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FOREWORD

The principal objective of this program is to obtain a better
knowledge of the chemical reaction mechaniama of high energy rocket
propellants containing fluorine, This final report describes research
completed during the period from June 1, 1967 through August 31, 19Tl
The program was supported by the Alr Force Office cf Scientific Re-
search, Energetice Division, United States Air Force under Grant No.
AF-AFOSR-1291-6T, entitled, "Rates and Mechaniams of Reactions of -
Fluorine Conteining Rocket Propellants.”

During this period, contributions to the program were made by
T.W. Asmus (Ph.D. Candidate), D. Humbert (technician;, and T. Houser.
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ABSTRACT

é > The rate and mechanism of pyrolyaia of 0!2 hag been atudied using a
; v monel, stirred-flow reactor, over the temperature.range of 5}0 to k)I'C,
: and a concentration range of cne to ten mole § OFz in helium at a total

¢ - pressure of one atmosphere., The only obsarved producta were oxygen and

: fluorine. . The reaction was found to be somewhat less than first-order

. with respect to the reactant concentration, It was found that the

; iritial rate data could be represented by the following rate expresaion:

-[& ora)/ag),, = kal)(0Ra), + ks (4)(0Fe), /2
: where kz and ka are the second-order and 3/2-order rate constants re-
spectively and (M) is the total concentration of species in the reactor.
An Arrhenius plot of the kp vaiues gave the following expression:
ko = 10%6.9 te exp (39,200 * 1,7C0/RT)(cc/mole sec, )
The uncertainties in k3/2 were too large to allow a comparable quanti-

tative treatment. It was shown that the low order was not due to sur-

.=
w
2

. face effects; thus, a radical-chain mechanimm was proposed to account
for the observed low-order.

“The rate of the hydrogen-oxygen difluoride reaction has been
studied in the same system using both monel and aluminum reactors ¢
7 -over the temperature range of 110-260‘b,'and concentration ranges
; of 0.25 to 2,0 mole % OFz, 0.5 to 5.0 mole 4 H; and O to 20 mole %

: Og; total pressure was again one atmosphere with He as the diluent.
The products of the reaction and stoichiometry are shown by the
following equaticn:

20Fz + 3Hy —) 4 HF + H0 + 1/2 02
Oxygen was found to strongly inhibit the rate, other products had
no measurable effect on the rate. The reaction had a significant

heterogeneous component in monel which was greatly reduced by the
use of the aluminum reactor. The following rate law appears to fit

iii




the data, obtained from the monel reasctor:

~a(0Fz)/at = k,(0Fe) + ky (OFe)(Ha)™ + k (0P2) (Ha)/[L + ©(0g)/ (0Fe)]

where x may be 1/2 or 1, The orders appear to be differsnt than those
indicated by the above equation for the fully inhibited reaction in
aluminum (high concentrations of oxygen were introduced to meske the
third term in the rate equation negligible). The overall orders were
found to be 1.25 and 0. 25 with reapect to OF; and Hp, reaspectively.
Work is continuing to better define this rate law.

- Attempts have been made to obtain rate data for the hydrogen-
tetrafluorchydrazine reaction, It was found that steady-state
resction could not be achieved uasing only He as the diluentj the
reaction did not proceed st a measurable rate st room temperature
and when the reaction was initiasted by heating to above 40°C, it
went to completion. Thus, it appeared %o be a go-no go situation,
the temperature at which reaction started depended on the concen-
trations of resctants. By adding a large concentration (ca 50 mole %)
of oxygen, a controllable rate for the inhibited reaction was ob-
tained in the 70 to 90°C range.

iv
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INTRODUCTION

OBJECTIVE

“The primary otjective of th;g study is to obtain a better understanding L

of the chemical properties of fluorine containing rocket propellents., The - -

compounds selected far study were OF, and NaF; because their chemical prop-
: erties have not been well established. Furthermore, they contain groups
: which contribute to the composition of many new high energy propellants;

Dl W

thus, & knowledge of their reaction mechanisms will contrihute to the under-
standing of the chkemical behavior of many new propellants; This report
describes the progress made on this study during the period of 1 June 1967
to 30 September 1971, which includes the determinations of the rates of
pyrolysis of OF, and of the OF-Hy reaction, and the establishment of the
conditions to be used for the study of thz rate of the NoF4-hHz reaction.

BACKGROUND
Although the kinetics of the thermal decomposition of OF> has been

studied extensively, there remains considerable doubt as to the mechanism
. ' of pyrolysis, This reaction has been investigated with staticl’e and flow3
systems, and in shock tubesh'7. It has been found to be about first-order
with respect to OF; when a large axcess of inert diluent gas is present, with
the pseudo first-order constant prcportional to total pressure, and found
to Le approximately second-order when only pure OF, is used. The reported
activetion energies were in the range of 31 to 42 kcal/mole.

The main problem to be resoived ic the nature of the pyrolysis mechanism
of OFs; is it chein or non-chainy There 13 general agreement between the
previous investigators that the intial step is the FO-F bond rupture,
followed by steps involving OF and F radicals. If the process is uaon-

] ‘ chain, then the activation energy for the rate of disappearance of OFz

should ccrrespond to the bond dissociation energy for the above rugpture.
Using this premise and the heat of formation of OF 5, the calculsted 0-F
bond strength ic greater than that of the FO-F bond. Thus, if the
above assumpt.ion concerning the mechanism is valid, it is difficult
to explain why the OF radical has not been observed directly as an in-




termedigte.*

On the other hand, if the mechanism is a chain process, the activation
energy may be less than the (FO-F) bond strength. Thus, the second F-0
bond may be weaker ‘than the first, consistent with the difficulty in ob-
serving the OF radical., In support of this possibility is the determination
of the FC F bond strength from appearance potential measurements by Dibeler,
et. ale; the value that ‘Laey obtained was about 60 kcal/mole, However, it
should be noted that this value probably has a large uncertainty due to
the technique useid. From the above discussion it can be seen that there
ere unanswered questions concerning the pyrolysis of OFz, the current
program is attempting to resolve some of these.

In addition to the pyrolysis of OF, the reactions of hydrogen with
OF> and NpFy are being studied to gain a better understanding of the
chemistry of fuel-oxidizer interactions with fluorine containing compounds,

"No reported studies on kinetics of these reactions have been found in the
literature. The Hp-OF, reaction has been studied in connection with a
chemical laser produced by the photolysis of a mixture of the reactantsg.
In addition, the mechanism of the explosive Hy-NoF4 reaction has been
studiedlo; the conclusione reported were based on the measured product
distributions. In that reaction, NoFr was postulated as a key inter-
mediate in the mechanism, formed directly from an ettvack of H atoms on
N-F,. However, because of the high degree of dissociation of NoF, at the
reaction ceiditions used, other steps may be necessary to explain the
origin of the nitrogen produced.

k Especially in the low pressure flow system of Dauermanj, et al., since
the reactor and mass spectrometer ionizing beam were very close together,
thus allowing a minimum opportunity for a reactive species to disappear.
in addition, in the shock tube study of Lin and Bauer6, using mass spec-
trometric analysis, the calculated OF concentration is the same order of
magnitude as the measured O, concentration over & wide range of extents
of reaction; thus, it appears that it should have been possible to ob-
serve enhancement of the OF peak.
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L EXPERIMENTAL
APPARATUS

The rate datsa has been obtained using s conventional flow system
equipped with a monel, stirred-flow reactor entirely housed in a T £t,
walk-in hood (Fig. 1). However, the later experiments were conducted
with an aluminum reactor of the same design.

T DO

The OFz-He and Ho-He mixtures, stored in 5 and 10 gal. tanks re-

; spectively (not shown in Fig. 1), were introduced to the reactor (valumes
were, monel, 86 ml and aluminum, 100 ml) through separate flow lines.

The flow rates were regulated by pressure regulator-needls valve com-
binations, and measured by glass capillary flow meters (halocarbon oil
was used as the manometric fluid) which had been calibrated at each
concentration with a wet-test mater. The flow lines are stainless

T L oI

o r e

e

o g vy

‘steel upstream of the reactor and monel downstream.
Each flow line has a reactor bypass so that the decrease in
reactant concentrations could be measured with the greatest accuracy

R
L
4

despite possible drifts and fluctuations in instrument sensitivity.
The reactant and product concentrations were megsured with a mass
spectrometer {Picker Nuclear, M.S. 10), equipped with an atmospheric
sampler, and connected to the flow system through a stainless steel
capillary tube (ca 5 ft. long and 0. 015 in. I.D. ) inserted just down-
stream from the reactor-bypess "T" connection. Since the recorder
response was obtained at a knovn reactant concentration for flow
through the bypass, and it was found that the instrument’s response
was linear with concentration, the calculation of the concentration
flowing from the reactor was a simple matter.

The stirred-flow reactor and furnace assembly are shown in
Fig. 2. The gas stream enters the reactor through the center tube
and is sprayed sideways and downward through five pin holes to give
a jet-stirring effect. This design was tested several times by in-
a jecting an inert gas (e.g. nitrogen) into a helium stream and de-
termining the non-steady-state concentration exiting from the
reactor. The testing of this reactor design has been reported more
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Quantitatively by Sullivan and Houaerll. The reactor temperatures were
measured using several standardized (NBS-Zn, Pb, Cu, Al) chromel-alumel
thermocouples and & portable pctentiometer (Honeywell model 2732); tem-
perature controld was msintained with s Versatronik controller (Honeywell
model RT161H).

PROCEDURE

There were a few general operations which were applicable to both
the pyrolysis of OFp and the OFa-Hz reaction. It was necesssry to insure
that the surfaces of the flow systemwerepassivated before making rate
measurements, This was done by exposing the cold surfaces (flow lines
and unheated reactor) to OFz until a steady response by the mass spec-
trometer was obtained, If the ion current was constant with time and
independent of the gas flow rate, it could be assumed that adsorption
on these surfaces had reached steady-state and reaction with these sur-
faces had stopped. With regard to the heated reactor, an. ion current,
independent of time, indicated steady-state reaction has been reached
and changes in surface area indicated the extent of the contribution
of the surface to the reaction.

The tank-filling procedure for reactant mixtures was usually
carried out in a stepwise fashion, diluting from 100% to 10% in one
step and then further diluting to the desired concentration in the
next step., In this way the uncertainties in concentration were minimized.

Because a stirred-flow reactor was used, differentiasl rate data
were ob?ained. The reaction.rates were calculated from Eq. 112

rate = (co -e)ft (1)

where ¢, = concentration of reactant entering reactor,

¢
t

concentration of reactant leaving reactor,

contact time (reactor volume/volume rate of flow).

Oxygen Difluoride Pyrolysis. The general conditions in the pyrolysis
experiments were: temperature range, 330 to 431°C; contact times of

0.5 to 20 seconds; about one atmosphere total pressure; and reactant

-6-
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concentrations of one to ten mole percent with helium as the diluent.
The procedure was as follows: the tank, filled with the desired con-
centration of reactant, was attached to the flow system, and the flow
rate was set at the proper value. The ion peak heights (n/e = Sk)
were recorded for the stream through both the bypsss and reactor, and a
base line determined with only He flowing. These data were used to
calculate the' % reaction which was used with the known initial concen-
tration to obtain a rate,

There were some ex-~sriments which involved modifications to the
procedures, Because of a concern for the possibility of the ges not
heating rapidly enough during the higher flow rate experiments, the

reactor entrance was provided with a preheater, Heating the entering

@as to about 200°C had no effect on the apparent rate, thus, the drop
in temperature at high flow rates was assumed negligible, In addition,
since it was possible that the surface may influence the rate, three
groups of experiments were made with an increased surface area obtained
by stuffing the reactor with monel 1/L in. rod, and wire in the form of
loose spirals. The surface area was increased by fectors of 1.5 and
2.5, respectively, Similarly, the efrects of gaseous additives on

the rate were examined by including the additives in the reactant
mixtures for some experiments.

will be discussed later.

The results of these experiments

Finally, some experiments were conducted at reduced pressures,
the results of which did not appear reasonable and thus were discarded.

These results may have been poor due to & change in stirring character-
istics at these low pressures.

Hydrogen-Oxygen Difluoride Reaction. The conditions for the Ho-OF>
reaction in the monel reactor were:

temperature range 110 to 220°C;
contact time of 0.5 to 20 sec.; one atmosphere total pressure; snd
reactant concentrations of 0.5 and 1.0 mocle% OFp, 0.5 to 5.0 mole ¢
H, and up t0 5.0 mole % Oz, with helium as the diluent.

Only the inhibited Hp-OF> reaction has been studied in the aluminum
reactor. Because of the reduction in surface effects on the rate, higher

temperatures were necessary t o achieve reasonable extents of reaction, and

i
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i
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higher oxygen concentrations were necessaryto produce maximum in-
hibition. These conditions were: temperature 160 to 260°C; contact
timea of 1.5 to 20 sec.; reactant concentrations of 0.25 to 2 0 mole
% OFz, 0.5 to 3.0 mole % Hg snd O to 20 mole % Op; total pressure
and diluent were the same as before.

Moat of the procedures were similar to the pyrolysis reaction
and those will not ba described further; however, it is worthwhile
to discuss some of the modifications made. It was necessary to
prepare the tanks with double the concentration of reactants to be
used, then set the flows at equal volume flow rates for each tank.
The oxygen was added to the QOFp tank for those experiments messuring
the inhibiting effect of oxygen, Water was added to the reaction
mixture by pessing the Ho-He mixture through a bubble tower, and HF
wag added to the OFp tank t0 check the effects of these products on
the rate of reaction. Aluminum wire was used to stuff the aluminum
reactor for the measurement of the metal’s effect on rate, the in-
crease in surface area was again a factor of 2.5.

Most of the rate data were obtained from observing the dis-
appearance of OF»; however, some data were obtained by measuring
the changes in hydrogen concentration, which served as a check on
the stolichiometry also. In addition, the concentrations of water
and oxygen produced by the reaction, were measured quantitatively
by calibrating the mass spectrometer for these species. It was
necessary to determine the HF concentration by wet chamical
techniques, and only an approximate value was obtained because
of inefficient trapping due to the reactivity of HP

Higher concentrations of OF; and Hy were trded (2 and L
mole %, respectively) but it was not possible to maintain iso-
thermal conditions at these concentrations in the monel reactor.

Hydrogen-Tetrafluorohydrazine Reaction. The procedures were
essentially the same as those for the Ho-OF, reaction, but at
lovwer reactor temperatures.
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RESULTS AND DISCUSSION

REACTOR STIRRING EFFICIENCY

In order to use EQ. 1 to calculate reaction rates from the experi.
mental observations, it is necessary to insure thet efficient astirring
is obtained. This can be checked by injecting a non-reactive ges (e.g.
nitrogen) into a helium stream and measuring the non-steedy-state con-

centration of this gas flowing from the reactor. The time dependence

of the concentration is expressed by EqQ. 2, if complete mixing is ob-
tainedll:

¢ = cocl - exp(-’f/tﬂ (2)

where ¢ = the concentration of trace gas leaving the reactor
¢, = the concentration of tracer gas entering the reactor
“U = clock time
t = contact time

Fg. 3 illustrates the stirring efficiency at high and low flow rates.
At the low flow rate the stirring produces concentrations close to those

predicted by Eq. 2, and at the high flow rate the calculated and experi-

mental curves are indistinguishable., Similar results were also obtained

vhen the reactor was stuffed with wire spirals. Thus, it can be con-

cluded that the stirred-flow assumption is justified.

OXYGEN DIFLUORIDE PYROLYSIS
Reaction Products.

The products of the thermal decomposition of OFy were

found by mass spectrometric analysis to be Op and Fp, which is consistent

with the products previously reportedl. Solomon, et al.2, reported some

evidence for small amounts of O-F, and the O2F radical among the reaction

products; however, no such evidence was found in this study, possibly
because of the higher temperature used.

Reaction Order.

The pyrolysis rates were measured at 5 temperatures in

the range of 330 to 431°C and at initial OF- concentrations of 1 to 10

mole ¢ in He. Isothermal plots of log rate versus log concentration

indicated that the rates were slightly less than first-order in OF; at

the lower temperatures, i.e. about 0.75 at 330°, and uniformly increased

to first-order at the higher temperatures. Figs. U4 and 5 illustrate

-9-
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contact time = 17.5 sec.

0 time —_——

contact time = 1.6 sec.

FIGUEE 3 A study of stirring efficiency
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this trend for the first set of data, showing an increase in slope
with temper:sure for the points at low extents of reaction, The
observatio. c¢: :7w order has 10% been vreviously reported, possible be-
cause techniguca thet do not provide ror the direct determinanion of
rates are relatively insensitive to minor order variations. Schumacher
and co-w0rkers]5, however, have recently observed a similar low-order
effect at low temperstures in static vessel experiments using pure OFp.
Having reproduced this crder effect in two subsequent sets of experi-
ments (consisting of about 20 runs/set at esch temperature), including
one set in which & amaller reactor was used to broaden the variations
in stirring and surface conditions, it has been concluded that this
effect is real, i.e. is not apparatbus-induced.

The data were further analyzed by plotting rate/(OFz) vs contact
time for each of the initial concen*rations at each temperature, Figs.
6 and 7 illustrate the data at the temperature extremes; the lines are
extrapolations to give average initial ratios. This method of plotting
data is a sensitive and convenient means by which minor variations from
first-order dependence may be detected since it shows the same trends as
the log-log graphs more clearly, and it also allows extrapolation to
initial conditions. Orders with respect to time which are not one will
produce curves with non-zero slopes (a positive slope indicates an order
of less than one); orders with respect to concent.cation which are nost one
will produce variable intercepts for different initiel concentrations,
Extrapolation to t = O gave rise to initial ratss which eliminated potential
complexities resulting from product effects, Some experiments at longer
contact times were left off the figures because they did nct influence these
extrapolations significantly.

The initial rate data are presented in Table 1l; the averages of the
intercepts [lnitial r/(OF2)] velues are listed as functions of initial OFz
concentration and temperature, the initial ratee were corrected to 100%
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T = 330°C.
'®,8. anddrepresent equivalent sets of experiments)

. 040 (OF2), = 10 mole per cent
.03
.020
.010

.050

#
(OF7)
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.020

070

‘0F7)
.050

Contact time, sec.
F1ouRe 6 r/(OFp) versus contact time at 330° 1,
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FIGURE T rHOFz) versus contact time at 431 C.
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Teble 1
Initial Rate Data 2
Temperature OF2 Concentration x 108 ro(corrected)/(OFe): f
°C mole/cc :
197 .055 T .00L
330 591 L0356t .003
1.97 .024 t ook
187 .116 t 008 E
360 .563 .100 t ,013 -3
1.87 .076 t 006 oo
.181 a5 T o1 : 3
385 . 543 .210 t . 023 S
1.8 .180 t , 013 .
! ATk 460 t .03
%07 .521 Lubo t .ok :
1. Th ko5 .01 .
: . 168 LoLt . 12
i 431 . 504 .85t .12
1.68 .89 t 25

E % Tme * values are the average deviation from the mean ;
' intercept at each concentration. :

He as the collisional activating mediumx. The I values are the average

deviations from the mean intercept at a given temperature and concentration
and are indicative of the reproducibility between sets of experiments. Most

’IE of the variation in the results can be accounted for by the uncertainties

’ in the individual measurements, the size of which depended primsrily on

flow rate, extent of reaction and concentration.

[RE R

(LS IERTR TR R 0

X Helium is reported (Ref. 1) to be only about 40% as effective as the . .

reactant in collisionally activating OF5, therefore, the effective
total pressure is about 15% greater for a mixture of 90% He and 10%
OF2 (.90 + .10/.4 = 1.15) than if all activation came fram collisions
with He at the same total pressure. Thus the ro values were corrected :
by dividing by 1.15, 1.04 and 1.02 for the 10, 3 and 1 mole % reactant 3
mixtures, respectively. The most significant correction comes in the :
case Of comparing results of experiments using a diluent with those 3
using pure OF-, On this basis under the same conditions pure OFp

should yileld rates about 2.5 times higher than those reported here.

It should also be noted that in another investigation the effective-

ness of He relative to OF; is 75% (Ref. 2), the use of which would

reduce the size of the corrections discussed.

T R TR
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It can be seen easily. that the dependence of the apparent first.
order constant on initial concentration is well outside the limita of
reproducibility of the experiments at the three lower temperatures,
However, the rate appears tc have & first-order dependence on initial
concentration st the two higher temperatures. At the same time, the
order with respect to time decreases to less than one &t the higher
temperatures, as shown by the increesing slope in the r/(OFz) vs
time plots. The reasons for this observation are not ¢lear, how-
ever a similar observation was made in the shock tube study of
Blauver and Solomons; it may be caused by some autocatalysis, the
source of which was not detected, or be due to a delay in radical
intermediates reaching steady-state concentration, thus giving rise
to an induction period.t In order to insure that this drop in
r/(OFz) at shorter contact times was not csused by non-isothermal
conditions at higher fiow rates and temperatures, the gas mixture
was heated to about 200°C before entering the reactor in some ex-
periments without affecting the rate significantly.

The less-than-first-order dependence of the rete at the lower
temperatures is emphasized because of its importance in the con-
sideration of a possible mechanism to be discussed later.

Additive and Surface Effects on the Rate. Experiments (at leest

12 at each temperature) were conducted whereby initial concen-
trations of up to 3 mole % of each of the reaction products were
added separately to the reaction mixture. The added O» had no
apparent effect on the rate; however, Fp inhibited the reaction
slightly (agaein similar results were cbtained by Blauer and
Solomons), e. g, a reaction mixture containing 3 mole % Fz and
OF> (each) had a pyrolysis rate averaging about 15% below that
of a reaction mixtureconteining no initial concentration of Fo.
To investigate the possibility of the occurrence of hetero-
geneous reactions, several sets of experiments were conducted
whereby the reactor’s surface/volume ratio was significantly in-
creased. The reactor was packed with 1/4-inch monel rods in one

k Qualitatively similarlErends were predicted for reactions involving
radical intermediates™ .
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set of experiments and in other experiments with spirals of monel wire
increasing the aurfece/volume ratio by factors of 1.7 and 2,5 respectively.
Fig. 8 i1llustrates that the change inarface area of a factor of 2.5 at
385°C increased the reaction rate by only 104 A similar set of data was
obtained at 360°C also using monel spirals, however, with an average in-
crease in the rate of only about 5% The results at both temperatures
are within the experimental reproducibility of those obtained in the
empty reactor,

Generally, rates of surfece reactions are proportional to the
available surface area, this reaction clearly is not. There aere only
two conceivable circumstances under which changes in surface area would
not reflect heterogeneous reactions: (a) where chains are initiated and
destroyed at equal rates at the wall rendering the kinetics insensitive
t0 the surface area, or (b) where the reaction rate is diffusion controlled, E
The first possibility appears most improbable, the second is clearly not
applicable since diffusion controlled reactions have low, non-exponential
temperature dependencies. The suggestion by Lin and Bauer6 that the rate 2

. constants from data obtained in conventional systems are about 5 to 10
times larger than those obtained fram shock tube data because of hetero- T -
. geneous effects implies a reaction rate which would be significantly ?

sensitive to surface area, This suggestion is inconsistent with the
data reported herein and with other investigations for heterogeneous
effects during this reaction®. In addition, had the low order at the
lower temperatures resulted from & low-order, heterogeneous reaction, .
then increasing the reactor’s surface area would have increased the %
proportion of low-order reaction and would have reduced the apparent

bt N

order. That this was not observed strongly implies that the observed :
low-order results from a homogeneous rather than a heterogeneous reaction, -

Rate Law and Arrhenius Parameters, To account for an observed order of

less than one for a homogeneous reaction it will require that a contri-

k Early work by Schumacherl, indicated a rate constant independent of

reactor materials, It is unlikely that a variety of glass and metal
surfaces would have quantitatively the same effect on the rate of a
heterogeneous reaction.,
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bution to the mechanism be made from a chain sequence of steps. An initial
rate lavw which is consistent with that requirement and which fits the data
is given by the following equation (a gero-order term was ruled out be-
cause that would require & heterogeneous reaction):

r, = k,_(OFg)o + k;/z(OFa):/a (3)

The seébnd term becomes less siggificant as the temperature increases.
Plots of ry/(OFz), vs (OFz) o /2 yielded straight lines, the inter-
cepts and slopes of which gave the pseudo first- and the pseudo l/2-order
rate constants (containing a total pressure dependence) respectively. In
order to insure that a relationship of the form of Eq. 3 was reasonable in
view of the scatter of the data, correlation coefficients were calculated
for the five tempernturesls. These values along with the probability that
the variables ro/(OFg)o and (OFE)O1 2 are unrelated are given in Table 2,

it Lkl i

Table 2
Statistical Treatment of Data H
Temperature Correlation % Probability :
°K Coefficient of Unrelated Variables !
603 .95 ' £0.1 :
633 .81 ~] :
658 .80 ~1
680 .40 >20
TOk .31 >20

The values obtalned indicate that at the three lower temperatures Eq, 3
is a reasonable repregentation of the data. The pseudo first- and pseudo
1/2-order rate constants were converted té the second- and 3/2-order rate
constants by dividing by total concentration (He + OFz) and are presented
in Table 3.

oobeld e i

i thane
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Table 3

Rate Constants
T K ke x 1072 By, % 10° ks
°K sec™? (cc/mole sec) (mole/cc)l/a sec * (cc/mole) 72 sec™?
603 .0096 I , 001 g 2.0 1.0
633 .060 * ,006 3.2 2.5 1.3
658 .152 t 013 B.4 40 2.2
680 k1 t o4 23.2 -b —
704 .92 % 15 55 -b —
a

It is believed that the fractional uncertainty in the rate constants
would not exceed the fractional uncertainty represented by the aversge
deviation in the r/(OFz) intercepts; thus, these are the t values re-
ported,

These values would be relatively too small to be significant as shown
by the correlation coefficients.

The reported fractional uncertainties in the first-order rate constants are

equal to the fractional uncertainties represented by the average deviations
in the r/(OFz) intercepts since it 1s believed that this would represent

an upper limit.
An Arrenhuis treatment of the second-order rate constants gave the
following results (the t values are based on one sigma confidence level):
ko = 10188 ¥ .6 eyp( 39,200 t 1,700/RT)(cc mole™ sec”!)
This activation energy is consistent with those previously reported, It
is believed that the uncertainties in the 3/2-order rate constants are too
large to warrant comparable Qquantitative treatment.

Pyrolysis Mechanism. An acceptable mechaniam for this reaction must be

able to account for the observed products and the initisl rate law, i.e,
Eq. 3., The only conceiveble way for which the less-than-first-order
dependence of a homogeneous reaction can be accounted is by a chain

mechanism; the following mechenism is proposed (assuming a very short
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chain length):

AH* for reaction

. (kcal/mole of reactant)
OFz +M —> OF+F+ X 39 (4)
. F+ OFp —» Fp+ OF 1 (5)
OF +M —>» O+ F+M 53 (6)
2OF+M — Op+Fa+M -26 (1)
20+M —> O + M -60 (8)

The reverse of step 5 was not included becsuse only initial retes are
being considered. Although the heats of reactlion are included, there is
considerable uncertainty as to the value of the heat of formation of OF;
thus, the heats of reaction involving this spacies are also uncertain,

Steady-state treatment of this mechanism gives rise to the following
rate equation: . L

r = 2 ko(M)(OF2) + ke(kefk7) /2(m)(ora) /2 9)
The fact that EQs. 3 and 9 are of the same form, for constant total pressure,
supports the contention thet the proposed mechanism is operative and makes
a significant rontrivution to the total reaction. This mechaniam is the
’ only one conceived which leads to orders less than ones for OFp. Schumlcherlj,

based on recent unpublished results, has observed orders of slightly less

* than two when undiluted OF; was pyrolyzed. To render the proposed mechanism
consistent with Schumaecher’s observation, the inclusion of M in Eq. 7 is
necessary. Excluding M in this step increases the order with respect to M
in the second term of EqQ. 9 from one to 3/2. Thus, the oversll order of
this second term would be 2 rather than 3/2.

X The heats of reaction were estigated using for the heats of formation
2

for OFs, OF, and F values of 6 2617 and 1917 kcal/mole respectively.
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Clyne and Coxonl® have discussed the OCL recombinstion (the analog

of step T in the mechanism presented herein). They concluded that a

reaction which leada to molecular products is possibvle at total pressures
of above 100 torr and thet the reaction is termolecular and may be third-
order under certain conditions, At lower presasures, the bimolecular
reaction could lead toCl atom formation and would be second-order., Step
T of the mechanism proposed in this study is conaistent with thease argu-
ments, EQ. T hes been discussed on the basla of bondingn y and it hes
been concluded that it would occur with little or no sctivation enerygy,
similar to the case of the OCl radical.

Reactions (10) snd (11) have been used by previous investigators to

20F —>» 0+ 2F (10)

2F+M — P+ M (1)
describe the pyrolysis mechanism, and these probably contribute significantly
to the reaction under the conditions in the present studyx. However, these
steps when combined with (4) form a first-order non-chain process, or
combined with (4) and (5) form s 3/2-order chsin process. In fact, all
mechanisms devised using step 11 as a termination led to ordersé} 1. Thus,
it can be concluded that although many steps may contribute to the overall
reaction, the observed less-than-first-order kinetics strongly indicate
that steps 5, 6 and 7 in the proposed mechanism must be included also,
In addition, due to the complexities discussed, it would be overly sim-
plified to consider that the experimental k; is equal to 2 ky as in Eq. 9,
but instead it probably consists of a complex group of terms,

The observation that the order incresses toward one at higher
temperatures implies that the activation enmergy for the 3/2-order term in
the rate law must be lower than that of the second-order term, i.e., less
than 39. 2 kcal mole ™, Based on presently available thermochemical infor-
mation on reactions in Eqs. 4, 6 and 7, i.e. unless activation energies for
steps 4 and 7 are larger than expected and that for step 6 smaller, it is
difficult to explain such & low overall activation energy. One possible

X A steady-state treatment of a mechanism which contains all the steps

which probably contribute to the reaction yields a solution which is
unmanageably complex and experimentally unverifiable. Thus, these
calculaticns sre not reported.
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explanation hes been implied in the previcus discussion, that the AHf

of OF 18 actuslly less than the estimsted value, and the observed sctivstion
energy of kp is less than the FO-F bond dissociation energy because of chain

propagating steps in the mechanlam.

HYDROGEN-OXYGEN DIFLUORIDE REACTION

Reaction Products and Stoichiometry. The following discussion applies to
experiments conducted in the monel reactor only; product studies from
reactions in the aluminum reactor are yet to be completed.
of the Hp-OF, reaction wers found to be HF, Hz0, and O,

The products

As praviously
discussed, HzO and Oy were detected and Quantitatively measured mass

spectrometrically. Hydrogen fluoride was confirmed and messured semi-
quantitatively uaing a wet chemical technique. These measurements of
the products, plus the rates of reaction obtained from the measured
disappearance of Hy as well as OFz, give sufficient information to
establish the following stoichiometry for the reaction:

OFs + 3/2 Ho —>» 2 HF + 1/2 K0 + 1/bk 07
i.e, about one-hsl{ the oxygen from reacted OF, 1ls converted to O gaa.

Kinetic Results Cbtained in the Monel Reactor. This kinetic study was
far more exploratory in nature than the study of OF, pyrolysis since
no reported kinetic results ware found in the literature. The initial
experiments were carried out at 110, 130, 150, 170 and 190°C, and

at concentration ratios which were thought to be approximately stoi-

chiometric, or in some cases with large excess of Hp t0 more clearly

determine the OF; order. A list of the initial concentrations of re-
actants is as follows:

mole ﬁ OFp mole ﬁ Ho
0.5 1.0
1.0 1.0
1.0 2.0
1.0 5.0
0.5 5.

An attempt to use higher concentrations of both reactants, i.e, 2% OFz
and 4% Hp, resulted in thermal acceleration; thus, the reported results
are based on the above concentrations only.

It was found that with approximately stoichiometric concentrations
the rate of reaction dropped off very rapidly as the extent of reaction

-24-
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increased (all kinetic data presented in the report are based on OFg
disappearance). The speed with which the rate decreased is indicative
of strong inhibition by product(s); the other alternative explanation,
approach to equilibrium, would not apply for this reaction. The de-
creagse in the rate was too rapid to allow rellable extrapolation back
to initial conditions. The three products were added to the reactant
streams to determine their effect on the rate, Concentrations of 0.3
mole % Hz0 and 0.8 mole % HF had no significant effect on the rate.
However, the addition of 0.8 mcle % Op at 170°C lowered the rate by a
fact>r of sbout 8 at 0.5 sec. contact time and by a factor of about 1.6
at 8 sec, contact time, Thus, the apparent effect of the added O
becomes less as the O concentration from the reaction becomes more
significant.

In a preliminary examination of the effect of 0o concentration on
the rate, it was found that there was very little difference in the
rates using 2% or 5% concentrations of added Oz (the 5% rates were about
104 lower). These experiments were conducted at 190 and 220°C to get
extents of reaction large enougt wr’-r highly inhibited conditions &o
that they could be dealt with quaatitwcively. This indicated that with
5% O edded, essentially meximum inhibition had been reached, and that
the rate equation must have at least two terms, one of which has an inverse
dependence on (0z). Thus, it should be possible to determine the con-
centration dependencies of the maximally inhibited reaction.

Fig. 9 illustrates that the OF, dependence of the inhibited -reac¢tion
is very close to first-order at the two temperatures, 1.e. the slopes
of the log-log plots are about one over a wide range of OF, concentrations.
However, the Hp dependence of the fully inhibited rate is not as simple
or as clearly defined. Table L4 shows that the (H-,) dependence of the in-
hibited iritiel rate is about 0.3 order., In addition, it was found that
the rate/(OFz) ratio for the inhibited reaction was esséntially independent
of extent of reaction at 190°C and showed a small (ca. 10%) increase in
going from 20 to 70% reaction at 220°C, which furthe. indicates a low
order effect with respect to (Hz).
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initial concentrations
© 1% OFy - 5% Hy - 5% Op
@0.5% OF; - 5% Hy - 5% 07

reference lines (n=1)

.01 .02 .04 .06 .08 .10 .2 .4 .6 .81.0
(OF), mmoles -1
FIGURE 9  Log rversus log (OFy) at 190 and 220°C. for the fully inhibited reaction
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Table L
Effect of (Hz) on Initial Rate Under Conditions of Maximum Inhibition
(Initial Concentrations: 1 Mole % OFo, 5 Mole % Og)
Initial x_-ate/(OFa)° Mole % Ho Temperature rs/r2

gec } °0
. 113 2 190
L 143 5 190 all
. 280 2 220
-380 5 220 1.35

The surface effects on the rate were tested by stuffing the reactor
with monel wire. An increase in the surface area by a factor of 2.5 pro-
duced a significant increase in the rate as shown in Fig. 10. These data
were obtained at 190°C and a comparable set was obtained at 170°C giving
egsentially identical results, thus, were not included. It can be seen
that for the inhibited reaction (solid points), the rate increased by
about 50% when the higher surface was present, and again was avout first-
ordar in OF,, independent of surface ares. Howevér, the rate of the un-
inhibited reaction showed negligible surface effects initially, when Oz
concentrations were low, but surface effects become significant as O
was produced by the reaction (open points). In addition, four sets of
experiments were run s8fv’ _ar to those listed in Table k4, but with a
stuffed reactor. For these experiments, the average ratios of rates
at 5% Hp to those at 2% Hp at compsarable extents of reaction were
definitely lower than those obtained from the empty reactor: rs/rp =
1.20 at 190°C and 1.1L4 at 210°C. Thus, the order with respect to (Hz)
for the inhibited reaction appears to decrease with increasing surface
area, It can be concluded that the term in the rate expression con-
taining 0> concentration appears to be dominant at low extentrs of
reaction and is describing a homogeneous reaction; whereas, the rate
of the inhibited reaction would require at least & two term expression
in a monel reactor, one of which would be heterogeneous.

In an attempt to c¢larify the order of the term in the rate ex-
pression containing the Oy concentration, several sete Of experiments
at 170°C and 190°C were made with variable, low concentrations of Op
added in about the amounts produced by the reaction. The concen-
tr. ions used were 1% OFz, 2% Hp and O to ,20% 0z. It was concluded
after several analytical treatments of these data, that the O(z)-
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reaction conditions
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FIGURE 10 L0g r versus log (OF,) at 190° C, showing heterogeneous effects
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conteining term in the rate law that best fits the data 1s of the

- form of the third term in EQ. 12 (the total rate law)X:
r = kq(OF2) + ky(OF2)(Ha)™ + ko(OFe)(Ha)/[1 + v(0)2/(0Fz)] (12)
. where x probably is 1 or 1/2; the data were not definitive enough to

establish the value of x. The form of the first two terms is based on
the data {orders and surface effects) obtained under conditions of maxi-
mum inhibition as discussed previously. The first term describes the
heterogeneous component of the reaction and by virtue of its inde-

o

i
1
3

pendence of hydrogen ccncentration, gives rise to the low-order with
respect to Hp for the maximally inhibited reaction.
If b(Oa)/(Ofé)‘gsl and kg + kb(H)x approximately constant under

{ the conditions used, then a plot of r/(OFz) vs (OFz)(Hz)/(0z) should ve
] a straight line, the slope of which should be equal to kc/b. Flg. 11
' and 12 illustrate this treatment of the data obtained from experiments

. at 150 and 170°C and a& variety of initial concentrations (no added 0p). i
b The rate constants from the slopes are summarized in Table 5; the inter-
cepts were generally too small to be treated quantitatively, thus, shifts
due to changes in Hy concentration hed an insignificant effect on the

J sdarm it i

ke

sadat.

intercepts,

Table 5 Ji

Rate Constants for the (0z) Containing Term ;

T ' k. /o x 102 3

(°c) (1/mmole sec. ) f

130 0. 22 3

150 13 3
170 5.6
190 17.0

An Arrhenius plot of these constants gives the following equation (% values

il sl

TR

Other analytical treatments that were trled were considerably poorer with
respect to bringing the data from varih?}e initial concentrations into
alinement, with one exception., If (Hz) /% was used in place of (Hp) in

the third term, the resulting alinement was as good; however, the curvature
was greater which made it a poorer functional fit.

A

This ratio arises because of the competition which is believed to occur :
between Op and OF; for the H atoms, :
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are & one O~ confidence lavel):
¥k fo = 10107 * . € oy (26,400 * 1,200/RT)(2/amole sec, )
The 26. 4 keal activation energy is the difference between those of k, and b,

Kinetic Results Obtained in the Aluminum Reactor. Only the rate of the in-
hibited reaction has been examined to date, since under these conditions
e larger heterogensous effect was exhibited in the monel reactor, During
the preliminary experiments and the examination of the surface effects it
was noted that the rates were much lower than those obtained in monel
(concurrently the surface effects were significantly reduced). Thus, it
Wwas necessary to use higher temperatures, 160-260°C, then those used pre-
viocusly. The same stoichiometry was assumed for the reaction insaluminum
as in monel, i.e. (Hp)/(OFz) = 1.5,

Table 6 illustrates these observations, listing average rate/(OFz)
ratios for each series of experiments in both reactors under about the
same conditions. It can be readily seen that the rates for the inhibited
reaction in aluminum are about a factor of 5 lower than those in monel
under about the same conditions., In eddition, increasing the surface
area by a factor of about 2.5 increased the rate by only about an average
of 20% as compared to about 50% in monel.

Table 6
Comparison of Data from Both Reactors and Heterogeneous Effects®
Monel Aluminum
Av r/(OF,) Temperature Reactor o AV r/(OFz) Temperature Reactor
sec™® °C Condition sec’® °C Condition
. 056 170 P . 085 220 E
. 040 170 E .116 220 P
. LeT 190 P . 227 240 E
. 081 190 E . 222 240 P
.53 220 E . ou8 200 E
. 094 220 E
. 192 240 E
& fhe concentrations of reactants were (in mole %) 1.0 - OFs, 1.5 (Al)
or 2,0 (Monel) - Ho and 5 - Op.
b

E = empty, P = packed with spirals to increase surface area.
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Because of the lower rates, it was believed that the Oy posasibly was
not as effective in producing maximum inhibition. Thus, rates were measured
using 5, 10 and 20 mole % Oa. There appeared to be no significant dif-
ferences in the results using the higher two concentrations, therefore,

10% Oz was used in all subsequent experiments.

Most of the kinetic experiments to determine the reaction order were
run at 200 and 220°C, since reasocnable extents of reaction ware obtained
over a wide range of initial concentrations. An examination of the data
indicated an order of slightly greater than one with respect to OF; and
a very low order with rkspect to Hx Preliminary treatment of the data,
i.e. dividing average r/(OFz) values by the initial concentration of
reactants each to the 1/h power, indicated that approximate orders of
1.25 and 0. 25 for OF, and Hp respectively appeared reasonable, The data
at 220°C obtained from intial OFx-Hp concentrations of 1 - 1.5, 0,5 - 0. 75,
0.5 - 1.5 and 0.25 - 1.5 mole % appeared to fit a rate equation of the form:

r =k (OF2) + ko(OF2) / 2(Hz) /2

Using the variables r/(OFz) and (OFa)l/e(He)l/2 a correlation coefficient,
slope and intercept were calculated:

cor. coef. = ,81 (21 points) k; =.0315 k, =.250
The high correlation coefficient indicates a better than 99.9% proba-
bility of a functional relationship between the variables, and since
the data at 200°C gave comparable results, it appears that this may
be a fruitful approach, and attempts will be made to expand the
concentration range at several temperatures.

Reaction Mechanism. It would be premature to altempt to present a

detailed mechanism based on the present data. However, with a reasonable
degree of certainty a few elementary reactions can be postulated as par-
ticipating in the overall mechaniam, Initiation must occur by an inter-
action between both reactants, since OF, and Hp do not significantly

dissociate under the conditions used. A possible initiation step is as
follows:
OFz + Ho —> HF + OF + H
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In addition, the inhibition by Oz is probably due to the following com-
petitive reactions, which are analogous to those believed to occur in the
Ho-Fp reaction mechanism:eo
M+02+H —>» HOz+ M
H+ OFp —>» HF + OF
It is apparent that much more work is necesaary before a study of the

kinetics of the OFp-Hp reaction would be considered reasonably complete.

HYDROGEN-TETRAFLUORCHYDRAZINE REACTION

The study by Kulin and Wel.hnmlo of the explosive reaction between Hp

and N F, showed that the atoichiometry was simplest with (Hz)/(NzFq) = 2;
with this ratio the only products formed were Np and HF. As the relative
amount of Hp went duwn, F; and NFg became significant products. Therefore,
it appears that the intial work should involve hydrogen rich reactant
ratios,
With only Hp and NoF4 in He it was not possible to get a controlled
reaction. Using concentrations of NpF4 down to about .25 mole % and Hp
as low as .5% a non-steady-state behavior was obtained. It was found that
at temperatures low enough (e.g U40°C), no reaction would occur. As the
temperature was raised, reaction would occur in an oscillatory menner,
i.e. the reaction would start to go to completion, then stop while the
concentration of NoF4 was built up on the reactor, then go to completion
egain after reaching a particular value, followed by a repeat of the
cycle; thus, never reaching a steady-state, In addition, these oscillations
in concentration were accompanied by pressure pulses and audible pops. The
temperature at which these oscilllation started depended on the concentration
of reactants and was about 70°C for the lowest concentrations used.
However, if O, was added as an irhibitor, a controllable,steady-state
reaction couid te obtained. With the above reactant concentrations and
about 50% Oz, about 20% and 50% reactionwere obteined at 76 and 90°C
regpectively. This will be the starting point for the rate studies.

DEVIATIONS FROM STEADY~STATE

Prior to obtaining the experimental data already discussed, some
thought was given to the problem of deviations from steady-state as
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applied to the concentrations of intermediates formed in complex reactions,
Specifically, the problem of interest was the forms of the experimental
rate expressions for reactions involving radical intermediates as the
temperatures increased sufficiently to invalidate the ateady-state as-

sumption, The mechanisms treated were Rice-Herzfeld chain reaction and

consecutive-parallel non-chain reaction, i.e. a radicel produced in

step one attacks the reactant molecule in step two, The results of

this effort were published in ke Journel of Chemical Physics and are
included in the Appendix,

It is of interest to note that although direct quantitative
application of the methods developed in this paper do not appear
possible in the case of OF; pyrolysis, due to complexities of the
reaction, the observed rise in r/{OF,) as a function of time at the
higher temperatures is quelitatitely similar to that predicted for

deviations from steady-state in the case of a consecutive-parallel
mechanism,
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For complex reactions which produce, in the ini-ia: ter, mdical intermediates that attack the resctant
in & subsequent step, the form uf the rate equ' '~ - wi’ caange as the reaction temperature increases.
This is caused by s change in the relative rates or cut 1~ >+~ "2l steps in the mechani>m due to differences
in activation energies. A method has been develcped for ¢+ 'L .ating the form of the rate equation at these :
higher temperatures for two mechanisms: a consecutive-parslle) nonchain process and the Rice-Herzfeld E
chain reaction. The method is based on the elitziaation of time as the independent variable from the rate
equatious. It was calculated, for the consecytive-parslle] mechanism, that the rate is a complex increasing
function of the extent of resction ot temperatures high enough 5o that the steady-state assumption was not
valid, i.e., the rute of the radical attack step was too slow compared to rate of radical production. Using this
spproach it was shown that nignificant deviations from steady state would be found in the case of methane
pyrolysis at about 2200°K for concentrations below 10~¢ mole/cm?. It was found for the Rice-Herzfeld
mechanism that a shift from three halves to first-order kinetics occurs as the temperature increases, al-
though the concentrations of radicals in the transition temperature range would still be low enough nat
to InvaliGate the steady-state assumption. For acetalichyde aud dimethyl ether pyrolyses, these shifts

. would occur at about 1100° and 900°K, respectively.

For most reactions involving radical intermediates,
treatments of kinetic data involve the use of the steady-
state assumption for the concentrations of the radicals,
which is usually valid because of low radical concen-
trations. However, with the increasing interest in fast
reactions at high temperatures, it is essential to have a
means available for the calculation of deviatio. from
steady-state behavior and/or to be able to predit the
form of the rate equation for the disappearance uf the
reactant as the reaction temperature incresses. The
objective of this study is to extend the methods de-
veloped by Benson! in order to calculate the changes in
the form of the rate equation with increasing radical
concenltration for two mechanisms: consecutive-parallel
nonchain and Rice-Herzfeld? chain reactions. This will
provide a simpler method for calculating the tem-
perature at which deviations from steady state will
occur than the procedures developed by Giddings and
Shin® for the consecutive-parallel mechaniam.

The consecutive-parallel mechanism can be expressed
by the equations

A—B+X, 1
A+B—C+Y, (2)

where A is the reactant, B the radical intermediate,
C the stable product, and X and Y may be other
Jroducts, or radicals which lead to products, but do not
15t with A or produce species which react with A.

s 14, S. W. Benson, J. Chem. Phys. 20, 1605 (1952); (b) The
Foundations of Chemical Kinetics (McGraw-Hill Book Co., New
York, 1960), . IIL.7.

(,;;’4.)0. Rice and K. F. Herzfeld, J. Am. Chem. Soc. 86, 284

% (a) J. C. Giddinge and H. K. Shin, J. Chem. Phys. 36, 640
(1962); (b) J. Phrn. Chem. 63, 1164 (1961); (c) Trans. Faraday
Soc. 87, 468 (1961).

At steady state, the rate of Step (1) equals that of
Step (2), or two molecules of A disappear for each
occurrence of Step (1).
The kinetic equations for A and B in this mecha-
nisni are
dA/dt=—khA—kAB, (3}

dB/dt=kA—kAB. 4)

These equations cannot be solved explicitly except by
approximate methods. But the concentration of B as a
function of the concentration of A can be obtained by
the elimination of the time variable, by dividing Eq.
(4) by Eq. (3) to yield Eq. (5).1*

dB/dA=(B—K)/(B+K), (5)

where K =k,/k,. This can be integrated directly to yield,
with some rearracgement (B =0 when A=A,),

B/K+2In(1-B/K) =(—Ao/K) (1—A/A0). (6)

A table of values, or family of curves, of B/K [relative
rates of Steps (1) and (2)] vs extent of reaction
(1—A/A,) for different values of Ar/K can be con-
structed, as illustrated by Table I,

The rate of decomposition of A as expressed by
Eq. (3) can be rewritten

—dA/di=rate=hA(1+B/K). )]

Thus, the experiisental values, rate/A, at different
extents of reaction are proportional to the values of
(14B/K); the proportionality constant it k. The
shape of the experimental rate/A vs extent of reaction
curve will indicate the value of Ao/K applicable to the
data, which in tum will provide B/K values at different
extents of reaction. Values of &, and & can be calculated
from Eq. (7) and the definition of K. If As/K is Jarze
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enough, =100, then steady state applies (i.e. B/K=1)
and rate/A =2k for all extents of reaction. The extent
of deviation from steady state is given by the value of
(1—B/K); the larger this value, the farther the re-
action is from steady-state conditions. Thus, it appears
that for Ae/K values above 30, the steady-state approxi-
mation applies for most of the reaction, and for values
below 30, deviations from steady state will become
serious.

If equations are available for Ay and &, then a simple
calculation can be made to predict the temperature at
which deviation from steady state would occur. The
pyrolysis of methane has been studied extensively at
high temperatures using the shock tube*7 and serves as
an example of the above reaction scheme. From the
literature a reasonable mechanism for the pyrolysis

appears to be
CH~—CH¢+H, (8)
H+ CH—~CH,+H,, )
2CHy—C,H,. {10

Alt.rnates for Steps (9) and (10) are possible, but if it
is assumed that the rates of Steps (9) and (10) are
approximstely equal to their alternate counterparts,
then the mechanism fits the model being discussed.
The values for the rate constants s.ce given by Eqs.
(11)4and (12)%:

k=104 exp(~- 163 000/RT") (sec™?), (1)
ky=10% exp(—12 000/RT) (cm?/mole-sec). (12)

The initial concentrations of methage in the shock-
tube studies were in the range of 3X10~7-4X10-¢
mole/cm®. The calculated values of A/K at 2200°K
based on the above information ranged from 6-80,
depending on As. This shows that at the lower concen-
tration, deviations from steady-state kinetics would be
expected for the decomposition of methane at 2200°K.
Since mosat of the results reported in the literature are
for temperutures below 2000°K, the gteady-state
assumption appears valid.

It was found that As/K=20 at 2400°K, if the
calculation was carried out using the same parameters
as Giddings and Shin® (the main difference is that
they assume Ay=10-* mole/cm?®). This indicates that
deviations from steady state would become significant
under these conditions, which is in good agreement with
the previous work. It stould be noted that if the rate-
constant frequency factor is of the form A/775, that the
rate constant for Step (2) will not increase as rapidly as

*H.B. Palmer and T. J Hirt, J. Phys. Chem. 67, 709 (1963).
a .9?9)3 Skinner and R. A. Ruchrwein, J. Phys. Caem. 63, 1736
‘V K(elvgghn C. E. Heath, and M. Boudart, J. Phys. Chem.
;s &1 Roostov and V. G. Koorre, Combust, nmeo.zso('osz)
¢ J. C. Polanyi, ]. Chem. Phys. 23, 1505 (1955)

Tanz I. Cencentration® of intersedinte in
conpecytive-prraliel reaction.

P — A
Extent of reaction
0.1 0.2 0.3 0.8

099 100 100 1.00
08 097 09 1.0
088 0% 085 098
023 0% 0851  0.66
000 017 024  0.35

® Values given as B/K =Biy/iy, of relotive spseds of Steps (1) and (2),
Some values were obtained from Nef. 1(0).

predicted by the Arrhenius equation. Thus, deviation
from steady state would occur at a alightly lower tem-
perature than predicted from the above calcu'ation.
The more complicated case of two radicsls produced
in the first step which both can attack the reactant is
handled in ezsentially the same manner. This initistion
will lead to two parallel abstraction steps [Step (2)]
which will have equal rates at the lower temperatures
(i.e., at steady state). As the reaction temperature in-
creases, the slower Step (2) (i.e.. that with the lower
activation energy) would be the first to cause deviation
to occur, and this could be detected in a shift in the
relative amounts of products. For example, the steps
in the mechanism of the pyrolysis of chloromethane

which involve the reactant are’
CH,Cl—CH,+Cl, (13)
CHs+ CELClCH+CH,CY, (14)
Cl4 CH,Cl—-HCl4-CH,Cl. (14)

Thus, one mole of methane is produced for three moles
of reactant consumed at stesdy-state conditions. If
Step (14) was slower than (14’) at higher temperatures,
then this ratio should drop to less than 1:3, and the
analysis can be inade as before. Calculations based on
available data for Reactions (13)® and (14)% ahow that
deviation from steady-state kinetics would be expected
at aboit 1500°K, ie, Ay/K=8 for Aymd4X10~7
mole/cm?, k=50, ky = 1070 (sec~! and cm?/mole-sec,
respectively).

It should be noted that implicit in the above develop-
ment is the assumption that Reaction (1) (initiation)
is in the first-order region and &; is the limiting value et
infinite pressure. However, reactants with few atomns in
a molecule, such as the examples given probably are in

*(a) A. E. Shilovand R. D Run ., Phys. Chem
(Englich Transl.) 33, 1365 (1999) (b) oitroos, Trans
u'ndny Soc. 87, 2151 (196
(1951;) . Raal and E. W. R Steacie, J. Chzm. Phys. 19, 329

o
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Tamex II, thdoa of intermediate* and relative rates
for Rice-Hersfeld mechanisms.

™ K mol:;un' 8/Ky)*
Acetaldehyded
1000 1.IX108  2.6yi0n 15
1200 331000 5.7.10" 1.7
Dimethyl ethere
a0 1.2x10°% 1.8x102 15
1300 410 1.9%10~ 7.2X10~

* Initial concentration of remctants As = 10°* mole/cms.
® Steady-state concestration of .

* Relative razes of Stepe (16) aad (17).

4 Data from Ref. 3(a).

¢ Data from 8. W, Benson, Ref. 1(b), p. W1,

the second-order or transition region for unimolecular
decompositions. Therefore, in order for the calculations
outlined to be valid, it would be necessary to keep the
total pressure constant (assuming a sufficient concen-
tration cf inert diluent so that activation is mainly by
diluent). Under these conditions the rate equation has
the form*

rate= (A MA)/(koM+k)+hBA, (15)

where &, and £_. are the rate constants for activation
and deactivation by collision, respectively, k. is the
specific rate for the decomposition of activated reactant,
and M is the concentration of inert diluent. It would be
difficult to interpret data with this form of the rate
equation, i.e,, in the transition region. However, for the
decompoeitions of large molecules at reasonable pres-
sures, k;=kyk,/k o, and for small molecules at pressures
sufficiently low to reduce the rate equation to the
second-order region, b=k} ; thus, these are the de-
sired conditions for the experiments. For the latter case,
the treatment of the data can be carried out as outlined
previoualy with the total pressure effect showing up in
Ao/K = Aedn/ kM.

In dealing with the more complicated case of &
radical-chain process, such as a Rice-Herzfeld mecha-
nism, steady state may not be the imporiant con-
sideration. For a Rice-Herzfeld mechanism with -8
or u-u terminations, the nomendlature is that of
Laidler,2 the steady-state concentrations of § and u
are not constant but are functions of the reactant con-
centration (unlike the previous mecuanism treated, in
which the steady-state concentratiop of B=XK). The
problem becomes the need for a description of the
dependence of the radical concentration oun reactant
concentration as the radical concentration increases

“F A. Lindemann, Trans. Faraday Soc. 17, 598 (1922).
K. J. Laidler, clu-.w Kinetics (McGraw-Hill Book Co.,
New Iork 1965), p. 390

ara
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(and the rate of the initiation step becomes competitive
with that of the propagation steps) since this will
determine the order of the rate equation.

The mechaniam used for the model is the Rice-
Hersfeld mechanism in its simplest form

(16)

A—-8+X,
B+A—u+Py, (17)
u—B+Py, (18)
28—Py, (19}

where 8 and 4 are the radicals involved in the bi-
molecular and monomolecular propagation steps respec-
tively; Py, Py, and P; are products; and X may be a
product or radical which does not contribute to propaga-
tion. The A8 termination is favored, because the 8
radical concentration increases more rapidly as tem-
perature increases than does that of the u radical.

The rate equations for the propagating radicals and
reactant are

—dA/dt=heA+knBA, (20)
dB/dt=kyA—bBA+huu—2Kus,  (21)
du/dim kpBA— k. (22)

Again, the direct sclution of these equations is not
possible. However, if steadv state is assumed for u,3
then elimination of the time variable from Eqs. (20)
and (21) yields the concentration dependence of § on A

(Kf/A)— K,
K\+8 ’

where Ky=hiy/bn, Ka=ku/kn, and 8=0 at A=A, It
was found (through a Rur,ge-Kutta numerical solution)
that the conrentration of # was about equal to that
found by the steady-state treatment for temperatures
at which the rates of Reactions (16) and (17) become
competitive. Thus, the order of reaction will shift
although the concentrations of radicals are small
enough to allow the steady-state treatment to be a valid
approximation.

Usually, in the steady-state treatment of the Rice-
Herzfeld mechanism, the rate of dizappearance of
reactant is taken as kndA since it is considered to be
much larger than %A, which justifies dropping the
Iatter term (considering the rate of formation of a
product has the same result). Table II lists the relative

d8/dA= (23)

umﬁaﬁon for this tion is based on the foliow.
‘ng considerations. The lwld]y-state concentration of um ky8A /kys.
It can be nuumed that at Jower temperatures, the steady-state
spproximation is reasonable for both radicals. As the temperature
increases k)¢ will probably rise at a more rate than Ay since
the latm usually has the smaller activation energy. Therefore,
the ratio of rate constants will decrease with temperature; hence
the concentration of u dues not increzse as y as that of 8.
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rates of Steps (16) and (17) a8 8/K; for the pyrulyus
of acetaldehyde and dimethyl ether at several tem
peratures. If this ratio is sufficiently large, i.e., >10
the reaction order for the eeofmcunt
will be determined by Step (17). For smaller values of
B/K,, the reaction will be & transition region [or deter-
mined by Step (16) if the ratio is small enough].

Since 8 (steady state) is proportional to A'®, the
rate equation would have the form

rate=hyA+kn'A, (24)

where Ay’ = ky(ky/kys) 1. It can be concluded, from the
8/K, values in Table II, that a shift in order from three-
halves toward one could be expected for the pyrolysis of
acetaldehyde and dimethyl ether in the temperature
region of about 1100° and 900°K, respectively, aithough
the steady-state assumption may be valid at these
conditions. The application of Eq. (24) to rate data in

the transition region from which Ay could be calcu-
lated explicitly would be straightforward,

The Rice-Herzfeld mechaniam has been presented in
its simplest form; side reactions and shifts in mechanism
may also complicate the interpretation of data. In
addition, the problems of collision activation for the
unimaolecular steps in the mechanism for the pyrolysis
of smaller molecules and collision deactivation for
termination (third body) must be considered, as dis-
cuseed in the previous section. The effects discussed in
this presentation should be considered in addition to
these other complications.
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