Biloen, P., J. Catal. 
97, 330(1986). 
Duncan, T. M., Winslow, P., and Bell, A. T., J. 
Catal. 93, 1 (1985). 
Duncan, T. M., Reimer, J. A., Winslow, P., and 
Bell, A. T., J. Catal. 95, 305 (1985). 
Goodman, D. W., and Yates, Jr., J. T., J. Caral. 
82, 255 (1983). 
Scott, K. F., J. Chem. Sot. Faraday Trans. 1 76, 
2065 (1980). 
Herschel, R., “A Guide to the Application of the 
Laplace and Z Transforms,” Van Nordstrand- 
Rheinhold, New York, 1971. 
McWhirter, J. G., and Pike, E. R., J. Phys. A 11, 
1729 (1978). 
McWhirter, J. G., Opt. Acta 27, 83 (1980). 
Ostrowsky, N., Somette, D., Parker, P., and 
Pike, E. R., Opt. Acta 28, 1059 (1981). 
Yokomizo, G. H., and Bell, A. T., unpublished 
results. 
Woodward, P. M., “Probability and Information 
Theory with Application to Radar,” Pergamon, 
Oxford, 1964. 


