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FOREWORD

The principal objective of this program is to obtain a better

knowledge of the chemical reaction mechanisms of high energy rocket

propellants containing fluorine. This final report describes research

completed during the period from June 1, 1967 through August 31, 2971.

The program was supported by the Air Force Office of Scientific Re-

search, Energetics Division, United States Air Force under Grant No.

AF-AFOSR-l2l-67, entitled, "Rates and Mechanisms of Reactions of

Fluorine Containing Rocket Propellants."

During this period, contributions to the program were made by

T.W. Asmus (Ph.D. Candidate), D. Humbert (technicianj, and T. Houser.
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ABSTRACT

'The rate and mechanism of pyrolysis of OF2 has been studied uning a

monel, stirred-flow reactor, over the temperature range of 330 to 31'C,

and a concentration range of one to ten mole % OF2 in helium at a total

pressure of one atmosphere. The only observed products 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 expression:

[ (oF)Ido -- (OF) + k3 l(M)(OF.)l/2

where k 2 and k 3/2 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 k2 values gave the following expression:

Sk 2 - lO6'9 ±• ' exp (59,200 t 1,T0O/RT)(cc/mole see. )
The uncertainties in k3/ were too large to allow a comparable quanti-

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

face effects; thus, a radical-chain mechanism 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

over the temperature range of II0-260iCa and concentration ranges

of 0.25 to 2.0 mole % OF2 , 0.5 to 5.0 mole % H2 and 0 to 20 mole %

02; total pressure was again one atmosphere with He as the diluent.

The products of the reaction and stoichiometry are shown by the

following equation:

2 OF, + H2  --> 4RHF+ H 2 0 + 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
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the data, obtained from the monel reactor:

-k&(0F 1) + kb(0Fa)(H2 )X + k0 (OFa)(Ha)/[l + b(02)/(OF2)

where x may be 1/2 or 1. The orders appear to be different than those
indicated by the above equation for the fully inhibited reaction in

aluminum (high concentrations of oxygen were introduced to make the
third term in the rate equation negligible). The overall orders were

found to be 1. 25 and 0. 25 with respect to OF, and H2, respectively.

Work is continuing to better define this rate law.
-. Attempts have been made to obtain rate data for the hydrogen-

tetrafluorohydrazine reaction. It was found that steady-state

reaction could not be achieved using only He as the diluentj the
reaction did not proceed at a measurable rate at room temperature

and when the reaction was initiated by heating to above 4 0°C, it

went to completion. Thus, it appeared to be a go-no go situation,

the temperature at which reaction started depended on the concen-

trations of reactants. By adding a large concentration (ca 50 mole %)
of oxygen, a controllable rate for the inhibited reaction was ob-

tained in the 70 to 90VC range.
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INTRODUCTION

OBJECTIVE

The primary objective of this study is to obtain a better understanding

of the chemical properties of fluorine containing rocket propellants. The

compounds selected for study were OF2 and N2F 4 because their chemical prop-

erties have not been well established. Furthermore, they contain groups

which contribute to the composition of many new high energj propellants;

thus, a knowledge of their reaction mechanisms will contrihute to the under-

standing of the chemical behavior of many new propellents. 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 OF2 and of the OF2 -H2 reaction, and the establishment of the

conditions to be used for the study of tha rate of the N2 F 4 -H 2 reaction.

BACKGROUND

Although the kinetics of the thermal decomposition of OF2 has been

studied extensively, there remains considerable doubt as to the mechanism

of pyrolysis. This reaction has been investigated with static1 ' 2 and flow-3

systems, and in shock tubes 4-7. It has been found to be about first-order

with respect to OF2 when a large excess of inert diluent gas is present, with

the pseudo first-order constant proportional to total pressure, and found

to be approximately second-order when only pure OF2 is used. The reported

activation energies were in the range of 31 to 42 kcal/mole.

The main problem to be resolved is the nature of the pyrolysis mechanism

of OF2 ; it it chain or non-chainy There i 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 lion-

chain, then the activation energy for the rate of disappearance of OF2

should ccrrespond to the bond dissociation energy for the above rupture.

Using this premise and the heat of formation of OF 2 , the calculated O-F

bond strength is greater than that of the FO-F bond. Thus, if the

above assumption concerning the mechanism is valid, it is difficult

to explain why the OF radical has not been observed directly as an in-
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termediate.-

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. al ; the value that ,,ey obtained was about 60 kcal/mole. However, it

should be noted that this value probably has a large uncertainty due to

the technique used. From the above discussion it can be seen that there

are unanswered questions concerning the pyrolysis of OF2 , the current

program is attempting to resolve some of these.

In addition to the pyrolysis of OF2, the reactions of hydrogen with

OF2 and N2 F4 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 H2 -OF2 reaction has been studied in connection with a

chemical laser produced by the photolysis of a mixture of the reactants

In addition, the mechanism of the explosive H2 -N2 F4 reaction has been

studied10; the conclusions reported were based on the measured product

distributions. In that reaction, N2 F2 was postulated as a key inter-

mediate in the mechanism, formed directly from an attack of H atoms on

N2 F4, However, because of the high degree of dissociation of N2 F4 at the

reaction cc:.ditions used, other steps may be necessary to explain the

origin of the nitrogen produced.

Especially in the low pressure flow system of Dauerman , 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 Bauer 6 , using mass spec-
trometric analysis, the calculated OF concentration is the same order of
magnitude as the measured 02 concentration over a 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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EXPERIMENTAL

APPARATUS

The rate data has been obtained using a conventional flow system

equipped with a monel, stirred-flow reactor entirely housed in a 7 ft.

walk-in hood (Fig. 1). However, the later experiments were conducted

with an aluminum reactor of the same design.

The OF2 -He and H2 -He mixtures, stored in 5 and 10 gal. tanks re-

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

The flow rates were regulated by pressure regulator-needle 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 meter. The flow lines are stainless

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

despite possible drifts and fluctuations in instrument sensitivity.

The reactant and product concentrations were me~asured with a mass

spectrometer (Picker Nuclear, M.S. 10), equi.pped 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-bypass "T" connection. Since the recorder

response was obtained at a known 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-

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

-3-
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quantitatively by Sullivan and Houser . The reactor temperatures were

measured using several standardized (NRS-Zn, Pb, Cu, Al) chromel-p.umel

thermocouples and a portable potentiometer (Honeywell model 2T32,); tem-

perature controL was maintained with a Versatronik controller (Honeywell

model R7161H).

PROCEDURE

There were a few general operations which were applicable to both

the pyrolysis of OF2 and the 0F2 -H2 reaction. It was necessary to insure

that the surfaces of the flow system'werepassivated before making rate

measurements. This was done by exposing the cold surfaces (flow lines

and unheated reactor) to OF2 until a steady response by the mass spec-

trometer wab 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, differential rate data
12

were obtained. The reactionrates were calculated from Eq. 1

rate = (co - c)/t (1)

where co = concentration of reactant entering reactor,

c = concentration of reactant leaving reactor,

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

Oxygen Difluoride Pyrolysis. The general conditions in the pyrolysis

experiments were: temperature range, 330 to Or3°C; contact times of

0. 5 to 20 seconds; about one atmosphere total pressure; and reactant

-6-



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 it the proper value. The ion peak heights (,/e = 54)

were recorded for the stream through both the bypass 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 exrprl'ents which involved modifications to the

procedures. Because of a concern for the possibility of the gas not

heating rapidly enough during the higher flow rate experiments, the

reactor entrance was provided with a preheater. Heating the entering

gas to about 2000C 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

S~groups of experiments were made with an increased surface area obtained
by stuffing the reactor with monel 1/4 in. rod, and wire in the form of

loose spirals. The surface area was increased by factors of 1. 5 and

2.5, respectively. Similarly, the effects of gaseous additives on

the rate were examined by including the additives in the reactant

mixtures for some experiments. The results of these experiments

will be discussed later.

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 a change in stirring character-

istics at these low pressures.

Hydrogen-Oxygen Difluoride Reaction. The conditions for the H2 -OF2

reaction in the monel reactor were: temperature range U10 to 220°C;

contact time of 0. 5 to 20 sec.; one atmosphere total pressure; and

reactant concentrations of 0. 5 and 1. 0 mole% OFo, 0.5 to 5.0 mole %

Hp and up to 5.0 mole % 02, with helium as the diluent.

Only the inhibited H2 -OF2 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

-7-
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higher oxygen concentrations were necessaryto produce maximum in-
hibition. These conditions were: temperature 160 to 26?OC; contact

times of L 5 to 20 sec. j reactant concentrations of 0. 25 to a 0 mole

% 0PF, 0.5 to 3. 0 mole % H2 and 0 to 20 mole % 02; total pressure

and diluent were the same as before.

Most of the procedures were similar to the pyrolysis reaction

and those will not be described further; however, it is worthwhile

to discuss some of the modifications made. It was necussaxy 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 OF2 tank for those experiments measuring

the inhibiting effect of oxygen. Water was added to the reaction

mixture by passing the H2 -He mixture through a bubble tower, and HF

was added to the OF2 tank to 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 OF7; however, some data were obtaired by measuring

the changes in hydrogen concentration, which served as a check on
the stoichiometry 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 chemical

techniques, and only an approximate value was obtained because

of inefficient trapping due to the reactivity of HP.

Higher concentrations of OF2 and H2 were trded (2 and 4i.
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 H2 -0F2 reaction, but at
lower reactor temperatures.

-8-



RESULTS AND DISCUSSION

REACTOR STIRRING EFFICIENCY

In order to use Eq. 1 to calculate reaction rates fzom the experi-

mental observations, it is necessary to insure that efficient stirring

is obtained. This can be checked by injecting a.non-reactive gas (e. g.

nitrogen) into a helium stream and measuring the non-steady-state con-

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

of the concentration is expressed by Eq. 2, if complete mixing is ob-

tained

c cEll - exp(-'I/tD (2)

where c a the concentration of trace gas leaving the reactor

co = the concentration of tracer gas entering the reactor

[ = clock time

t * contact time

Fig. 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. Simila:- 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 OF2 were

found by mass spectrometric analysis to be 02 and F2, which is consistent

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

evidence for small amounts of 02 F2 and the 0F 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 350 to 4310C and at initial OF2 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 OF2 at

the lower temperatures, i.e. about 0.75 at 35T0, and uniformly increased

to first-order at the higher temperatures. Figs. 4 and 5 illustrate

-9-



CO
observationN

contact time -17.5 sec.

0

o0 time 0

CO

contact time -1. 6 sec.
C

0
0 time

FIG=~ 3 A study of stirring efficiency



1.0

4m
T"330DC¢

T() -WC ol

a -3 oleI
.10 A -10 moleS

n- raion order

.010/

4
reference line (n-)

.001
.01 4 .10 4 1.0 4 10.

(0MY, mmoles I".

FIGcRE t Log r versus log (Of2) at 30C.

.-II-



1.0

A£

| ' g •If• reference line (n-Dl

4

#ALA-

S.010 0 / 0oF2)0. 0-1 mole%
A-10 mole %

.4 n- reaction order
4 U

.001",
.01 4 .10 4 1.0 4 10.

(OF 2), m*oles I1 o

FIG= 5 Log r versus log (OF2) at 4070mC.



this trend for the first set of data, showing an increase in slope

with temper'-'ure for the points at low extenta of reaction. The

observati0o, o ic.' order has not been previously reported, possible be-

cause techniqL. ý. timt do not provide for the direct deberminanion of

rates are relatively insensitive to minor order variations. Schumacher

and co-workers , however, have recently observed a similar low-order

effect at low temperatures in static vessel experiments using pure OF2 .

Having reproduced this order effect in two subsequent sets of experi-

ments (consisting of about 20 runs/set at each temperature), including

one set in which a smaller reactor was used to broaden the variations

in stirring and surface conditions, it has been concluded that this

effe:t is real, i.e. is not apparatus-induced.

The data were further analyzed by plotting rate/(0F2 ) vs contact

time for each of the initial concentrations 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:ation which are not one

will produce variable intercepts for different initiel concentrations.

Extrapolation to t = 0 gave rise to initial rates which eliminated potential

complexities resulting from product effects. Some experiments at longer

contact times were left off the figures because they did not influence these

extrapolations significantly.

The initial rate data are presented in Table 1; the averages of the

intercepts Elnitial r/(OF 2, values are listed as functions if initial OF2

concentration and temperature, the initial rates were corrected to 100%

-l• I
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Table 1

Initial Rate Data

Temperature OF2 Concentration x 108 r 0 (corrected)/(OF2 )
9 C mole/cc

.197 .055 t.001
330 .591 036 -03

1.-97 . t .004

•187 .116 t .008
360 .563 .100 t .013

i.87 .076 t .006

.181 .245- .013
385 .543 .210 t.023

1.81 .18o t. o03

.174 .46o t o3.
407 .521 .440 -t .04 I

1.74 .425 ± .01

.168 1.01 t .12
431 .5o4 .85 ± .12

1.68 .89 t .25

The t values are the average deviation from the mean

intercept at each concentration.

He as the collisional activating medium . 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

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

in the individual measurements, the size of which depended primarily on
flow rate, extent of reaction and concentration.

A Helium is reported (Ref. 1) to be only about 40% as effective as the
reactant in collisionally activating OF2 , therefore, the effective
total pressure is about 15% greater for a mixture of 90% He and 10%
OF2 (.90 + .1 0/. 4 = . 15) than if all activation came from collisions
with He at the same total pressure. Thus the ro values were corrected
by dividing by 1.15, L 04 and 1. 02 for the 10, 3 and 1 mole % reactant
mixtures, respectively. The most significant correction comes in the
case of comparing results of experiments using a diluent with those
using pure OF_. On this basis under the same conditions pure OF 2

should yield 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 OF2 is 75% (Ref. 2), the use of which would
reduce the size of the corrections discussed.

-16-



It can be seen easily, that the dependence of the apparent first-

order constamt on initial concentration is well outside the limits of

reproducibility of the experiments at the three lower temperatures.

However, the rate appears to have a first-order dependence on initial

concentration at the two higher temperatures. At the same time, the

order with respect to time decreases to less than one at the higher

temperatures, as shown by the increasing slope in the r/(OF2 ) vs

time plots. The reasons for this observation are not clear, how-

ever a similar observation was made in the shock tube study of

Blauer and Solomon'; it may be caused by some autoctaslyis, 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. In order to insure that this drop in

r/(OF2 ) at shorter contact times was not caused by non-isothermal

conditions at higher flow rates and temperatures, the gas mixture

was heated to about 2000C before entering the reactor in some ex-

periments without affecting the rate significantly.

The less-than-first-order dependence of the rate 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 least

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 02 had no

apparent effect on the rate; however, F2 inhibited the reaction

slightly (again similar results were obtained by Blauer and

Solomon 5 )., e.g., a reaction mixture containing 3 mole % F2 and

OF2 (each) had a pyrolysis rate averaging about 15% below that

of a reaction mixturecontaining no initial concentration of F 2 .

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

Qualitatively similaritrends 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 surface/volume ratio by factors of 1, 7 and 2. 5 respectively.

Fig. 8 illustrates that the change in s=rface area of a factor of 2. 5 at

3850C increased the reaction rate by only 10%, A similar set of data was

obtained at 3606C 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 surface reactions are proportional to the

available surface area, this reaction clearly is not. There are 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

to the surface area, or (b) where the reaction rate is diffusion controlled.

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 Bauer 6 that the rate

constants from data obtained in conventional systems are about 5 to 10

times larger than those obtained from shock tube data because of hetero--

geneous effects implies a reaction rate which "4'ould be significantly

sensitive to surface area. This suggestion is inconsistent with the
data reported herein and with other investigations for heterogeneous

Aeffects during this reaction . In addition, had the low order at the

lower temperatures resulted from a 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 -

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-

A I
Early work by Schumacher , 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 law which is consistent with that requirement and which fits the data

is given by the following equatimn (a zero-order term was ruled out be-

"cause that would require a heterogeneous reaction).

ro - k1.(o0 2 )0 + ÷ /2(2 0 (3)

The second term becomes less significant as the temperature increases.

Plots of r0/(O1 2 ) vs (OF2)oX/2 yielded straight lines, the inter-
0

cepts and slopes of which gave the pseudo first- and the pseudo 1/2-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
1-5for the five temperatures . These values along with the probability that

the variables ro/(OF2 )o and (OF2)o /2 are unrelated are given in Table 2.

Table 2

Statistical Treatment of Data

Temperature Correlation % Probability
K Coefficient of Unrelated Variables

603 .95 '(0.1
633 .81 -~1
658 .80 0-I.
68o . 4o >20
T04 .31 >20

The values obtained indicate that at the three lower temperatures Eq. 3
is a reasonable representation of the data. The pseudo first- and pseudo

1/2-order rate constants were converted t6 the second- and 3/2-ord9r r&te

constants by dividing by total concentration (He + OF2) and are presented

in Table 3.
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Table 3
Rate Constants

kT kR x 10i- k31

"OK sec'- (cc/mole sec) (mole/cc) 1/2 sec'- (cc/mole) /2 s*t"

603 .096 t -001 .49 2.0 L 0
633 ,o6o -. 0oo6 3.2 2.5 1.3

658 .152 ± .0013 8.4 4.0 2.2

680 .41 t .04 23.2 - b -

704 .92 - .15 55 - b -

It is believed that the fractional uncertainty in the rate constants
would not exceed the fractional uncertainty represented by the average
deviation in the r/(OF2 ) intercepts; thus, these are the ± values re-
ported.

b 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/(OF2 ) intercepts since it is believed that this would represent

an upper limit.

An Arrenhuis treatment of the second-order rate constants gave the

following results (the ± values are based on one sigma confidence level):

k2= 101"'9 t .68 exp(-39,200 t 1,700/BT)(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 quantitative treatment.

Pyrolysis Mechanism. An acceptable mechanism for this reaction must be

able to account for the observed products and the initial rate law, i.e.

Eq. 3. The only conceivable way for which the less-than-first-order

dependence of a homogeneous reaction can be accounted is by a chain

mechanism; the following mechanism is proposed (assuming a very short
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chain length): WRk for reaction
(kcal/mole of reactant)

OF +M -- + OF+F+M 39 (4)
F + OF2 P2 + OF 1 (5)

OF+M 0 ++F+M 53 (6)

2 OF+M - 0 O+ F2 +M -26 (M)
2 0 + M -- 02 + M -60 (8)

The reverse of step 5 was not included because only initial rates are

being considered. Although the heats of reaction are included, there is

considerable uncertainty as to the value of the heat of formation of OF;

thus, the heats of reaction involving this species are also uncertain.

Steady-state treatment of this mechanism gives rise to the following

rate equation:

r = 2 k4(M)(OF 2 ) + ke(k)/k)/2(M)(OF2 ) '/2 (9)
The fact that Eqs. 3 and 9 are of the same form, for constant total pressure,

supports the contention that the proposed mechanism is operative and makes

a significant contribution to the total reaction. This mechanism is the

only one conceived which leads to orders less than one for OF2. Schumacher13,

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

* than two when undiluted OF2 was pyrolyzed. To render the proposed mechanism

consistent with Schumacher'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 Eq. 9 from one to 3/2. Thus, the overall order of

this second term would be 2 rather than 3/2.

The heats of reaction were estimated using for the heats of formation
for OF2 , OF, and F values of 616, 2617 and 1917 kcal/mole respectively.
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Clyne and Coxon have discussed the OCM recombination (the analog

of step 7 in the mechanism presented herein). They concluded that a

reaction which leads to molecular products is possible at total pressures

of above 100 torr and that the reaction is termolecular and may be third-

order under certain conditions. At lower pressures, the bimolecular

reaction could lead toC1 atom formation and would be second-order. Step

7 of the mechanism proposed in this study is consistent with these argu-

ments. Eq., 7 has been discussed on the basis of bonding, and it has

been concluded that it would occur with little or no activation energy,

similar to the case of the OCM radical.

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

2 OF --4 o + 2F (10)

2F+M --+ 2 + M (11)
describe the pyrolysis mechanism, and these probably contribute significantly

to the reaction under the conditions in the present study . However, these

steps when combined with (4) form a first-order non-chain process, or

combined with ( 4 ) and (5) form a 3/2-order chain process. In fact, all

mechanisms devised using step 11 as a termination led to orders >, 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 2 is equal to 2 k4 as in Eq. 9,

but instead it probably consists of a complex group of terms.

The observation that the order increases toward one at higher

temperatures implies that the activation energy 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 a low overall activation energy. One possible

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
calculations are not reported.
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explanation has been implied in the previous discussion, that the AHM

of OF is actually less than the estimated value, and the observed activation

energy of k, is less than the PO-F bond dissociation energy because of chain

propagating steps in the mechanism.

HYDROGEN-OXYGEN DIPWORIDE REACTION

Reaction Products and Stoichiometry. The following discussion applies to

experiments conducted in the monael reactor only; product studies from

reactions in the aluminum reactor are yet to be completed. The products

of the H2 -OF2 reaction were found to be HF, HO, and 02. As previously

discussed, H2O and O were detected and quantitatively measured masa

spectrometrically. Hydrogen fluoride was confirmed and measured semi-

quantitatively using a wet chemical technique. These measurements of

the products, plus the rates of reaction obtained from the measured

disappearance of H, as well as OF 2 , give sufficient information to

establish the following stoichiometry for the reaction:

oF2 + +/2 H2 -ý 2HP+1/2H 2 0+l/40 2

i.e. about one-half the oxygen from reacted OF2 is converted to Oa gas.

Xinetic Results Obtained in the Monel Reactor. This kinetic study was

far more exploratory in nature than the study of OF 2 pyrolysis since

no reported kinetic results were found in the literature. The initial

experiments were carried out at 110, 1.30, 150, 170 and 190oC, and

at concentration ratios which were thought to be approximately stoi-

chiometric, or in some cases with large excess of H2 to more clearly

determine the OF2 order. A list of the initial concentrations of re-

actants is as follows:
M01e % OP2 mole %_He

0.5 L0
1.0 1.0
1.0 2.0
1.0 5.0
0.5 5.0

An attempt to use higher concentrations of both reactants, i.e. 2% 0F2

and 4% H,2 resulted in thermal acceleration; thus, the reported results

are based on the above concentrations only.

It was found that with approximately stoichiometric concentrations

the Mate of reaction dropped off very rapidly as the extent of reaction
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increased (all kinetic data presented in the report are based on OF1

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-

crease in the rate was too rapid to allow reliable 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 % H2 0 and 0.8 mole % HF had no significant effect on the rate.

However, the addition of 0.8 male % 02 at 1700C lowered the rate by a

facto)r of about 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 02

becomes less as the 02 concentration from the reaction becomes more

significant.

In a preliminary examination of the effect of 02 concentration on

the rate, it was found that there was very little difference in the

rates using 2% or 5% concentrations of added 02 (the 5% rates were about

10% lower). These experiments wbre conducted at 190 and 2200C to get

extents of reaction large enougl u-r r highly inhibited conditions so

that they could be dcalt with quantit,-•ively. This indicated that with

5% 02 added, essentially maximum inhibition had been reached, and that

the rate equation must have at least two terms, one of which has an inverse

dependence on (02). Thus, it should be possible to determine the con-

centration dependencies of the maximally inhibited reaction.

Fig. 9 illustrates that the OF2 dependence of the inhibited ,reattion,

is very close to first-order at the two temperatures, i.e. the slopes

of the log-log plots are about one over a wide range of OF2 concentrations.

However, the H2 dependence of the fully inhibited rate is not as simple

or as clearly defined. Table 4 shows that the (H2 ) dependence of the in-

hibited initial rate is about 0. 3 order. In addition, it was found that

the rate/(0F2 ) ratio for the inhibited reaction was essentially independent

of extent of reaction at 1900C 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 (H2 ).

-25-



.10

.08

.06

.04 220P C.

.0 2 -0

pi .0 1 0 19

g .008

.006 Iinitial concentrations
•c 0 ® 1% OF2 - 5% H2 - 5% 02
9 .004 O • 0. 5% OF2 - 5% H2 - 5% 02

reference lines (n-i)

.001 £

.01 .02 .04 .06 .08 .10 .2 .4 .6 .8 1.0

(OF2), mmoles 1 re

FIGURE 9 Log r versus log (OF2) at 190 and 2200 C. for the fully inhibited reaction



Table 4
Effect of (H2 ) on Initial Rate Under Conditions of Maximum Inhibition

(Initial Concentrations: 1 Mole % OF2 , 5 Mole % O2)

Initial rate/(OF2 ) Mole % H2  Temperature r5 /r2
sec- 1  0C

.153 2 190

.1143 5 190 1.27

.280 2 220 L 35

.38o 5 220

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 1700C giving

Sessentially 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 aoout first-

order in OF2 , independent of surface area. However, the rate of the un-

inhibited reaction showed negligible surface effects initially, when 02

concentrations were low, but surface effects become significant as O0

was produced by the reaction (open points). In addition, four sets of

experiments were run s ..m'-ar to those listed in Table 4, but with a

stuffed reactor. For these experiments, the average ratios of rates

at 5% H2 to those at 2% H2 at comparable extents of reaction were

definitely lower than those obtained from the empty reactor: r 5 /r 2

1.20 at 190°C and 1. 14 at 2100C. Thus, the order with respect to (H2 )

for the inhibited reaction appears to decrease with increasing surface

area. It can be concluded that the term in the rate expression con-

taining 02 concentration appears to be dominant at low extentr of

reaction and is describing a homogeneous reaction; whereas, the rate

of the inhibited reaction would require at least a two term expression

in a monel reactor, one of which would be heterogeneous.

In an attempt to clarify the order of the term in the rate ex-

pression containing the 02 concentration, several sets of experiments

at 170•C and 1900C were made with variable, low concentrations of 02

added in about the amounts produced by the reaction. The concen-

trb ions used were 1% OF2 , 2% H2 and 0 to . 20% Oz. It was concluded

after several analytical treatments of these data, that the 0(2)-
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containing term in the rate law that best fits the data is of the

form of the third term in Eq.. 12 (the total rate law)A:

r - ka(OF2) + kb(OF2)(H2) + kc(OF2 )(H2 )/[l + b(0) 2/(0F 2 )] (12)

where x probably is 1 or 1/2; the data were not definitive enough to
establish the value of Y. 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-

pendence of hydrogen concentration, gives rise to the law-order with

respect to H2 for the maximally inhibited reaction.

Yf b(Oe)/(OF2)A* 1 and ka + kb(H)x approximately constant under

the conditions used, then a plot of r/(OF2 ) vs (OF2 )(H 2 )/(0 2 ) should be

a straight line, the slope of which should be equal to kj/b. Fig. lU

and 12 illustrate this treatment of the data obtained from experiments

at 150 and 1700C and a variety of initial concentrations (no added 02).

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 H2 concentration had an insignificant effect on the

intercepts.

Table 5

Rate Constants for the (02) Containing Term

T k/b x 102

(cc) (l/mmole sec. )
130 0. 22
150 . 3
170 5.6
190 17.0

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

Other analytical treatments that were tried were considerably poorer with

respect to bringing the data from varib1 ýe initial concentrations into
alinement, with one exception, If (H2 ) 2 was used in place of (H2) in
the third term, the resulting alinement was as good; however, the curvature
was greater which made it a poorer functional fit.

This ratio arises because of the competition which is believed to occur

between 02 and OF2 for the H atoms.
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are a one O- confidence level):

1kc /b- =l 7 * .• exp. (26,4o t 1, 200/RT)(1/mole sec.)
The 26. 4 kcal activation energy is the difference between those of kc 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

a larger heterogeneous 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

was necessary to use higher temperatures, 160-2600C, than those used pre-

viously. The mame stoichiometry was assumed for the reaction in aluminum

as in monel, i.e. (H2 )/(OF2 ) - 1.5.

Table 6 illustrates these observations, listing average rate/(OF2 )

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 3 lower than those in monel

* under about the same conditions. In addition, 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/(OF2 ) Temperature Reactorb Av r/(OFZ) Temperature Reactor b

sec 1 -C Condition sec'• 9C Conditionb

.056 170 P .085 220 E

.040 170 E 116 220 P

.3127 190 P .227 240 E
.081 190 E .222 240 P
.33 220 E .048 200 E

.o94 220 E

.192 240 E

a The concentrations of reactants were (in mole %) 1.0 - OF2 , L-5 (Al)

or 2.0 (Monel) - H2 and 5 - O_.

b E = empty, P = packed with spirals to increase surface area.
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Btecause of the lower rates, it was believed that the 02 possibly was
not as effective in producing maximum inhibition. Thus, rates were measured

V using 5, 10 and 20 mole % 02. There appeared to be no significant dif-

ferences in the results using the higher two concentrations, therefore,

10% 02 Was used in all subsequent experiments.
Most of the kinetic experiments to determine the reaction order were

run at 200 and 2206C, since reasonable extents of reaction ware obtained
over a wide range of initial concentrations. An examina~tion of the data

indicated an order of slightly greater than one with respect to OF2 andIia very low order with r~spect to H,-.  Preliminary treatment of the data,
a i.e. dividing average r/(0F 2 ) values by the initial concentration of

reactants each to the 1/4i power, indicated that approximate orders of

1.25 and 0. 25 for 0P2 end H2 respectively appeared reasonable. The data

at 2206C obtained from intial 0F2 -H2 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 =c k(OF2 ) + lca(0F2 )/2(H12

Using the variables r/(OF2) and (OF2 ) '
2 (H2 )1/

2 a correlation coefficient,

slope and intercept -were calculated:
cor. coef. =.81 (21 points) k1. = .0315 k2 -. 250

The high correlation coefficient indicates a better than 99.9% proba-

bility of a ftunctional relationship between the variables, and since

the data at 2000 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 attempt to present aI

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 mechanism. Initiation must occur by an inter-

action between both reactants, since OF2 and H2 do not significantly -
dissociate under the conditions used. A possible initiation step is as

follows:
0F2 +H 2 -) H+ OF +H



In addition, the inhibition by 02 is probably due to the following com-

petitive reactions, which are analogous to those believed to occur in the
20

H2 -F 2 reaction mechanism:

M + O2+ H - HO2 + M

H+ --4 HF+ OF
It is apparent that much more work is necessary before a study of the

kinetics of the OF2 -H2 reaction would be considered reasonably complete. I
HYDROGEN-TETRAFLUOROMDRAZ INE REACTION

10The study by a*1 and Wellman of the explosive reaction between H2

and N2F4 showed that the atoichiometry was simplest with (H2 )/(N F4 ) - 2;
with this ratio the only products formed were Na and HF. As the relative J
amount of H2 went down, F2 and NFs became significant products. Therefore,

it appears that the intial work should involve hydrogen rich reactant

ratios.

With only H2 and N2 F4 in He it was not possible to get a controlled

reaction. Using concentrations of N2?4 down to about . 25 mole % and H2

as low as .5% a non-steady-state behavior was obtained. It was found that

I at temppr&tures low enough (e.g. 400C), no reaction would occur. As the

"temperature was raised, reaction would occur in an oscillatory manner,

i.e. the reaction would start to go to completion, then stop while the

concentration of N2F4 was built up on the reactor, then go to completion

again 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 oscillation started depended on the concentration

of reactants and was about 70 C for the lowest concentrations used.

However, if O was added as an inhibitor, a controllable, steady-state

reaction could be obtained. With the above reactant concentrations and

about 50% 02, about 20% and 50% reactionwere obtained at 76 and 90WC
respectively, 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



applied to the concentrations of intermediates formed in omplex 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 steady-state as-

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

consecutive-parallel5 non-chain reaction, i.e. a radical produced in

step one attacks the reactant molecule in stop two. The results of

this effort were published in he Journal of Chemical Physics and are
F included in the Appendix.

It is of interest to note that although direct quantitative

application of the methods developed in this paper do nob appear

possible in the case of 0F2 pyrolysis, due to complexities of the

reaction, the observed rise in r/(OF2 ) as a function of time at the

higher temperatures is qualitatitl4. similar to that predicted for

deviations from steady-state in the case of a consecutive-parallel

mechanism.
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Rate Equations for Reactions at High Temperatures Involving Radical Intermediates:
Conecutive-Parallel and Rice-Herzfeld Mechanisms
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For complex reactions which produce, in the in't- tor. r'dicsJ intermediates that attack the reactant
in a subsequent step, the form of the rate equ, V w-. Aange as the reaction temperature increases.
This is caused by a change in the relative rates oi _&i '- ! step. in the mnchani-m due to differences
in activation energies. A method has been devekled tor -••.Ating the form of the rate equation at these
higher temperatures for two mechanisms: a conaecutive-parllel noenchain process and the Rice-Herueld
chain reaction. The method is based on the clin.batMon of time As the independent variable from the rate
equatiota. It was calculated, for the consecutive-parullel mechanism, that the rate is a complex increasing
function of the extent of reaction ct temperatures high enough so that the steady-state assumption was not
valid, i.e., the rate of the radical attack step was too slow compared to rate of radical production. Using this
approach it was slhown that signilfcant deviations from steady state would be found in the case of methane
pyrolysis at about 2200"K for Loncentrations below I0" mole/cmn. It wat found for the Rice-Hendeld
mechanism that a shift from three-halves to fkit-order kinetics occur as the temperature increases, al-
though the concentrations of radicals in the transition temperature range would still be low enough not
to hnvahldate the steady-state assumption. For acetaldchyde "d dimethyl ether pyrolyses, these shifts
would occur at about I IO and 90K, respectively.

For most reactions involving radical intermediates, At steady state, the rate of Step (1) equals that of
treatments of kinetic data involve the use of the steady- Step (2), or two molecules of A disappear for each
state assumption for the concentrations of the radicals, occurrence of Step (1).
which is usually valid because of low radical concen- The kinetic equations for A and B in this mecha-
trations. However, with the increasing interest in fast nism are
reactions at high temperatures, it is essential to have a dA/dJ= -kA--kAB, (3)
means available for the calculation of deviatioe from
steady-state behavior and/or to be able to predit the dB/dktA--]AD (4)
form of the rate equation for the disappearance A the These equations cannot be solved explicitly except by
reactant as the reaction temperature increases. The approximate methods. But the concentration of B as a
objective of this study is to extend the methods de- function of the concentration of A can be obtained by
veloped by Benson' in order to calculate the changes in the elimination of the time variable, by dividing Eq.
the form of the rate equation with increasing radical (4) by Eq. (3) to yield Eq. (5).1b
concentration for two mechanisms: consecutive-parallel
nonchain and Rice-Herdeld' chain reactions. This will dB/dA (B-K)/(B+K), ()
provide a simpler method for calculating the tern- where K=kt/kI. This can be integrated directly to yield,
perature at which deviations from steady state will with some rearrangement (B=0 when A-A;),
occur than the procedures developed by Giddings and
Shin' for the consecutive-parallel mechanism. B/K+2 ln( -B/K) = (-Ao/K) (1-A/Aa). (6)

The consecutive-parallel mechanism can be expressed A table of values, or family of curves, of B/K [relative
by the equations rates of Steps (1) and (2)] vs extent of reaction

A-*B+X, (1) (1-A/As) for different values of A&/K can be con-
A+R--C+Y, (2) structed, as illustrated by Table I.

The rate of decomposition of A as expressed by
where A is the reactant, B the radical intermediate, Eq. (3) can be rewritten
C the stable product, and X and Y may be other -dA/dU=ratefkA(1+B/K). (7)
?roducts, or radicals which lead to products, tbot do not
i!. ..t with A or produce species which react with A. Thus, the experimaental values, rate/A, at different

extents of reaction are proportional to the values of
, S. W. Benson, J. Chem. Phys. 20, 1605 (1952); (b) The (I+B/K); the proportionality constant is k1. The

Fousjions of Chemical Kindics (McGraw-Hill Blook Co., New shape of the experimental rate/A vs extent of reactionYork, 1960) , Sec. 11I.7.
' F. 0. Rice and K. F. Herzfeld, J. Am. Chem, Soc. 56, 284 curve will indicate the value of As/K applicable to the

(934). data, which in turn will provide B/K values at differentI (at) J. C. Giddlnr Ptnd H. K. Shin, J. Chem. Phys. 36. 640
(1962); (b) J. Phys. Chem. 65, 1164 (1961); (c) Trans. Faraday extents of reaction. Values of k, and k2 can be calculated
Soc. 57, 468 (196 ) from Eq. (7) and the definition of K. If Aa/K is large
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enough, -1O0, then study state applies (i.e. B/I- 1) TAM I. Cmat1id0. Of hN1 .s iM
and rate/A -2k, for all extents at reaction. The tew t t Ied .
of deviation from steady state is giren by the value ol
(i-B/K); the larger this value, the farther the re-

action is from steady-state conditions. Thus, It appeats A*/K 0.1 0.2 0.3 0.S
that for Aa/K values above 30, the steady-state approtu- 0.e 1.00 1.
nmation applies for most of the reaction, and for values
below 30, deviations from steady state will become 30 0.85 0.97 0.99 1.00
serious. to 0.83 0.74 0.88 0.95

If equations are available for ,k and k,, then a smple 3 0 0.39 0.51 0.66
calculation can be made to predict the temperature at
which deviation from steady state would occur. The 1 0.09 0.17 0.24 0.35
pyrolysis of methane has been studied extensively at "a Vahim give 9$ B/Zr -Nwk•h W Mauve we@& of 86M• (1) and (2).
high temperatures using the shock tube'-4 and seves as a. W. .Obt MaL 1(b).
an example of the above reaction scheme. From the•:• literature a reasonable mechianism for the pyrolysisliappears to be predicted by the Arrhenlus equation. Thus, deviation

s.H, (8) from steady state would occur at a slightly lower tem-

perature than predicted from the above calculation.
H+CHr--4C+H&, (9) The more complicated case of two radicals produced

S2C -sH (10) in the first step which both can attack the reactant is
handled in esentially the same manner. This initiation

Ahttrntes for Steps (9) and (10) are possible, but if it will lead to two parallel abstraction steps [Step (2))
is assumed that the rates of Steps (9) and (10) are wlich will have equal rates at the lower temperatures
approximately equal to their alternate counterparts,' (i.e., at steady state). As the reacthm temperature in.
then the mechanism fits the model being discussed. creases, the slower Step (2) (Le.. that with the lower
"The values for the rate constants &re given by Eqs. activation enery) would be the first to cause deviation
(11)4and (12)': to occur, and this could be detected in a shift in the

ka- 10"' exp(- 1G3 000/RT) (sec-), (11) relative amounts of products. For example, the steps
in the mechanism of the pyrdysis of chloromethmne

k,-10 exp(-12 OO0/RT) (cm'/molesec). (12) which involve the reactant are'

The initial concentrations of methane in the shock- C•aI'--ICI, (13)
tube studies were in the range of 3XIO0-4XIO-
mole/cm'. The calculated values of A,/K at 2200"K CH1+CHCI-,CHI+Ct1CI, (14)
based on the above information ranged from 6-80,
depending on A,. This shows that at the lower concen- Cl+CH, Cl--,HCI+CHCI. (14')
tration., deviations from steady-state kinetics would be Thus, one mole of methane is produced for three moles
expected for the decomposition of methane at 2200*K. of reactant consumed at steady-state conditions. If
Since most of the results reported in the literature are Step (14) was slower than (14') at higher temperatures,
for temperatures below 2000"K, the steady-state then this ratio should drop to less than 1:3, and the
assumption appears valid. analysis can be made as before. Calculations based on

It was found that A,/K-23 at 24OrPK, if the available data for Reactions (13)' and (14)" show that
calculation was carried out using the same parameter deviation from steady-state kinetics would be expected
as Giddings and Shino (the main difference is that at aboit 1500"K, i.e., As/K-8 for Ao-4XI07-
they assume A.-10-' mole/cm'). This indicates that mole/cmr, ku-50, km-lIO'- (sec- and cm'/mole.sec,
deviations from steady state would become significant respectively).
under these conditions, which is ii' good agreement with It should be noted that implicit in the above develop-
the previous work. It sauld be noted that if the rate- ment is the assumption that Reaction (1) (initiation)
constant frequency factor is of the form A/T"1, that the is in the first-order region and k, is the limititg value P t
rate constant for Step (2) will not increase as rapidly as infinite pressure. However, reactants with few atoms in

a molecule, such as the examples given probably are in' H. B. Pamerazzd T. J. Hhrt.J. PhyuChem.07, 709 (1963). __

'G. B. Skinner and R. A Ruehmaan, J. Phys. C'ae. 6, 1736
(1959). ' (a) A. E. Shilov and R. D. Sabhmzs, Rus J. Phys. Ch-m

'V. Kevorklan, C. E. Heath, and M. Boudart, J. Phys. Chem. (EngeLh Transl.) 33, 1365 (1959). (b) L. A. Hoalboe, Tmran
:4,964 (1960). Fataday Soc. 57, 2151 (1961).

SG.1. koilov and V.G. Knorrc, Combust. Flame6, 2S56 ('962). OF. A. Rul and E. W. R. Stasce, J. Ch.. Phys. 19, 329
sJ. C. Polanyi, 1. Chem. Phys. 23, 1305 (19$5). (1951).
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TAss IL Concem tira al intermsdlatea an relative rtes (and the rate of the initiation step becomes competitive
far Rki-Herdeld m,-u.-.-- with that of the propagation steps) since this will

determine the order of the rate equation.
1124111DA-1 W 6 /The mechanism used for the model is the Rice-

Herzfeld mechanism in its simplest form

1000 I.7XI0-N 2.6Y0-u IS A--+X. (16)
1 3.3X1O'N s.7;10-" 1.7 O+A--p+Pj, (17)

Di ethy e' e--eP+P, (18)
8 1.2XIO-s I.SXJO-n is (19)

1,00 4X 10" 2.9X I" 7.2XlO"1
where 8 and p are the radicals involved in the bi-

* li eatr oat m o s,,.- I--s/c. molecular and monomolecular propagation steps respec-
*elathmi, oWf sw (16) and (Mi). tively; P:, P2, and Ps are products; and X may be a

"Data rMM RO (a). product or radical which does not contribute to propaga-
* Do& from & W. m ai. I Mbi. P. 301. ton. The "-O termination is favored, because the 0

rdi concentration increases more rapidly as tern-
the second-order or transition region for unimolecular perature increases than does that of the uradical.
decompositions. T1herefore, in order for the calculations The rate equations for the propagating radicals and
outlined to be valid, it would be necessary to keep the reactant are
total pressure constant (assuming a sufficient concen-
tration cf inert diluent so that activation is mainly by -dA/di-k -i-A+kiA, (20)
diluent). Under these conditions the rate equation has di/d-kuA-- 1 A+k~w--2 d, (21)
the formU

rate- (•/AMA)/(L.M+-,) +ksBA, (15) /do -krsA--kn. (22)

where k. and ". are the rate constants for actiation Again, the direct solution of these equations is not
and deactivation by collision, respectively, k. is the pos•ible. However, if steady state is assumed for ju,
specific rate for the decomposition of activated reactant, then elimination of the time variable from Eqs. (20)
and M is the concentration of inert diluent. It would be and (21) yields the concentration dependence of 0 on A
difficult to interpret data with this form of the rate -
equatiou, i.e., in the transition region. However, for the d#/dA--- (K(/A)23-K)
deconmpoitions of large molecules at reasonable pres- K1 +(
sures, k1 k - ,/"., and for small molecules at pressures where K, --kkr, Kefkulkn, and #-0 at AA.. It
sufficiently low to reduce the rate equation to the was found (through a Rurge-Kutta numerical solution)
second-order region, kh-k.M; thus, these are the de- that the conrentration of 0 was about equal to that
sired condition, for the experiments. For the latter cas, found by the steady-state treatment for temperatures
tJe treatment of the data can be carried out as outlined at which the rates of Reactions (16) and (17) become
previously with the total pressure effect showing up in competitive. Thus, the order of reaction will shift
A./K-Aoz./k.M. although the concentrations of radicale are small

In dealing with the more complicated case of a enough to allow the steady-state treatment to be a valid
radical-chain process, such as a Rice-Herzfeld m'*- approximation.
nism, steady state may not be the impolrtat con- Usually, in the steady-state treatment of the Rice-
sideration. For a Rice-Herzfeld mechanism with " Herzfeld mechanism, the rate of dimppearance of
or B-p terminations, the nomerdature is that of reactant is taken as knoA since it is considered to be
Laidler," the steady-state concentrations of f and # much larger than kwA, which justifies dropping the
are not constant but are functions of the reactant con- latter term (considering the rate of formation of a
centration (unlike the previous mechanism treated, in product has the same result). Table II lists the relative
which the steady-state concentration of B=K). The _

problem becomes the need for a description of the Thejusifiction for this awsuaption i baned on the follow-
dependence of the radical concentration on reactant "ngconsideations. The steady-state concentrtion of, ,-k,, A/ks,.
concentration as the radical concentration increases It can be assumed that at l~wer temperstura, the steady-state

.aproximation is reasonable for both radicals. As the temperature
increases k•, will probably rise at a more rapid rate than ko since

1 F. A. Lindemamn Trans Faraday Soc. 17, 598 (1922). the latter usually has the smaller activation energy. Therefore,
uK. J. Ladiler, C=mk*eiKixelits (McGraw-Hill Book Co., the ratio of rate constants will decrease with temperature; hence

New '•ork, 1965), p. 390. the concentration of u dves not iacree as rapidly as that of 0.
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rates of Steps (16) and (17) as0/1Y for the pyrolyses the transition region from which kh. could be cslcu.
of acetuldehyde and dimethyl ether at several tern- lated explicitly would be straightforward
peratures. If this ratio is sufficently large, i.e., > 10, Tle Rice-Herufeld mechanim has bee= presented In
the reaction order for the disappearance of reactant its simplest form; side reactions and shifts in mechanism
will be determined by Step (17). For smaller values of may also complicate the intepretation of data. In
O/Ks, the reaction will be a transition region [or deter- addition, the problem of collision activation for the

imned by Step (16) if the ratio is small enough]. unimolecular steps in the mechanism for the pyrolysis
Since 0 (steady state) is proportional to AM, the of mailer molecules and collision deactivation for

rate equation would have the form termination (third body) must be considered, as dis-
cussed in the previous section. The effects discussed in

rateou'a+knA", (24) this presentation should be considered in addition to
where •n'- n(h1 ih/hks)'. It can be concluded, from the these other complicationsi
/IK, values in Table I, that a shift in order from three-

halves toward one could be expected for the pyrolysis of ACIMOMI.MO]NT
acetaldehyde and dimethyl ether in the temperature This research has been sponsored by the Air Force
region of about I 100P and 900%, rempectivey, although Office of Scientific Research, Office of Aerospace
the steady-state assumption may be valid at these Research, United States Air Force, under AFOSR
conditions. The application of Eq. (24) to rate data in Grant No. AF-AFOSR-1291-67.

t I


