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Establishment of the mechanism of a catalytic reaction is important from the viewpoints of 
bot,h catalyst development and construction of suitable rate equations for design purposes. 
The use of transient tracing employing isotopes is a useful tool for this purpose. In this paper, 
a new method is described in which the transfer of isotopic species is superposed on a hetero- 
geneous catalytic reaction conducted under steady-state conditions. An efficient method of 
modeling the syst,em of first-order differential equations describing tracer transfer is presented. 
The met,hod is applied to the oxidation of carbon monoxide over hopcalite catalyst. A rela- 
t,ively simple model with one type of site for adsorbed carbon oxide species correlates the data 
well for bot,h ‘SC02 and WO marking. The final step, CO2 adsorption and desorption, is fast 
and reversible. 

INTRODUCTION 

The employment of tracing in which 
transient transfer of isotopic species is 
superposed on a heterogeneous catalytic 
reaction occurring under steady-state con- 
ditions is a useful technique for elucidating 
the mechanism of complex heterogeneous 
catalytic systems. We have designated this 
procedure as rate tracing t’o distinguish it 
from other isotopic tracing methods (1). If 
a gradientless recirculating reactor is em- 
ployed, the material balances representing 
isotopic transfer are a system of first-order 
diff ercntial equations with constant co- 
efficients from which reaction step vclocitics 
and surface concentrations of intermediates 
can be inferred. In a recent experimental 
study (2) we applied this technique to the 
assessment of step velocities and surface 
concentrations of surface species for the 

1 Visiting Scholar from Utsunomiya University, 
Japan. 

oxidation of carbon monoxide over com- 
mercial hopcalitc catalyst. 13C02 Marking 
was employed and the method of moments 
was used to interpret the data. 

In the present study the theoretical 
procedure has been amplified to include a 
nonlinear least-squares regression tech- 
nique for estimat,ion of the parameters 
involved, following the procedure described 
by Spencer et al. (3). Additional experi- 
mental data are also reported here in which 
13C0 marking is used for carbon monoxide 
oxidation. The same simplified mechanistic 
scheme was chosen t.o interpret the results 
as previously (2) : 

2co + 02 = 2c0,; (1) 

02 + 21% 201, 

co + 01 y cozz, (2) 

cozz 2 co2 + 1. 
“4 
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The three steps in Eq. (2) will add up to 
the overall reaction Eq. (l), if the first 
step is taken once and the remaining two 
steps are each taken twice. v+i(i = 1, 2, 3) 
represent step velocities ; OE and COzl repre- 
sent intermediates adsorbed on the active 
sites, 1 

Bennett (4) has recently provided an 
excellent review of transient method in 
heterogeneous catalysis studies. Generally 
a concentration jump of reacting species is 
employed to perturb the overall reaction 
rat,e. As he point,s out these methods arc of 
great interest in attempts to understand 
t,he kinetics of a sequence of steps in 
heterogeneous catalysis because more in- 
formation is produced than from steady- 
st,at,c experiments. Thus, explanation of 
these additional obsorvat,ions must be more 
nearly correct in order t’o agree wit’h all the 
available data. 

Conner and Bennett, (5) have also studied 
the oxidation of carbon monoxide on nickel 
oxide catalyst using 13C and lsO. In their 
studies the tagged gases were pulsed so 
that not only was tracer transfer transient 
but the basic reactions themselves were 
transient as well. The complex response 
results were interpreted qualitatively. As 
we also have observed (Z), Conner and 
Bennett found that oxide components of 
the catalyst may exchange with 180 in 
carbon dioxide, making interpretation of 
data using ‘*O more difficult than that with 
13C tagging. 

Our technique retains a st’eady-state 
overall reaction while employing a transient 
tracer regime. Mathematically our method 
of interpretation is quite different from that 
used by Bennett. Since tracer transfer 
alone is transient there is no need to make 
any assumption as to the kinetic equations 
describing the velocities of individual mech- 
anistic steps in terms of rate constants. 

THEORY 

A considerable simplification in mathe- 
matical treatment of transient tracing data 

is possible, if a rapidly recirculating or 
stirred tank type of reactor is used to study 
reaction systems because concentration 
gradients in space which are present in 
tabular systems are avoided. In order for 
the overall reaction in such a system to bc 
at the steady-state condition feed must bc 
continuously introduced and product must 
be continuously withdrawn. Then, at time 
t = 0, a known concentration of a tagged 
species is substituted for untagged species 
in one or more of the feed streams at con- 
centration zF and is maintained as a fUnC- 

tion of time. In our case, we will assume 
that the initial marking of all species is 
zero and that, a step function change of 
tagged species is introduced at t = 0 and 
is maintained constant. The fractional 
marking zP of components present over 
the course of time in t#hc recirculating 
rcact8ion system may bc cxprcsscd in terms 
of matrrial balances, one for each species 
present in both the gas and chemisorbed 
phases. Thcsc material balances correspond 
to a system of first-order linear differential 
equations with constant coefficients. They 
may be written, for example, as discussed 
by Amundson (6). 

dz,/dt = AZ, + b. (3) 

The column vcct’or b is determined from 
the feed input of tracer, which is constant. 
The A matrix consis& of coefficients in- 
volving the parameters in the material 
balances, including step velocities and 
surface concentration of adsorbed species. 
The solution of Eq. (3) may be expressed as 

ZP = C cjkje”jt - A-lb, 
j 

(4) 

where the kj are eigenvectors, the Xi are 
eigenvalues of A and the constants cj are 
determined from the initial conditions at 
t = 0. It is of course, possible to determine 
zP if the A matrix is specified. The problem 
here is the inverse, to determine the A 
matrix when all of the solutions correspond- 
ing to Eq. (4) are not available. We observe 



fract~ionnl marking valurs f( 11’ react an 1. 
and/or product, species in t’hc circulating 
system but generally cannot observe the 
concentrations of adsorbed species, which 
will bc prcscnt in a heterogcncous catalytic 
system. From thcsc observations, wc wish 
to dctcrminc A. 

For reaction systems in which a marked 
atomic species passes in a single unbroken 
path from a reactant through chemisorbed 
intcrmediat’es to a product, the A matrix 
will be t,ridiagonal. WC will be able cm- 
pirically t,o drtcrminc the values for the 
const,antJs which appear in Eq. (4) for t,hc 
marked wactant and/or produc’t. If all 
reaction st,ctps arc reversible, obwrvations 
of (bit,hcr reactant’ or product marking \vill 
(~nahl(~ us to gcnwat,e solut,ions for the 
unkno\vn intcrmctdiatcs zP. Known initial 
v:~luc~s for intormcdiat,c marking provida 
corresponding rc4at8ionships. Togc+hw \vith 
the cigcnvalucs drtlermincd from the ob- 
scrvcd rcsponsc curve for rcact#ant or 
product markings, these relationships pro- 
vide exactly the number of equations re- 
quired to determine the elements of the 
A matrix (7’). 

For an irreversible rcact,ion, as considered 
in this paper, one or more of the mechanistic 
steps will br irreversible. For evaluation of 
all the elements in the A matrix in a single 
series of cxpcriments, it is necessary to 
mark the reactant in the feed stream and 
to observe the transient marking in the 
product stream. Different mechanisms can 
be assumed and aswsscd, if they involve 
different elements in the A matrices 
involved. 

In our previous study (a), it was estab- 
lished that the adsorption of both CO and 
OS was irreversible. Data were correlated 
on the basis of material balances for CO2 
and COJ for the last step in Eq. (‘Z), 
involving only v+a. With 13C0 marking the 
same parameters occur but an additional 
balance for CO is required. Thus the follow- 
ing system of material balances may be 

\vritten for atonlic t,ransfrr of 13C which is 
superposed on a steady overall reaction in 
which CO is marked in the feed by 13C0 
following the proccdurc described in Ref. 
(2) : 

-p+,pz/ + l)+3p’, ((;) 

whcrc Ccoz and C”:O = concentrations of gas 
phase CO2 and CO in the reaction system, 
respectively ; Ccozl = concentration of ad- 
sorbed CO2 on the solid catalyst. ; FCOz and 
Fro = outlet flow rates of CO2 and CO, 
respectively ; Fir02 and FiCo = inlet flow 
rates of CO:! and CO, respect,ivcly ; t = time 
following initial injection of isotopic 13C0 ; 
v+,(i = 1, 3, 3) = unidirectional step vcloc- 
itics; II’ = weight of cat,alyst in syst,cm; 
p = volume of dead space, including that 
in catalyst pores, voids, and apparatus; 
21 = fraction of component i containing 
tracer (i = CO*, CO, CO&, while those 
with subscript i indicate inlet fractions. 
These equations are of t(hc form of Eq. (3) 
and hence a unique determination of the 
model parameter groups should bc possible. 

For convenience in comput’er program- 
ming, (3) we will designate as the “state 
variables” those variables which describe 
the state of the syst,em at any time, and 
the differential equations which describe 
the evolution of the state variables will be 
called the “system equations.” The problem 
for solution by ccmputcr can bc formulated 
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:1s COllO\\-s : 

dyddt = gdyn, bj, 1) ; 

Yj(O) = a.’ 1) 

i, n = 1, 2, . . ., NX; 

j = 1, 2, . . . ) NP. 

Here t is the independent variable, yi is the 
ith state variable, bi is the jth parameter, 
and ai is the initial value of g;. The func- 
tions gi can be linear or nonlinear. NS 
rcprcscnts the number of state variables 
and NP represents the number of param- 
ctcrs to be dctermincd. WC assume that 
the mth state variable IJ,,, has been men- 
surcd at times tk ; k = 1, 2, . . . , SX and 
dcnohc 

y,(tk) A Yk, k = 1, 2, . . .) LVx. (9) 

Yk is n function of the unknown pnram- 
ctcrs bj, 

yk = Yk@j) (10) 

and if the measured value of y,,, at time tk 
is denoted Yk*, the problem is to find 
parameter values bj such that the NX 
equations, 

Yk(bj) - Yk* = 0, (11) 

are satisfied. If NX = NP, we have NP 
equations in NP unknowns which could be 
solved iteratively by the Newton-Raphson 
method. But generally there are more ex- 
perimental values than parameters, i.e., 
NX > NP. In this case we cannot demand 

y1 = zco Cl = P/W 

an rxnct, fit to the data, but must bc 
satisfied wit.h a “best” fit. In this case the 
“best” fit is taken as a least-square fit 
which corresponds to minimizing the ob- 
jcctive function S, 

S(bj) & y (Y*k - Yk)‘, (12) 
k=l 

which has been quite generally employed 
in studies of this type. The problem is 
solved iteratively. The curve fitting com- 
puter program proceeds by guessing at 
values for the parameters bj, using param- 
eter increments to calculate new and im- 
proved values, and finally at convcrgcnce 
arrives at a least-squares fit. 

In the present cnsc WC hnvc two mea- 
surcd state variables zco and zc02. Morc- 
over, for each expcrimcnt p, W, PO, P’oz, 
FCO, FCO2, Fi”O, Fi”Oz, z3C0, $‘Oz, ar,d 17 

(the overall velocity) are known constants. 
Cco21 and v+3 are the unknown paramctcrs 
to be determined. Thus using the material 
balance Eqs. (5)-(7) we have the following 
system equations corresponding to equation 
(8) : 

dylldt = Cl4 - Cm, 

dyu’dt = lh[‘Xeyl 

+ (62 - 2(1&h - bzyzl (13) 

dysldt = GIG + Gbzyz 

- Cs(bz + C,)y,, 
where 

c9 = c3 - 2Cg 

yz = ZCOZl 

y3 = zcoz 

b, = CCOz.1 

Cz = FCo/W Cl0 = Fico/W 

C’s = Fcoz/W (711 = FiCoz/W 

Cd = cc0 Cl2 = zp 
c5 = poz Cl3 = zjcoz 

cg = 1’ Cl4 = c,,c,,/c,c, 

bs = v+s +?2J Cl5 = c11c13/c1c5. 

1 
cs = __ 

ClC5 
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The solution of Eq. (13) c’lcarly will provide 
values for the parameters bl and bz. Since 
the first equation is uncoupled, it does not 
contribute to this evaluation, but provides 
a check for the correctness of the z(‘o 
observations. 

Though the best parameter values have 
some value alone, it is also desirable to 
know how reliable they are. This question 
can be answered by statistical consider- 
ations which are incorporated into the 
computer program (3). The basic method 
employed involvrs linear approximations 
of the mod(ll equations around their current 
valurs Di using the so-called variational or 
scnsitivitg clquat,ions (S) \\-hich are deriwd 
by partially diffcwnt,iating wch system 
rquation Gth rwpcct to each paramc+r. 
In the course of the itctrativc proccdurc for 
parameter dotwmination bot,h t,hc system 
and variational c>quat,ions arc solwd simul- 
taneously and provide estimat’cs of param- 
ctcr variances and confidence limits. In 
this procedure a constant error variance 
was employed based on the rcasonablc as- 
sumption that the errors arc the snmc for all 
data points. 

EXPERIMENTAL 

The experimental procedure employed 
has been previously described (2). An 
all-glass gradientless recirculating reactor 
was employed. The gas mixtures used were 
analyzed by a Finnigan Quadrupolc mass 
spectrometer, Type 101X, with the elec- 
tron energy fixed at 70 eV. Hopcalite 
catalyst (Mines Safet’y Appliance Co., Lot 
21315) was crushed and screened to 30- t,o 
60-mesh size for USC in the system. Feed 
mixtures were injected with a loo-cm3 
injector with a syringe pump (Sage In- 
struments, Model 351). Flow rate of feed 
gas was 2.00 cm3 min-’ (STP) and that of 
helium carrier gas was 100 cm3 min-l. Time 
intervals for data observation were taken 
closer together at the beginning of each run 
where the marking was varying rapidly, so 

as t,o obt,ain roughly equal spacing of dat:l 
point,s along the response curves. 

The recirculation rate was approximately 
3000 cm3 min-‘. Calculations indicate that 
with the very low reaction rates and dilute 
mixtures employed interphase and int,ra- 
phase concentration and temperature gra- 
dicnt,s are negligible. 

RESULTS 

All results rcportcd hrrc arc for 13C 
marking, as this was previously shown t,o 
bc most, reliable (2). Our earl& study was 
bawd on marking of CO? alone and t,hc 
data rq)ortcld \v(w for c>xpclrimcnts in which 
13C02 marking was first brought to a 
st#c!ady sbat,c>; at8 tinw t = 0 t#htr traced CO2 
was rcplaccd by unt~raccd COZ. I’rwwt 
results arc bawd on the rwww prowdure. 
St,arting with a st#cady-stat’? reaction of 
unmarked species at time t = 0 th(a CO2 
contained in the feed is replaced by marked 
COZ in an abrupt step change. Both methods 
give essentially the same results but the 
initial concentrations of 13C02 on the 
catalyst are not directly observable so that 
the step-up procedure is slightly preferable. 
The initial values of 13C fractions are not 
zero because of the natural abundance of 
this isotope in ordinary CO and COZ. The 
differential Eqs. (s)-(7) for the step-up 
change in tracer arc nonhomogeneous as 
compared with t’he homogeneous equations 
for the st)cp-down change (2). 

In the present study the catalyst was 
usually pretreated before use by passing a 
mixture through the system of CO/OS 
= 2/l at room temperature for 24 hr, 

followed by the passage of helium carrier 
gas alone. Following this, the desired feed 
mixt,urc ratio was introduced and the rate 
of reaction was observed. The rate became 
constant after a short time, but was 
periodically monitored cvcrg 4 min during 
the course of an experiment to assure that 
it, rcmaincd constant,. 

Table 1 gives a summary of results for 



WO2 Step Function Tracing: Oxidized Catalyst? 

Run No. 

030675 031375 100975 

Catalyst weight (g) 
Pot (cm3 min-I, 24°C) 
B (cm”) 
zpco2 (fractional marking in feed) 
Cc02 (outlet volume fraction) 
Feed mixture rat,io (CO/OZ/CO,) 
I’ (at$m) 
7’ (“C) 
I’ (cm3 of 0, mill-’ gg’) 
xi,, ((anP of 0, mili-’ g-l) 
vt2 (cm3 of CO minP g-l) 
v+~ (cm3 of CO2 Inin-l g-l) 
v-3 (cm3 of COZ minP g-l) 
CCO,’ (cm3 g-‘) 

0.25 0.25 0.25 

0.275 0.274 0.35 

90 90 90 
0.10 (f0.5 x 10-q 0.097 (zkO.5 x 10-Z) 0.06 (kO.3 X lo-*) 

2.7 X 1O-3 2.7 X 10-s 3.8 x 10-3 
6/3/l 3/6/l W/l 
I .o 1 .o 1.0 

24.0 24.0 21.0 
0. I.5 (zkO.03) 0.14x (rkO.03) 0.3i (3~0.2) 
0.15 (f0.W) 0.I-M (zto.0::) 0.1% (f0.2) 
0.30 (fO.OG) 0.296 (+0.0(i) 0.7'2 (fO.4) 
x:10 (fO.18) 1.53 (fO.I3) 4.20 (fO.4::) 

3.00 (f0.18) 1.24 (f0.1::) 3.50 (fo.4::) 
2.87 (f0.10) 2.10 (ztO.15) 2.08 (fO.20) 

a Valr~es reported in parentheses are observed standard deviations for V, v+,, u+?, and ZF and compuled 
estimal.es of st,andard errors for v+g and Ccos.z. 

‘“COq tracing including nrw d:it:L for regression proccdurc described abovc rather 
CO/&/CO2 feed ratios rqunl to S/l/l. All than by using the method of momcnt,s as 
results were recomputed using the present done previously. Evaluakion of moments 
technique. becomes increasingly imxccurutc with 

Thcsc results were all calculated by the higher moments bccxuse of the occurrcncc 

TABLE 2 

WO Step Function Tracing : Oxidized Catalystfl 

Run No. 

09lli5 121175 121375 

Catalyst weight, (g) 0.25 0.25 0.25 
Fcoa (cm3 min+, 24°C) 0.29 0.27 0.25 
P (cm") 90 90 90 
z.&oz (fractional marking in feed) 0.15 (f0.8 x 10-2) 0.13 (f0.7 x 10-Z) 0.097 (zkO.5 x 10-t) 
Cro2 (outlet volume fraction) 2.8 x 10-a 2.6 X 10-a 2.45 X 1O-3 
Feed mixt,ure ratio (CO/O&OS) 6/3/l 3/6/l s/w 
P (atm) 1.0 1.0 1.0 
T (“C) 24.0 24.0 24.0 
V (cm3 of 02 mine1 g-‘) 0.18 (f0.03) 0.14 (f0.03) 0.10 (f0.05) 
LI+~ (cm3 of 0~ mine1 g-l) 0.18 (zizO.03) 0.14 (hO.03) 0.10 (f0.05) 
v+* (cm3 of CO mine1 g-l) 0.36 (f0.06) 0.28 (fO.OG) 0.20 (fO.10) 
u+~ (cm3 of CO.2 min-* g-l) 2.41 (f0.26) 2.80 (f0.32) 2.76 (f0.27) 
v-3 (cma of CO* min-’ g-l) 2.05 (f0.26) 2.52 (f0.32) 2.56 (f0.27) 
Ccozl (cm3 g-l) 2.40 (f0.21) 2.33 (f0.17) 1.71 (fO.OG) 

a Values reported in parentheses are observed standard deviations for V, v+,, u+?, and ZF and computed 
estimates of st,andard errors for v+s and CCo*,z. 
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7 I I I 7- T  I I 

x 091175 ‘?O (6/3/l) 

6- 
zcoz = 0.055 

. . 

l- 

4% 

L 
OO 

I I I I 1 I I I 
5 10 15 20 25 30 35 40 45 

TIME (min) 

FIG. 1. 1X30 Tracing: oxidized catalyst. Solid line represents correlation curve. Points represent 
data. The steady-state concentration z, Co2 = 0.055. Run No. 091175. Feed molal ratio, CC)/ 
U,/CU? = o/3/1. 

of multiplication by powers of t in the While the method of moments is useful in 
intcgrand which place increasing signifi- enabling a simple explicit solution of dc- 
cancc on the data collected at higher times. sired parameters, it also becomes unwieldly 

x 121175 ‘k0 (3/6/l) I 
I I I I I 1 I I 
5 10 15 20 25 30 35 40 45 

TIME (mln) 

PK. 2. WO Tracing: oxidized catalyst. Solid line represents correlation curve. Points reprwent 
data. The stesdy-state concentration z -Co2 = 0.052. Run No. 121175. Feed molal ratio, CO/ 
U~/CU:: = 3/O/l. 
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I I I I I I I I 
# 121375 ‘%O (8/l/l) 

3- zcoz = 0.029 - -*----+-“+---*----. 

OO 
I I 1 I I I I I 
5 10 15 20 25 30 35 40 45 

TIME (min) 

FIG. 3. WO Tracing : oxidized catalyst. Solid line represents correlation curve. Points represent 
data. The steady-state concentration z,~OZ = 0.029. R un No. 121375. Feed molal ratio, CO/ 

when higher moments than the first arc 
required. Present results for 13C02 tracing 
lead to the previously reported conclusion. 
The rate of step 3 in Eq. (2) is about 10 
times as fast as steps 1 and 2 which are ir- 
reversible. The amount of chemisorbcd 
species on the catalyst is about 2 cm3 g-l 
in agreement also with scparatc dcsorption 
experiments. 

13C0 Tracing data are desirable to con- 
firm these results and the fact that no 
chemisorbed species containing carbon exist 
other than the chemisorbed COZ. Table 2 
presents such results. The results are very 
similar to those given in Table 1 with high 
exchange rate of CO2 and about 2 cm3 g-l 
of CO2 chemisorbed. Figures l-3 give a 
comparison of the predicted and observed 
levels of 13C marking. The curves are a good 
representation of the data. Ninety-five 
percent confidence limits which will be two 
to three times the standard errors of the 
parameters v+s and Ccozl are also rcason- 
able. Thus there dots not appear to be 
any substantial formation of additional 
carbon-containing intermediates. 

Separate cxpcriments wcrc conducted 
in which catalyst was reduced by pre- 
treatment. Instead of passing a stoichio- 
metric composition mixture corresponding 
to CO/O2 = 2/l over the catalyst, a rc- 
ducing mixture of CO/Oz = S/l was passed 
over it for 24 hr. After the pretreatment, 
the system was fed as usua,l with a pre- 
determined CO/OX/CO2 mixture which was 
maintained constant during the course of 
an experiment. Reaction rates were mea- 
sured periodically and did not change 
appreciably over the course of an expcri- 
ment. Results of these tests arc reported in 
Table 3. Rates of conversion were sub- 
stantially lower in all cases than those 
given in Table 2. In these cxpcrimonts the 
amount of chemisorbed CO2 was also somc- 
what smaller after prolonged exposure of 
the catalyst to a reducing atmosphere. 
Figures 4-6 give comparisons of the corre- 
lation with observed values of 13C marking. 
Agreement is generally good with no evi- 
dence of u~nwual systematic deviations. 

Calculations were made to determine the 
95% confidence limits on parameter values 
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TABLE 3 

WO Step Function Tracing : Reduced Catalyst” 

Run No. 

080676 081376 012376 

Catalyst weight (g) 0.25 0.25 0.25 
Fcoz (cm3 min-*, 24°C) 0.23 0.23 0.22 
P (cm”) 90 90 90 
z~coz (fractional marking in feed) 0.114 (ho.6 x lo-*) 0.091 (hO.5 x 10-q 0.11 (*5 x 10”) 
Cc02 (outlet volume fraction) 2.2 x 10-S 2.3 x 1O-3 2.2 x 10-a 
Feed mixture ratio (CO/OJCOz) 6/3/l 3/W 8/1/l 
P (atm) 1 1 1 
T (“(3 24.0 24.0 24.0 
V (cm3 of O2 mini g-l) 0.057 (ztO.01) 0.066 (fO.O1) 0.066 (fO.O1) 
v+i (cm3 of 02 mine1 g-l) 0.057 (fO.O1) 0.066 (fO.O1) 0.066 (fO.O1) 
v+2 (cm3 of CO min+ g-l) 0.114 (&0.02) 0.132 (f0.02) 0.132 (f0.02) 
z)+3 (cm3 of CO* mine1 g-l) 0.70 (10.06) 1.50 (f0.17) 1.95 (rtO.19) 
v-3 (cm3 of CO2 min-i g-l) 0.59 (ztO.06) 1.37 (f0.17) 1.82 (hO.19) 
Ccozz (cm3 g-l) 1.40 (*o.lo) 1.50 (fO.lO) 1.70 (fO.lO) 

0 Values in parentheses are observed standard deviations for I’, V+l, V+Z, and ZF and computed est.imates 
of standard errors for v+a and Cco2.I. 

u+~, Ccozz. As before these generally are DISCUSSION 

about two to three times as great as the Recent studies conducted at tempera- 
standard error values for these parameters tures higher than those employed in this 
in the tables and indicate that there is no investigation (24°C) have suggested more 
significant parameter correlation. complicated mechanisms than we have 

I # 080676 ‘?O (6/3/l) 

00° 5 10 15 20 25 30 35 40 45 
TIME (min) 

FIG. 4. 13CO Tracing : reduced catalyst. Solid line represents correlation curve. Points represent 
data. The steady-state concentrat,ion Z, coz = 0.026. Run No. 080676. Feed molal ratio, CO/ 
OJCOz = 6/3/l. 
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OO 
I I -1. I I I I I 
5 10 15 20 25 30 35 40 45 

TIME (min) 

FIG. 5. WO Tracing : reduced catalyst. Solid line represents correlation curve. Points represent 
data. The steady-state concentration z,Coz = 0.033. R un No. 081376. Feed molal rat,io, CO/ 
Oz/COz = 3/6/l. 

found necessary to correlate the data we Bennett (5) it was concluded that carbon 
have obtained with hopcalite catalyst. monoxide oxidation proceeds on nickel 
Thus, in the tracer studies of Conner and oxide (at 160-180°C) by simultaneous 

20 25 30 35 40 45 
TIME (min) 

Pro. 6. WO Tracing: reduced catalyst. Solid line represents correlation curve. Points represent 
data. The steady-state concentration z, coz = 0.0275. Run No. 012376. Feed molal ratio, CO/ 
Oz/COz = 8/1/l. 
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TABLE 4 

Results from Incorporation of Five-Step Mechanism into Same Nonlinear 
Least-Squares Regression Program” 

v’c3 

(Cl113 of coz 
min-1 g-l) 

poz. 
(cm3 g-l) 

Run No. 091175 (6/3/l feed; oxide catalyst) 
3-Step mechanism 2.41 (f0.26)” 

3 + 2-Step mechanism 2.44 (3~0.58) 

Run No. 121175 (3/6/l feed; oxide catalyst) 
3-Step mechanism 2.80 (f0.32) 

3 + 2-Step mechanism 2.14 (fl.22) 

Run No. 121375 (8/1/l feed; oxide catalyst) 
3-Step mechanism 2.76 (f0.27) 

3 + 2-Step mechanism 1.24 (f0.48) 

Run No. 080676 (6/3/l feed; reduced catalyst) 
a-Step mechanism 0.70 (f0.06) 

3 + 2-Step mechanism 0.63 (f0.43) 

Run No. 081376 (3/6/l feed ; reduced catalyst) 
Y-Step mechanism 1.50 (f0.17) 

3 + 2-Step mechanism 1.17 (f0.19) 

Run No. 012376 (8/1/l feed; reduced catalyst) 
a-Step mechanism 1.95 (&0.19) 

3 + 2-Step mechanism 1.84 (f0.80) 

a Values reported in parentheses are computed estimates of standard errors. 

2.40 (f0.21) 
1.53 (fO.90) 

2.33 (hO.17) 
1.40 (f1.34) 

1.71 (fO.06) 
1.26 (f0.25) 

1.40 (kO.10) 
1.17 (hO.60) 

1.50 (ztO.10) 
1.20 (f0.15) 

1.70 (fO.lO) 
1.52 (f0.90) 

439 

cr 
(fraction) 

- 
0.02 (f0.03) 

- 
0.13 (f0.23) 

- 
0.058 (ztO.03) 

- 
0.049 (fox) 

- 
0.05 (f0.03) 

- 
0.049 (f0.28) 

mechanisms involving two different rates 
for adsorption of carbon oxide species. A 
similar conclusion was reached in the recent 
comprchcnsivc study of Kobayashi and 
Iiobsyashi (8) who used a transient method 
but without isotopes for the oxidation of 
carbon monoxide over chromium sesqui- 
oxide (at 131-140°C). It was therefore 
thought desirable to test a model involving 
a second chemisorbed specks as outlined 
by Kobayashi and Kobayashi (9). The fol- 
lowing mechanistic scqucnce was assumed : 

02 + 21% 201, 

co + 019 coz.z, 
111.3 

coz-ZG co2 + I, (14) 0.1 

02 + ‘)?I1 y z’C),,l i , 

co + On1 fd co2 + Vl. 

It is seen that CO* can be formed on two 
different types of sites, 1 and m. That 
produced on the m sites is not chemisorbcd. 
The mechanism differs from that which we 
have used, Eq. (2), in the incorporation of 
the two additional steps (4) and (5). If we 
define the overall reaction rates as prc- 
viously V = cubic centimeters of 02 per 
(minute) (gram-catalyst) and introduce an 
additional paramet’er, cr = the fraction of 
the overall rcwtion which occurs on the m 
sites : 

al’ = v+1 = 2’+5/2; (15) 

(1 - cy)l’ = 2’+1 = v+2/2 
= (V+3 - o-3)/2. (16) 

I’.+~ must bc unidirectional if it exists, 
because othcrwisc WO2 tracing would rc- 
sult in 13C0 production and this was not 
observed. We developed the system and 
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variational equations for this model, which 
include the additional parameter CL Table 
4 shows the results of computations for 
this model. The optimum value of cr E 0.05 
is quite small and correlation is poor. 
Furthermore to accommodate such be- 
havior the population of surface species 
CCo*z is considerably reduced so that it no 
longer checks that obtained by independent 
CO2 desorption experiments. 

It is not possible by means of the present 
experiments to determine the nature of t.he 
adsorbed carbon oxide species. If more than 
one such species is present, it appears that 
they must equilibrate very rapidly with 
each other since the amount of CO2 de- 
sorbed by separate experiments agrees with 
that determined independently by isotopic 
transfer. The fact that 13C02 marking does 
not result in the production of 13C0 and 
that the same amount of carbon oxides is 
produced both by 13C0 and 13C02 marking 
further serves to restrict possible mcch- 
anistic models for the reaction. 

CONCLUSIONS 

The main conclusion of this study is the 
demonstration that transient tracing super- 
posed on a steady-state complex catalytic 
reaction is a relatively simple and viable 
method for assessing the intermediate 
mechanistic step velocities and surface 
concentrations for a chosen model and 
for discriminating between models. The 
method involves a minimum of simplifying 
assumptions about the kinetics of indi- 
vidual steps and the nature of the active 
sites. 

As applied to the oxidation of carbon 
monoxide over a typical oxide catalyst, a 
very simple mechanism correlates the data 
satisfactorily and is consistent with other 
information available such as desorption of 
the adsorbed materials. It appears that 
catalytic activity is related to the surface 
population of adsorbed COz, which is less 
when the catalyst has been subjected to 
reducing conditions for a long period of 
time. 
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