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A method, utilizing experimental data obtained with a backmix reactor, is pre- 
sented for the determination of homogeneous reaction rates and heterogeneous 
reaction rates in systems in which the reaction proceeds by both mechanisms 
simultaneously. The methods of obtaining the individual reaction rates directly from 
the measured total reaction rates are developed, and these methods are illustrated for 
data on the thermal decomposition of nitrous oxide at 7OG3OO”C. Comparison is 
made between the reaction rates derived from this type of measurement and those 
derived by previous investigations in which the two reaction mechanisms were ob- 
served in separate experiments. The accuracy of the kinetic parameters derived from 
measurements of the total reaction rate is comparable to that obtained by more 
traditional experimental methods for high-temperature reaction kinetics. 

9 chemical reaction occurring simulta- 
neously by parallel homogeneous and 
heterogeneous paths presents unique prob- 
lems in investigations of chemical kinetics. 
The experimental design and the analysis 
of the data must separate the two con- 
tributions to the total observed reaction 
rate. Otherwise, the data are of little value 
either for an interpretation of mechanism 
or for possible design use. Other investi- 
gat,ors have usually attempted to measure 
the homogeneous and heterogeneous contri- 
butions separately. However, the method 
presented here allows the determination 
of both rate expressions from a single set 
of experimental measurements. 

When there arc parallel rate processes, 
the total rate is the sum of the individual 
rates; this may be expressed in terms of 
specific reaction rates per unit volume as 

TT = rm + r”(S/V), 0) 
where r”’ is the reaction rate per unit cata- 
lyst surface. Alternatively, the hetero- 
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geneous rate could be expressed in terms 
of r”‘, a rate per unit weight of catalyst, 
and (W/V). In general, r” is a function 
of bulk phase reactant concentration, tem- 
perature, and catalyst geometry and activ- 
ity. Usually, r” is found to be independent 
of the surface-to-volume ratio S/V, and 
in this case, rT will be linearly dependent 
on S/V. Even in those cases where rN is 
not independent of S/V, it is often possible 
to separate the functional dependence on 
S/V from the dependence on other vari- 
ables, i.e., 

r N = P&w), (21 

where pS does not depend on (S/V). Then, 
Eq. (1) may be written in the form 

TT = TH + Psw~)bb(~/v)1, (3) 
and a linear relationship will be obtained 
between rT and (S/V) [+ (S/V) ] _ 

Equations (1) or (3) indicate that it 
should be possible, by varying the surface- 
to-volume ratio in the case of systems with 
parallel homogeneous and heterogeneous 
reaction paths, to obtain individual reac- 
tion rates from data on the total reaction 
prior to fitting any rate equation to the 
data. Thus, it would not be necessary to 
devise experiments to measure individual 
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reaction rates. Nor is it necessary to deter- 
mine a complex rate equation to fit the 
data for the total reaction rate, and then 
deduce which part of this complex expres- 
sion is surface dependent by observing the 
effect of changing surface-to-volume ratio 
(1). 

It is our purpose to show that the im- 
mediate separation of the data into hetero- 
geneous and homogeneous contributions 
will allow the experimenter to obtain data 
of comparable accuracy to those obtained 
in measurements of individual reaction 
rates, but without the problems of separat- 
ing the reactions in the physical system or 
determining a complex rate expression for 
the total rate. Mraeek, Knapp, and Block 
(2) employed this technique to evaluate 
the magnitudes of the rates of simultaneous 
homogeneous and heterogeneous thermal 
decompositions of tungsten hexacarbonyl. 
Their determination of the available sur- 
face area was uncertain, however, primarily 
because of the formation of metallic tung- 
sten, which could also catalyze the reaction. 

SYSTEM AND APPARATUS 

The thermal decomposition of nitrous 
oxide in the gas phase and on a gold sur- 
face was chosen as a system to verify the 
utility of Eq. (1) in determining the in- 
dividual reaction rates. The homogeneous 
reaction has been investigated extensively 
(3-l 1) and the decomposition on gold has 
been investigated with the hot wire tech- 
nique (12). Nitrous oxide decomposes at 
high temperatures by two reactions: 

NzO + N2 + +O, primary reaction; (4) 

NzO --t NO + $Nz secondary reaction. (5) 

At the conditions used in this investiga- 
tion, the calculation of equilibrium condi- 
tions showed that these are the only two 
reactions which occur to a significant 
extent. 

A backmix reactor was chosen for ob- 
taining the reaction rate data. There are 
several advantages in using a backmix 
reactor for catalytic studies (13-16) : Iso- 
thermal operation, the possibility of a 
wide range of conversions at steady state 

conditions, minimal resistance to mass 
transfer from the bulk phase to the cata- 
lyst, and the direct calculation of rate 
without differentiating data or curve fit- 
ting with assumed rate equations. For a 
backmix reactor, the rate of decomposition 
of nitrous oxide by Eq. (4) is 

--?-I = nX(l -f),/V, (6) 
and the rate of decomposition by Eq. (5) 
is 

-r2 = nxflv (7) 

where X is the fraction of N,O that de- 
composes, f is the fraction of the decom- 
position that occurs via reaction (5), n is 
the feed rate of N,O, and V is free reactor 
volume. These expressions are valid only 
for a perfectly mixed reactor. Evaluation 
of mixing in the reactor was achieved by 
monitoring conversion as a function of 
stirring rate (15). These tests indicated 
that perfect mixing could be sustained for 
a surface-to-volume ratio of 1.1436 cm-’ 
and below. 

Previous work on the decomposition of 
nitrous oxide showed that fused quartz has 
a minor effect, if any, on the reaction 
(6, 9, 10). This was verified by the results 
of several preliminary experiments in which 
the surface area of quartz in the reactor 
was varied. A 71,/60 standard taper joint 
made of clear fused quartz was fashioned 
into the reactor as shown in Fig. 1. The 
coldfinger (Fig. 1) was also constructed 
from clear fused quartz; hot reaction gases 
entered the coldfinger and were quenched 
to a temperature of 500°C (at which tem- 
perature the decomposition rates are negli- 
gible) in less than 1 cm. The stirrer con- 
sisted of four curved quartz blades which 
swept through a radius of approximately 
26 mm. The stirrer shaft was a quartz rod 
and the sleeve for the shaft was a fused 
quartz tube. No lubricant or sealant 
was required in the stirrer shaft-sleeve 
assembly. 

The catalyst used in this study, gold 
with a purity of 99.99%, was in the form 
of continuous ribbon, 0.003 in. thick and 
0.150 in. wide. The gold-wrapped catalyst 
racks were placed in the support rack 
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Fro. 1. Outline of backmix reactor. 

(Fig. 2) and the entire arrangement was 
set in the reactor. The amount of cata- 
lyst in the reactor could then be varied 
by changing the number of gold-wrapped 
catalyst racks in the support rack. 

Reactor temperatures were measured 
with two chromel-alumel thermocouples in 
direct contact with the reaction gases. 
Radiation influences on the thermocouple 
beads were accounted for by correlat.ing 
their temperatures with the temperature 
of a chromcl-alum4 thermocouple, shielded 
with two concentric cylinders of shiny gold 
foil, which was placed in the center of the 
reactor. The temperature indicated by this 
shielded thermocouple was found to be in- 
dependent of its position and orientation 
in the reactor. 

The feed rate of reactant (medical grade 
nitrous oxide) was measured with a rotam- 
eter calibrated with a wet test meter. Anal- 
ysis of the reaction products was accom- 
plished with a gas chromatograph for 
which the column was packed with Chro- 
mosorb 102 and coiled into a helical 
configuration so that it could be immersed 
in a small Dewar flask. The column tem- 

FIG. 2. Catalyst rack and support rack. 

perature was kept at -80°C (dry ice- 
acetone bath) to effect, t,he separation of 
nitrogen and oxygen. After the oxygen had 
eluted, the column was placed in a water 
bath at 35°C for elut’ion of nitrous oxide. 
Because nitric oxide combines rapidly and 
completely with oxygen at room tempera- 
ture (17-193, any nitric oxide formed in 
the reactor was oxidized to nitrogen di- 
oxide in the coldfinger (T N 15°C). Conse- 
quently, no nitric oxide was detected in any 
of the runs. Because the shapes of the nitro- 
gen dioxide peaks were undesirable for 
quantitative analysis, the extent of the 
secondary reaction was calculated by 
examining the ratio (moles N,/moles 0,) 
in the product. 

REDUCTION OF EXPERIMENTAL DATA 

The chromatographic analyses gave the 
values of the ratios (moles NJmoles 02) 
and (moles O,/moles N,O) , and the quan- 
tities f and X which appear in equations 
6 and 7 were obtained by simple stoichi- 
ometric relationships. In addition, the con- 
centrations of all species could then be 



221 HALLADAY AND MRAZEK 

obtained from the material balance and 
the ideal-gas law. Thus, one can calculate 
the rates of reaction for the primary and 
secondary reactions as shown in Eqs. (6) 
and (7). At this point, it must be assumed 
that these represent total reaction rates, 
i.e., each reaction may possibly occur by 
simultaneous homogeneous and hetero- 
geneous paths. 

The experimental data for the primary 
reaction were then expressed as plots of 
total observed reaction rate as a function 
of the concentration of nitrous oxide for 
various values of the surface-to-volume 
ratio. These data are shown in Fig. 3 for 
a temperature of 800°C. Further data are 
given by Halladay (20). A “best fit” curve 
was put through each set of points and 
cross-plots were made which expressed the 
reaction rate, at constant concentration of 
nitrous oxide and constant temperature, as 
a function of the surface-to-volume ratio 
(Fig. 4). The linear portions of these plots 
show the range of the existence of a first- 
order dependence of rate on the amount of 

N20 Concentration (mgmoles /liter) 

FIG. 3. Variation of primary reaction rate with 
N20 concentration at 800°C. 
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FIG. 4. Variation of primary reaction rate with 
surface-to-volume ratio at 800°C. 

catalyst. The nonlinearity at the upper end 
of these curves is a result of imperfect 
mixing. Consequently, none of the data for 
S/V above 1.1436 cm-l were used in sub- 
sequent calculations of heterogeneous or 
homogeneous rates. 

It should be noted that, while the rate 
of the homogeneous portion of the primary 
reaction could have been obtained from 
Fig. 4 by extrapolation to S/V = 0, the 
homogeneous reaction was measured inde- 
pendently as a check. These data appear 
in Fig. 3 as the curve for S/V = 0, and 
the comparison between values obtained 
by direct measurement and values obtained 
by extrapolation can be seen in Fig. 4. ’ 

As developed previously, the linear por- 
tions of the curves shown in Fig. 4 have 
intercepts of rH and slopes of r” [cf., Eqs. 
(1) and (3)) with #(S/V) = 11. The slopes, 
or surface reaction rates per square centi- 
meter of gold foil, were then plotted against 
the concentration of nitrous oxide, reveal- 
ing a first-order dependence of rate on the 
concentration of nitrous oxide in the bulk 
gas (Fig. 5). The heterogeneous rate equa- 
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FIG. 5. Variation of surface reaction rate with N:O 
concentration at 800°C. 

tion for the primary reaction can then be 
written as 

- TN (S/ V) = IC,CN,O (S/ V) . (8) 

The values of k, were calculated from the 
slopes of lines such as that shown in Fig. 5 
for 800°C. 

The data for the secondary reaction 
could have been reduced in a similar man- 
ner to separate the homogeneous and 
heterogeneous contributions. However, as 
can be seen in Fig. 6, the rate of the secon- 
dary reaction did not vary with the amount 
of catalyst’. Therefore, as the secondary 
reaction is apparently not catalyzed by 
gold, the measurements yielded the homo- 
geneous reaction rate directly, and subse- 
quent data reduction was not necessary. 

RESULTS AND DISCUSSION 

Homogeneous Reactions 

The data for the primary reaction, NrO 
-+ N, + 1/s02, can be represented by the 
equat’ion 

-rlIl = h.lcN,02/(1 + k2CN,O). (9) 

The constants k, and k, were determined 
by linear regression after rearranging Eq. 
(9) into the form 

CN?02/-rH1 = (l/lCI) + (JZ?/kl)CN?O. (10) 

S/V icm-I) 
A,A 0.4074 

q ,m 0.7096 

N20 Concentration (mgmoles / liter ) 

FIG. 6. Some secondary reaction rate data at 
800°C. 

The values determined for k, and k, are 
given in Table 1, and the agreement with 
the data is illustrated by the curve and 
data points for S/v = 0 in Fig. 3. 

The data for the secondary reaction, 
N,O + NO + r/2N2, appear to follow a 
second-order rate equation, 

-rHZ = k3cN202. (11) 

Some of these data are shown in Fig. 6. 
Because of the scatter in the values for 
the rate of the secondary reaction (to be 
discussed later), there is some uncertainty 
as to the correct rate equation, and the 
values for k, (cf., Table 1) should prob- 
ably be regarded as estimates. 

The rate expressions for rH1 and rH2 can 
both bc derived from the assumption of a 
bimolecular collision mechanism in which 
the steady-state approximation for the 
activated species N,O”, is made. The rate 
equation and mechanism proposed for the 
primary homogeneous reaction are the 
same as those proposed in most previous 
studies (4, 9, 10). Additional evidence for 
the collisional mechanism has been pro- 
vided by studies on the effect of foreign 
molecules (5, 10). The increase in reaction 
rate with increasing concentrations of SO,, 
CO, and CF, has been explained by hy- 
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TABLE 1 
RATE CONSTANTS .~ND ARRHKNIUS EQU~~TIOM 

Temperature 

Constant, 973°K 1023°K 1073°K Arrhenius equations 

h 
liter 

mgmole-mG 0.0279 0.242 1.43 

kz liter - 
mgmole 

0.184 0.467 0.723 l()5.69 exp p&o] 

ks 
liter - mgmole-min 0.0059 0.032 1o143exp [q?&E] 

k, 2 0.213 0.540 1.13.i 

pothesizing that a collision between N,O 
and a foreign molecule can produce an 
activated species N,O” just as if a collision 
had occured between two N,O molecules. 

Previous investigators customarily ex- 
pressed the rates they observed for the 
primary reaction in terms of a pseudo 
first order rate constant k,. Johnston (9) 
has compiled, averaged, and summarized 
most of the data recorded before 1950. In 
1959, Graven (5) reported values of kf 
for high temperatures. Their results and 
those of this study are compared in Fig. 7, 
revealing good agreement of rates and of 
activation energies. 

The results of this study indicate that 
the formation of nitric oxide by the secon- 

m This Study 
0 Graven (5) 
~3 JohnSton (9) 

T 0 10-Z ‘4 
22 \ \ 

-I \i, 
2 A \ \ 

IO-' 
\ 

I 

0.9 1.0 I.1 I.2 

1000/T (‘K-‘1 

FIG. 7. Arrhenius plot comparing pseudo first- 
order homogeneous rate constants. 

dary reaction has a second-order depen- 
dence on CNaO over the entire composition 
range (cf., Fig. 6). However, previous 
investigators (3, 4, 9-11) have proposed 
quite different rate equations, and these 
investigators do not agree either with each 
other or with the results of this work. Thus, 
the order and mechanism of the secondary 
reaction have not been adequately defined, 
either in this study or in other studies. The 
data of this study are very scattered due 
to the indirect method of determining the 
extent of the secondary reaction. Conse- 
quently, the values for the rate constant 
Ic,, the activation energy, and the order 
of the reaction should be regarded as esti- 
mates only. More complete and reliable 
data are needed for a confident description 
of nitric oxide formation. 

Heterogeneous Reaction 

The rate equation for the heterogeneous 
reaction can be derived by assuming a 
mechanism which begins with the adsorp- 
tion of a molecule of nitrous oxide on an 
active site on the surface of the gold, fol- 
lowed by decomposition of the adsorbed 
species. The rate of decomposition is pro- 
portional to the number of adsorbed nitrous 
oxide molecules. Use of the lower end of 
the Langmuir adsorption isotherm (21, 2.2) 
to describe the relationship between the 
number of adsorbed nitrous oxide molecules 
and the concentration of nitrous oxide in 
the gas phase will yield Eq. (8) as the rate 
equation for the heterogeneous reaction. 

The adsorption mechanism for the reac- 
tion on gold is suggested not only by the 
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FIG. 8. Arrhenius plot comparing heterogeneous rate constants. 

convenience of explaining the observed first 
order behavior with the Langmuir adsorp- 
tion isotherm, but also by the results of 
studies using platinum for a catalyst rather 
than gold (23~27). The catalytic activity 
of platinum is poisoned by adsorbed oxy- 
gen, thereby preventing nitrous oxide from 
reaching the active sites. This behavior 
substant,iates an adsorption mechanism for 
the decomposition of nitrous oxide on 
1)latinum. 

The constants obtained from this study 
are compared with those of Hinshelwood 
and Richard (19) in Fig. 8, showing good 
agreement of the activation energies but 
ljoor agreement of the magnitudes of ks. 
The most probable explanation for the 
rliffercnce is that the two gold surfaces 
wcrc different. However, it is possible that 
failure to account for t,he effect. of radiant 
heat’ transfer on temperature mcasuremcnt 
could account for the difference. Without 
a more complete description of the means 
of temperature measurement by previous 
investigators, no dcfinitc statement as to 
the cause of the differences shown in Fig. 8 
can be made. 

Rnndwn Errors and Reproducibility 

E:stimatcd maximum errors in the mea- 
sured variables were used in a standard 
method for computing the maximum pos- 
sible resultant error in the calculated pa- 

rameters (28). The results of these com- 
putations are summarized in Table 2. With 
the exception of the errors in k, and E:,, 
the errors are similar in magnitude to those 
obtained in other high-temperature kinetics 
investigat,ions. The large maximum errors 
in k, and E, are due to the indirect method 
of determining the extent of the secondary 
reaction, i.e., examining the ratio of moles 
N, to moles O,, rather than analyzing for 
NO, directly. The variable which had the 
largest effect on the other observed rates 
and rate constants was temperature. The 
estimated maximum error in the tempcra- 
ture was &2.5”C. 

It should be noted that the values given 
in Table 2 represent maximum errors, not 
the actual confidence level of t’he experi- 
mental data. That the experimental error 
is actually quite a bit smaller than these 
maximum values was illustrated by repeat- 
ing sonic sets of data, both to check on 

TABLE 2 
MAXIMUM ERROHS IN CALCULATED PAKAMICTERS 

Parameter Total error (%) Error in E (%) 

-rfI1 12.47 13.2 
kl 15.31 12.79 
h-2 8.14 16.92 
h 48.8 61.7 
b 13.18 20.9 
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the reproducibility of the data and to ex- 
tend it into a region of larger nitrous oxide 
concentration. Examination of the repeated 
runs, some of which are shown in Fig. 3 for 
X/V = 0.4074 and S/V = 0.7098, reveals 
that the repeated runs fall within 5-S% 
of the first run at the same conditions, and 
all the points are within 5% of the line of 
“best fit.” 

CONCLUSIONS 

This work demonstrates that the rate of 
a chemical reaction occurring by simul- 
taneous homogeneous and heterogeneous 
paths can be resolved into the two con- 
tributing reaction rates prior to fitting any 
rate equation to the data. Indeed, the 
experimental technique of observing the 
variation in total reaction rate with the 
amount of catalyst surface could be ap- 
plied even in a case where the reaction was 
catalyzed by the material of which the 
reaction vessel was constructed. In this 
case, the homogeneous reaction rate can 
be determined by extrapolation of the data 
to a surface-to-volume ratio of zero. 

For the decomposition of nitrous oxide, 
the technique yielded rate expressions, rate 
constants, and activation energies which 
compare well with those from previous 
studies of the individual reactions. Most 
important, for the primary reaction the 
accuracy was comparable to that obtained 
by other experimental methods for high- 
temperature reaction kinetics. 
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NOMENCLATURE 

Symbol Significance 

c Concentration, mg moles/ 
(subscripted) liter 

E Activation energy, Cal/g 
mole 

s Moles NO formed per mole 
N20 decomposed 

k 
(subscripted) 

b 

b 

n 

(subs:ripted) 

R 

-l-1 

Rate constant in homoge- 
neous mechanism 
Pseudo first-order homoge- 
neous rate constant, time-’ 
Observed heterogeneous rate 
constant 
Feed rate of nitrous oxide, 
mgmoles/min 
Rate of decomposition of 
indicated species, moles/ 
time-volume 
Universal gas constant, 1.987 
cal/gmole-“K 
Rate of decomposition of 
nitrous oxide via N20 --+ 
N, + fog, primary reaction, 
moles/time-volume 
Rate of decomposition of 
nitrous oxide via NeO + 
NO + +N2, secondary reac- 
tion, moles/time-volume 
Rate of decomposition of 
nitrous oxide, moles/time- 
surface area 
Rate of decomposition of 
nitrous oxide, moles/time- 
weight of catalyst 
Homogeneous reaction rate, 
moles/time-volume 
Values of rH for primary and 
secondary reactions respec- 
tively, moles/time-volume 
Total reaction rate, moles/ 
time-volume 
Amount of catalyst, usually 
expressed as surface area 
Temperature (“EC unless indi- 
cated otherwise) 
Void volume in reactor 
Amount of catalyst, weight 
Fractional decomposition of 
N20 
The concentration dependent 
term in the heterogeneous 
reaction rate 
Functional dependence of 
reaction rate, rN, on surface- 
to-volume ratio 
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