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ABSTRACT

- Shock waves into argon containing a small amount of NO2
have been used to study the kinetics of the thermal decompo-
sition of nitrogen dioxide from 1100 to 2300°K. Mole frac-
tions of NO, varied from 2.8 x 1075 to 1.5 x 107%; the ratio
argon/NO, varied from 5.6 to 360; the argon concentration
varied by a factor of twenty; and the NO2 concentration
varied by a factor of ften. Under these conditions, the re-
sults indicate that two separate reaction mechanisms are
operative. One path has the rate law —d[NOQ]/dt = ku[NOE][A]
with k, =3 x 1013 expl -65400/RT ] M"l sec™t and is apparently
the unimolecular decomposition of NO, at the second order
1imit. The other path has the rate law -d[NO,1/at = I [NO,]°
with an activation energy of 22 + 6 kcal/mole. This path is'
believed to be the bimolecular decomposition of NO2 first
observed by Bodenstein. However, extrapolation of this
mechanism to the shock tube temperatures gives results about
elght times too low. The reason for this discrepancy is not
known. One interpretation is that there 1is another bimolecular
reaction path for the decomposition of NOQ. A good possi-
bility fér such a path is the bimolecular formation of NOB’
recently postulated by Ashmore and Levitt, and its subsequent
rapld decomposition, elther by reaction with NO2 or by uni-
molecular dissocilatlon into NOpand 0. This dilscrepancy has

also recently been observed by Steinburg and Lyon in a con-



ecurrent investigation. However, the mechanism and conclu-
sions of ﬁhat study are not supported by the present
inveétigation.

Part II consists of a paper that has already been
published on the kinetics of the ferrous ion-oxygen reaction

in sulfuric acid solution,
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I. KINETICS OF THE THERMAL DECOMPOSITION OF NITROGEN
DIOXIDE BEHIND SHOCK WAVES

A. Previous Investigatlions

At temperatures of around 800°K and above, nitrogen
dioxide 1is unstable thermodynamically with respect to nitric

oxide and oxygen.

NO, + NO, = NO + 0, + NO (1)

The rates of both the forward and reverse of reaction 1 have
been extensively studied. Bodenstein and Ramstetter (1) used
a manometric technique and observed that, between 592 and
6560K, the rate of the forward reaction was proportional to
the square of the NO2 concentration and the activation energy
was 26.6 kcal/mole. Thus for this case the above stochio-
metric equation is, in fact, the elementary reaction. The
kinetics of the reverse reaction were studied by Bodenstein
and Lindner (2) from 470 to 662°K, and the reaction was found
to be termolecular as wriltten. From the known equilibrium
constant, the bimolecular rate constants for the forward reac-
tion were computed. The two sets of data form a single line
on an Arrhenius plot of log rate constant versus reciprocal
temperature (3). This is one of the classical demonstrations
that the equilibrium constant of an elementary process is the
ratio of the forward to the reverse rate constant., The com-

bined data may be well represented by the rate expression (4):
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1 -1

k, = 1.8 x 10° exp [-26600/RT] Mt sec

b

where kb 1s the rate constant for reaction 1 in the forward
direction and M signifles units of moles per liter.

The kinetics of reactlon 1 have recently been studied by
a spectrophotometric method by Rosser and Wise (5) between

% 40 1072 M.

630 and 1020°K over NO, concentrations of 10~
They too report a bimolecular rate law., The combined data
of all investigations fit a single straight line on an
Arrhenius plot with an activation energy of 26.9 kcal/mole.
Rosser and Wise found the reaction strictly homogeneous and
unaffected by large pressures of the inert gases nitrogen,
helium, and carbon dioxide. Their expression for the rate
constant is k, = 4.0 x 107 exp [-26900/RT] M“l sec™T.

Ashmore and Levitt (6) have reported that initial rates
of nitrogen dioxide pyrolysis near 7OOOK are greater than
the rates observed by Rosser and Wise at this temperature or
the extrapolated rates of Bodenstein and Ramstetter. The
reaction was followed by measuring the change in light absorp-
tion through a heated cylindrical cell with a logarithmic
photometer and high speed recorder. In this way the concen-
tration could be measured every five seconds. The initial
rate was about twice as great as the rate expected from the
earlier work, but the rate decreased to the expected value

as the reaction proceeded. This increased initial rate was

not observed when NO was present initially, so the conclusion
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was drawn that the presence of NO, either added initially or
due to reactlon, inhibits the mechanism responsible for the
increase in initial rate. Ashmore and Levitt have proposed

the following mechanism involving NOB’ the nitrate free

radical.
ko
NO, + NO, —=> NO, + NO (2)
3
ks
ky
NOg + NO, -——>NO, + 0O + NO (4)

Reactions 3 and 4 are well known in the thermal decomposition
of N205, and a recent summary of estimates of their rate con-
stants is available (7). By combining information obtained
from the shock tube investigation of the N205 decomposition
by Schott and Davidson (7) and other studies, it is possible
to arrive at independent values of k,, k3/ku, and k3/kuk2 (8)
which agree fairly well wlth the values published by Ashmore
and Levitt. These values will be considered further when
attempts to extrapolate the Ashmore and Levitt mechanism to
high temperatures are considered. It should be pointed out
that the bimolecular path first observed by Bodensteln and
Ramstetter is also occurring, and after inhibition of the
Ashmore and Levitt mechanism by NO has become effective, the

simple bimolecular path may be observed. Ashmore and Levitt
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rind the bimolecular rate constant k, = 19.4 M’l sec™, which
agreeg very well with the value 20 M"l sec—l reported by
Rosser and Wise at 707°K.

The kinetics of NO2 decomposition at the high tempera-
tures behind shock waves was investigated briefly in this
laboratory by Dr. W. R. Gilkerson in 1954, The results of
this unpublished investigation were that the process had an
activation energy of about 25 kcal/mole and that the reaction
was proportional to the square of the total gas concentration.

As the present investigation was being conducted, a con-
current investigation of NO2 decomposition behind shock waves
was reported by Steinburg and Lyon (9). The reaction was
studied in mixtures contalning 1 to 3.22% N02 in argon over
the temperature region 1400—25000K in a three inch square
shock tube. The reaction was followed by measuring the ab-
sorption of light of a small wavelength band near 436 mp,s
as 1in the present experiments. The decomposition rate was
reported to be first order in both NO2 and argon, resulting
in the rate expression -d [NOQ]/dt =kéI£N02][A]. The rate
constant is kg = 3.82 x 101! exp [-46100/RT] ﬂ_l sec™t. As
will be discussed in more detail later, the two shock tube
investigations give identical rates of decomposition under
identical conditions. When Noe—argon mixtures are rapidly

heated and compressed by a shock wave, light emission is ob-

served which is yellow-orange 1in color. Steinburg and Lyon



found the intensity of this light to follow the NO2 concen-
tration. This conclusion has been qualitatively verified 1n
the present investigation.

The mechanism proposed by Stelnburg and Lyon 1s given

below.
ks
NO, + A —=3>NOy,* + A (5)
ke
NO * + A ——>NO, + O +A (6)
, ke
NO,* + A —->=NO, + A + hv (7)
kg :
NGO, + O —=>> N0 + Oy (8)

From their empirical observation of a 46 kcal/mole activation
energy they rule out the dissociation reaction 9 below, which
has an activation energy of around 71 kcal/mole. However,
the above mechanism is highly implausible, as will be dlscussed
in detail later.

The present investigation, over wider concentration
ranges, indicates that the decomposition proceeds partly via
the Bodenstein mechanlsm and partly via the '"quasiunimolecular"

decomposition described by reactions ¢ and 10,

NO, + A NO + O + A (9)

Il

2

NO, + O = NO + O, (10)
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Reaction 9 is rate determining since 10 is very fast. The
apparent activation energy 18 therefore intermediate between
26.6'and 71 keal/mole and 1s dependent on the experimental
conditions. Under sultable conditions in the present work,
an activation energy of 57 kcal/mole was observed in experi-
ments designed to emphasize the contribution of reaction 9.
Therefore, the present investigation does not support the
mechanism or the conclusions of Stelinburg and Lyon.

Other investigations of nitrogen oxide reactions by the
shock tube method include the study of N205 decomposition
rates mentioned above (7), and the study of the room tempera-
ture decomposition of NQOM to NO2 by Carrington and David-
son (10). The fact that the latter reaction is quite rapid
at room temperature means that 1t will have no influence upon

the high temperature decomposition of NOE.
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B. The Experimental Method

1. Introduction

The thermal decomposition rate of NO2 has been observed
over the temperature range 1100 to 23OOOK in a gas mixture
of argon containing a small amount of NOQ. The high tempera;
tures result from passage of a plane shock wave through the
gas mixture contained in a shock tube. The NO2 mole fractions

ranged from 2.8 x 1073 to 1.5 x 1071

,» and initial pressures
of NOe—argon mixture ranged from .01 to .1 atm. The pressure
and density ratios across the shock depend on the shock speed
and composltion of gas. The NO2 concentration behind the
shock wave varied from about 7.8 x 1072 to about 8.0 x ELO"L‘l M
or a factor of ten. The argon concentration varied from
1.5 x 1073 to 3.0 x 1072 M or a factor of twenty. The ratio
argon/NO2 varied from 5.6 to 360 or a factor of sixty-five.
Final pressures behind the shock wave varied from .23 to
4.4 atm.

The general technique of studying fast reactions behind
shoeck waves, as previously developed in this laboratory,
has been used (11). The shock wave is generated in a shock
tube--a long, cylindrical tube separated into two sections
by a diaphragm of easily ruptured material. Gases sﬁch as
helium and hydrogen are placed in one section at high pres-

sure, and the gas under investigation is placed in the other

section at a lower pressure. When the dlaphragm is ruptured,
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‘a shock wave 1is propagated into the gas under study, which
imparts a large amount of enthalpy to an element of the gas
in the time of a few collislions, If observations are made

at a place sufficiently far removed from the diaphragm so

that the wave has become stable, all the gas parameters im-
mediately behlind the wave are constant and may be calculated
from the initial conditions and one property of the shock
wave. The property is usually the incident shock wave speed.
The calculation assumes that equilibrium is established in the
time of a few collisions, and for many gases this assumption
is found to be true over a wide temperature range. However,
processes such as chemical reaction, ionization, or vibrational
relaxation may require a certain observable time to reach
equilibrium, so it iIs In principle possible to study these
events, Also, the temperature and density behind the shock
wave change as these processes oceur, since a change in
enthalpy 1s involved. In the present case, the reaction is
endothermic, and the temperature and density would change
greatly behind the shock front if pure NO, were placed in

the tube., This would greatly complicate determination of

the rate constant at a certain temperature, so a small amount
of NO2 and a large amount of argon is used instead. The
shock wave properties are largely determined by the argon,

and this "heat buffer" greatly decreases the temperature and
density changes behind the shock wave. In the current experi-

ments, the change In light absorption by NO2 due to chemical
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reaction was observed with a photomultiplier-oscilloscope
combination.

The reflected shock wave regilon has alsoc been used in
the present investigation in addition to the incident shock
wave region discussed in the last paragraph. The reflected
shock wave processes the hot compressed gas behind the inci-
dent shock wave, and therefore temperatures and pressures in
this region are much larger than behind the incident shock
wave, It 1s possible to adjust conditions so that no reac-
tion occurs behind the incident shock but only behind the
reflected shock. Therefore, much larger ar'gon/NO2 ratios
and temperatures are possible wilth the same egquipment. The
calculation of gas parameters behind incident and reflected

waves will be discussed in detail in a later section.
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2. Wave Motion in a Shock Tube

~Shock wave methods offer a way of studylng the rates of
rapid gas phase reactions. The waves may be easily generated
in a shock tube by allowling a high pressure gas originally
in the driver section to push on the gas under investigation
at a lower pressure 1n the shock wave section. Rupture of
the diaphragm between these two sections causesa flow pat-
tern which may be shown ideally on an x,t diagram (figure 1)
of distance along the tube, x, plotted against t, the time
after rupture of the diaphragm. The dimensions are those
of the shock tube usgsed in the present study, and the waves
shown result from hydrogen at .57 atm in the driving section
and argon at .04 atm in the shock wave section. This results
in temperatures of 13410K behind the incident shock and
2745°K behind the reflected shock if room temperature is 300°,
The dlagonal lines represent various disturbances moving
through the gas; the reciprocal of the slope of the line
gives its speed. Pressure profiles at various times are
also shown.

When the diaphragm 1s removed, the high pressure gas
pushes on the low pressure gas like a piston, causing a
shock wave to move out into the gas. The shock wave,com;
presses and imparts a large amount of enthalpy to an element
of the gas. It moves into the gas under investigation with
a speed, S, intermediate between the speed of sound in the

cool, unshocked gas and the hot, shocked gas. Any compres-
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sion wave generated behind the shock wave will travel with
the faster éonic speed 1n the hot gas and will overtake the
shock front. Therefore, the shock front 1s self-sharpening,
and even though the diaphragm does not shatter uniformly,

a steady shock wave will result--empirically in a distance
of ten or fifteen tube diameters. The temperature, density
and pressure change as step functions across the shock front
in a manner which may be calculated.

The gas behind the incident shock wave is set in motion
with the speed v. Also, the original interface between the
two gases moves into the shock wave section with the speed v
of the gas flow behind the Incident shock wave, In front of
thls interface is the'hot, compressed gas under Iinvestigation;
behind is the cool, expanded driving gas. The interface is
not self-shameningand spreads out by fturbulent mixing of the
two gases. Arrival of this "cold front" at an observation
port therefore concludes an experiment; however, reflected
shock waves may arrive first depending upon the geometry of
the experiment.

The incident shock wave 1s reflected from the closed
end of the tube as a second shock wave which travels through
the once shocked gas, again sharply raising the temperature,
density, and pressure, The gas behind the reflected shock,
however, 1s at rest with respect to the shock tube., The gas
parameters may be known in this region, and in this investi-

gation both incident and reflected waves were used with the
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same results under identical conditions.

An expansion wave travels into the high pressure gas
in the driver section wlth the local sonic speed. This wave
broadens with time, as the foot of the wave must travel with
the lower sonic speed of the expanded, cool gas which is
flowing toward the shock wave section. The head of the ex-
pansion fan is reflected from the end of the driver section
as an expansion wave whose head moves into the shock wave
section with a speed equal to the gas flow speed plus the
local sound speed. This expansion wave could therefore
overtake and dissipate the shock wave, gso the driver section
1s made long enough to prevent interference from this wave.
The relationships between these disturbances may be seen on
the x, t diagram (figure 1). Methods of caleulating the
wave speeds and parameters of gases behind incident and re-
flected shock waves are described below.

The motion shown in the x, t diagram is for an ideal
case in which the shock wave is set up instantly, and no
enhergy is requirea to remove the diaphragm. In practice,
the wave is usually somewhat weaker than predicted from the
initial pressure ratio. The usual procedure is to work many
tube diameters below the diaphragm and to base calculations
on the measured speed of the shock front near the observatiocn
port. Experimental study of other dissipative effects in real

gases has established that the simple equations neglecting
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heat flow and viscosity are satisfactory. Many investlga-
tions have considered these problems; references 12, 13,

and 14 are a few selected examples.
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3. Obseryations of Rapid Events behind Shock Waves

The thermal decomposition rate of NO2 was measured by
obsefving the change in light absorption through the NOg—argon
mixture in the shock tube with time. The sources of radiation
were llnes 1solated from mercury arcs with interference fil-
ters, Nitrogen dioxide absorbs strongly from around 300 to
550 mp (15), and mercury lines near 405, 436, and 546 mu are
satisfactory. A one mm wide sheet of this light passes through
the shock tube and falls on the cathode of a photomultiplier.

The photocurrent is displayed as the vertical deflection
of an oscilloscope trace. Photographs of a single oscillo-
scope sweep beginning just before the shock wave pagses a
glven statlon therefore give a record of light intenslity as
a function of time.

Typical oscilloscope traces are shown in figure 2 for
incident and reflected shock waves. As the shock wave passes
before the observing station, the gas is compressed, and the
signal 1s deflected upward, corresponding to smaller light
transmission. As NO2 disappears by reaction and forms the
transparent products NO and 02, the light transmission in-
creases, and the trace moves lower. At sufficlently low
temperatures, no reaction is observed (figure 2 (a) and (d)).
The fact that this signal is constant proves that the condi-
tions behind the shock wave are somewhat uniform. A slow and
fast reaction behind incident shock waves (figure 2 (b) and

(¢)) illustrates typlcal experimental observations. The
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Figure 2. (continued). Typical Oscilloscope Records
Timing marks every lO/Lsec.

(a) Constant absorption before and after passage of the
shock wave; T, = 844°K; initial pressure = .04 atm; mole
fraction NO, = .023; A= 436 mp.

(b) Slow reaction; Ty = 1431°K; initial pressure =

i

.02 atm; mole fraction NO, .0500; mole fraction NO = ,0430;

A= U436 mu.

i

(¢c) Fast reaction; T, 1695°K; initial pressure =

L
.02 atm; mole'fraction NO, = .0504; A = 405 A,

(d) Constant absorption behind incident and reflected
shock waves; T, = 9320K; T, = 583%; initial pressure = .04 atm;
mole fraction NO, = 7 X 10_3; A= 436 mp.

(e) Slow reaction behind reflected shock; T, = 1716°K;

T, = 952°; initial pressure = .019 atm; mole fraction NO, =
.0234; AN = 436 mpu.

(f) Fast reaction, no reaction occurs behind incident

shock; T, = 1682°K ; T, = 896°; initial pressure = 0.1 atm;

mole fraction NO, = 2.8 x 107°; A = 436 A
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remaining two photographs (figure 2 (e) and (f)) illustrate
reactions behind reflected shock wave, and 1t may be seen

that no reaction takes place behind the incident wave. Other
sweeps are for calibration of the photocurrent, and the timing

marks are tenljgsec apart in all cases.
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4, JInstruments and Procedures

'The experiments reported here were done in a 15 cm
diameter shock tube of aluminum and pyrex glass pipe. The
lengths of the driving section and the shock wave section
were increased about 50 percent over the tube previously
described (11). The driving section' was a 270 cm aluminum
ripe, while the shock wave section consisted of a 140 cm
aluminum pipe and two 150 cm pyrex glass plpes. Optical
measurements were made directly through the pyrex glass pipe.
The sections were sealed with "O" ringé lubricated with
sllicone stopcock grease (Dow Corning Company) and held to-
gether with standard glass pipe flanges. For experiments
behind incident shock waves, the ends of the driver and
shock wave sections were closed with flat plates. For experi-
ments with reflected shock waves, a speclal end plate was
used which placed the reflecting surface about 12 centimeters
in front of the end of the glass pipe. The clearance between
the circumference of this plate and the inside glass wall was
about one mm. A plunger arrangement allowed the portion of
the shock tube behind the reflecting surface to be evacuated
through a hole in the réflecting plate. This opening could
then be closed immediately before the diaphragm was burst.
The reflecting surface was about 3 cm from the station at
which observations of the reflected shock were made.

The shock wave section of the tube could be pumped to

below O.%}L mercury pressure, but usual practice was to
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evacuate to l)x pressure before placing'the Nog—argon mixture
in the tube. The pumping time in this case wag around eight
hours, and thils long time was the limiting factor in collecting
data. A mercury diffusion pump, protected with liguid nitro-
gen at all times, was used to evacuate the shock wave section.
A mechanical o0il pump evacuated the driving section. The leak
rate was measured at varlous times, and a value of O.O?}A/min
was typilcal, Aplezon N grease was used on the stopcocks. Cellu-
lose acetate sheets were used for diaphragm material and were
usually burst by touching with a needle. The pressure of
Nogmargon mixture in the shock tube was measured with a butyl
phthalate manometer, while the high pressures of the driving
sectlon were measured approximately with spring type dial
gauges.

Two types of mercury arc lamps were used ags sources for
the photoelectric observation of NO2 concentration, In prac-
tically every experiment, a Hanovia Type SH gquartz lamp
(No. 5352) was operated from a 120 volt battery bank at 150
watts., The 436 m M line was 1solated, and the light intensity
was measured with an RCA 931-A photomultiplier. In several
early experiments, an Osram HBO 200 high pressure d.c. mer-
cury arc operated as described previously was used (16). The
4o5 mp line was isolated, and an RCA 1P28 photomultiplier
was used. The 1P28 tube is the 931-A with a quartz jacket
to improve the ultraviolet sensitivity. This arc became

unstable in operation, and the Hanovia arc was then used
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exclusively. Experiments with higher concentrations of
NOE used the 54613M line disoclated from the Hanovia lamp and
collected on a 931-~A photomultiplier.

Filtér comblnations found useful in this work are

presented below.

Wave length Interference Corning cutoff Half maximum

(Qﬂ) filter filter width (@Ml
405 Los (B & L) 3060 11
b6 h3b (B & L) 3060 10
slb 56 (Baird) 3486 15

(monolayer)

The various light beams through the Pyrex shock tube passed
three one mm slits before falling on the photomultiplier.

The opEical instrumentation has been previously described ana
was used unchanged in the present exveriments (17).

In experiments behind both Incident and reflected shock
waves, the speed of the incident shock wave front was
measured to provide the extra condltion needed to solve the
shock wave equations. This speed was measured by an optical
method~-based on the schlieren effect--between two stations
on the optical bench 30.00 cm apart. The rapid change 1in
density as the shock wave passes an observation station will
deflect a light ray several degrees toward the upstream side.
Light beams are positioned on the threec slit optical path so
that they p»artly go through the last slit and partly fall on

the upstream side of the slit. As the shock wave passes
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before a timing statlon, the amount of'light passing

through the last slit and falling on the photomultiplier
changes rapidly. This give a sharply rising signal which may
be amplified and used to switch a timing circulit. The light
sources are 500 watt tungsten fillament vprojection lamps
operated at 120 volts d.c.; the photomultipliers are 931-A
tubes. The sharply rising sicnal from the photomultivlier
t:iggers a pulse from a nmonostanle multivibrator (univibrator)
circult. This "flip-flop" circuit effectively amplifies the
pulse so that 1t wmay be used to switch a cfystal controlled
timing circult (Potter lLiodel 1456 1.6 megacycle counter
chronograph). Blue cobalt glass filters were used to make
the intensity of the tungsten lamps comparable with the
mercury arcs. The total change 1n intensity of the trigger-
ing light beam is enhanced by The light avsorption of N02
behind the shock wave.

In adoltion to switching the tlmer, the pulse Irom one
timing statlon was used to trigoser a single sweep on either
one or both of two oscilloscopes avallable (Tektronix,
model 512). This negative pulse i1s taken from the circuit
at the plate of a thyratron (6DL) inserted after the stage
from which the timer pulase is taken. The relatively slow
recovery time of the thyratron Insures that extraneous
sweeps will not be trigpered after the passagme of the shock.
Such triggering might occur Irom passage of reflected shock

waves, various expanslion waveg, or bits of memdranes in front
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of the light beam. The oscilloscope sweep was triggered
by the first timing statlion when the reaction was observed
behind incident shock waves. The reaction was followed at
one of the two stations between the timing stations. When
the reaction was followed behind reflected shocks, The
timing station which cut off the timer started the sweep.
The reaction was followed at a statlon between the last
timing station and the reflected shock end plate. This
enanles the reaction to be followed before boundary lavers
grow too large.

The photomultipliers were operated so that 100 micro-
amperes of »late current were drawn through a plate resistor
of 10? ohm, and therefore the deflectlion on the scope was
about one volt. The plate of the photomultiplier was connect-
ed to the vertical amplifler input of the scope with about
three feet of low capacitance coaxial cable (l}/bﬂf/ft).

The scope presents a capacltance of As/c#f in the vertical
amplifier c¢ircult. Therefore, the rise time of the photo-
multipliernscqpe combination should be about one microsecond.
All electronic equipment was given tlme to become thoroughly
stable in operation before an exveriment was performed. The
change In current through the photomultiplier as the shock
passes would tend to change the voltage across each dynode
stage. Thils voltage controls the total amplificatlion of

the signal and Is typically 60 volts per stage in these

experiments. The effect 1s most serious in the last few



=2l
dynode stages, where the svace current is an appreciable
fraction of the total current through the tube. Therefore,
the voltage 1s held fixed across the last three dynodes for
a few milliseconds by sultable capacitors.

Photographs of the sweeps and callbration marks were
nade on the very fast Kodax Linagraph Pan 35 mm film. These
rhotographs were accurately traced from enlarger projections.
Light intensilty values at various times were measured from
the tracings.

The calibration procedure for interpreting vertical
deflection measurements 1ls described by G. Schott (16).

The photdmultiplier output enters the scope vertical amplifier
circult at one terminal of the difference amplifier, and a
dry cell is comnected to the other terminal, Immediately
after completion of the experiment, the photomultiplier
cable 1s revlaced by a comnectlion to ground, and sweeps at
various accurately known fractions of the dry cell voltage
are pnotographed. The voltage is measured with a Hellvpot
preclsion potentiometer. The photocurrent values as a
function of time can then be obtained. It 1is necessary that
the scope does not change in sensitivity between the photo=-
multiplier record and the calibration records. It will be
noticed that no scope control must be used to carry out this
procedurs. An Important precaution is that the grid of the
side of the difference amplifier that is not used during the

calibration>must not be allowed to float, but must be
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connected to ground. The scopes used in this investigation--
when operated so that the input signal was d.cf coupled to
the vertical amplifier~-have the annoying feature that rapid
changes 1n d.c. level are not measured accurately. The
correct d.c. value is not reached for seversl seconds. The
discrevancy was found to be typically 3%, and corrections

for tais "d.c. shift" were appliecd to all photomultiplier
records. Timing marks were olaced on the photormltiplier
and calibration sweeps by applying pulses to the cathode of
thie cathode ray tube every Len microseconds from a crystal

controlled 100 xilocycle circuit.
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5. Reagents

Nitrogen dioxide (The latheson Company) was purlfied
using the method of reference (16). Oxygen (Linde) was
passed through a dry ice trap filled with glass wool and
ﬁhen was bubbled through llquid N02 in an ice~salt bath.

The ligquid was initially dark blue-black due teo the presence
of NEOB’ but became light yellow in color, since the HO
present had elther been swept out or oxldized. At This
stage, the oxygen stream saturated with N0, vapor was divert-
ed to a train consisting of P205 coated glass beads and a
storage trap on the vacuum line. After the NO,-0, stream
had swevt through the trap about five minutes, collectlon

of the 10, was begun. It was frozen out as a very pale
vellow solid in the storage trap by a dry ice-~trichloro-
ethylene bath. About two-thirds of the liquid NOE remnalining
in the ice-salt bath was dilstilled 1In the stream of 05 into
the storage trap. The oxygen was then pumped off, and the
NOZ was stored as a solid under dry ice.

Nitric oxide (The Matheson Company) was purified by
distillation, and the main Iimpurity was HQZ‘ Nitric oxlde
was condensed under liguid N2 in a trap on the vacuum line
as a green, brown, blue, and white solid. The material was
then distilled twice from the liquld at about —lSOOC to a
trap cooled with liquid N2 at -1960C. The temperature of the
NO-N203 solution was not easy to control by lowerling the

liguid By level in a dewar flask. The resulting dangerously
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large vapor pressure could blow out stopcocks. A methyl-
pentane bath (Phillips Petroleum Company, Methylpentaﬂes,
commercial grade) which had been cooled with a liquid No
cold finger is usable to around -160°¢ and is very satis-

factory for holding the liquid NO-N at -160 to -150°C,

293
where the vapor pressure of NO above the solution 1s in the
one atmosphere range. After the second distillation the
solid was a uniform very light gray which melted to give a
light greenish-blue liquid.

liixtures of N02 and argon were prepared as needed and
stored in a 22 liter bulb covered with black cloth to prevent
photodecomposition from the room fluorescent lamps. As
many as twenty and as few as two shock tube fillings could
be stored. The N02 under dry ice in the storage trap was
pumped cn briefly with the mercury diffusion pump and then
was allowed to melt. The manifold and storage bulb were
conditioned by allowing about 30% of the final NO, pressure
to stand in the system for about ten minutes and then pump-
ing this gas out. Next, NO2 was allowed to flow into the
bulb to the desired pressure, as determined by a butyl
phthalate manometer. The storage bulb stopcock was closed,
and the N02 in the vacuum manifold was vumped out. Argon
(Linde, 99.927% pure, principgl impurity Na) was used without
further purification and was added to the manifold in such
a way that a small positive pressure was always maintained

in the argon line. About .8 atm argon, as measured with a
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mercury manometer, was placed in the manifold, and then the
storage bulb stopcock was opened slightly. Argon at the
much higher pressure filled the bulb, and no N02 eécaped.
When the pressure reached one atm, the manifold was isclated
from the argon supply. About 15 seconds were allowed for
the IO, and argon pressure insilde the bulb to slightly
adjust to the argon pressure In the manifold, and then the
storage bulb stopcock was closed. The manifold pressure was
then the total pressure 1In the storage bulb.

It was necessary to correct for the Naoh present to
determine the formal mole fraction of NOE. Values of the

eguilibrium constant for the reaction

were taken from Yost and Russell (18). By combining the

. . . 0
results of several investigations, they recommmui[ﬁFéga =

-1110 cal, Z&HSQB = =13693 cal, for the reaction as

written above. The equilibrium constant 1ls therefore
_ . 2 - -1 3 N 27

K298 = PNEOA/PNOQ = 6,51 atm . This constant was

correctad to the measured room temperature. The formal NOZ
mole fraction 1s then the NO2 mole fraction plus twice The
N,C; mole fractior
LECM mole fraction.

The HO—NOz—argon mixbture was prepared by Iflowing N0 to
the desired pressure into the steorage bulb using the butyl

phthalate manometer. Then an EOZ pressure over twice as

great was placed 1n the manifold, and the storage bulb
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stopcock was slightly opened, allowing the NOZ to flow into
the storage oulb with a higher vressurs in the manifold.

The total pressure of §02 and N0 was then measured by allow-
ing the manifold and bulb nressures Lo equalize as explained
above. Then argon was nlaced in tkhe bulb as before. In all
cases, tae contents of the bulb were allowed over eighteen

-

hours to mix before being used Ior an experiment.



=30~

6. Calculation of Gas Parameters behind Incident and
Reflected Shock Waves

The gas parameters behind plane incident and reflected
shock waves may be calculated from a knowledge of the 1nitial
temperature, initial pressure, initial composition and one
property of the shock wave--almost invariably the incident
shock speed. The equations of flow through a shock front--
the Rankine-~Hugoniot conditions--state that mass, momentum
and energy are conserved in the process. The eqguation of
state of the material must also be known. Since one is
mainly concerned with the properties of an inert gas at high
temperatures and low pressures, the perfect gas law 1s used.
The reflected shock parameters may be obtalned from the addi-
tional condition that the gas behind the reflected shock front
has no material veloclty. Discussions of sclution of the shock
wave equations for the case of a reacting gas have been given
previously (17), so the present discussion will refer almost
exclugsively to the system of this Investigation.

The Rankine-Hugoniot conditions will be set up initially
with respect to a stationary shock front--either incident or
reflected. The veloclities concerned are shown below both for
shock stationary coordinates and for laboratory coordinates;

the vertical lines denote the shock front.

shock stationary laboratory
Uy Uy Vi Si
— | < incident — >
u u reflected S
1r 2r r
>| - <
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The subscript 1 refers to gas through which the wave has not
passed; subscript 2 refers to shocked gas. Subscript i re-
fers to incident shocks, and subscript r refers to reflected
shocks. The speeds u refer to material or gas flow speeds
relative to the shock front. The speeds of the shock fronts
are denofted by S, and vy refers to the material speed, all in
the laboratory system. The gas is not flowling in the labora-
tory coordinates before the passage of the incident shock
and behind the reflected shock. Therefore, the two sets of

speeds are related by the expressions below.
r =~ Yor
Vi = Uy o= Uy Sr + vy = U,

The magnitudes are correctly gilven by the eduations presented;
the directions of the motions are shown in the diagram above.
The Rankine-Hugonolt conditions in the shock statlonary

coordinates are:

/Dlul =I’2u2 mass (11)
j?l l + Py ‘fz 2 + momentum (12)
1 2 1 2 A
hy + 3u;” = hy + 3u, energy (13)

In these expressions, /313 the gas density, P 18 the pres-

sure, and h is the enthalpy per gram. The ideal gas eguation
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for one mole of gas of molecular weight W is:

P RT
1t 1s convenlent to use the ratios given below.
P P P
2 r r
. === . = — T = —
i Py r Py T Py
S oo T pr
e .2 e . ® .
i 'I‘1 r T2 T T1
The perfect gas eguation for one mole then simplifies to:
T=AO0 (15)

From the Rankine-Hugoniot relations and the ideal gas

expression, the incident shock speed, Si’ is found to be given

by
g2 _ RT, E“'i’l)Ai (16)
i W u&i -1)
The material speed behind the incident shock wave 1s:
v, = 8; (1- =) (17)
i i
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The enthalpy change per gram across the shock front is:

RT, 1 ' '
- CTTiwl)(l+ :Kz ) | (18)

3
[
o g
il
moj

which may be rearranged with the aid of the perfect gas law

to glve:

T = %%‘ (hy - hy) + 1"6%_+']%; - (19)
Ir the necessary enthalpies are known, 18 can be applied to
shock waves in any gas. The reciprocal density ratio 1451

is very insensitive to éhangés in the temperature and is small,
so 18 or 19 is usually solved for a given enthalpy and tem-
perature ratio at an appfoximate 1/A ;- The correct 1/A 4 is
then found readily by iteration. One then has values of

1T, Ai, and 91 from which S; and v, may be calculated.

For the inert gases, h = (5/2) (RT/W), and 19 becomes with

this substitution:

T =% (6, - 1) +1/A, (20)

Extensive tables of 1incldent shock wave parameters in dimen-
sionless form for perfect monoatomic and diatomic gases
exigt (19).

The gas parameters behind reflected shocks may be ob-

talned in simple closed form for the case in which the heat
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capaclty does not change with the temperature (13). In this

case, the enthalpy is given by:

(21)

c= & f-& =il

The Rankine-Hugoniot relations then gilve the followlng expres-

sions for any shock wave.

JAN ==IL££_i_l ' ’ (22)’
T A

The l1ncident shock imparts the material speed vy to the still
gas, and the reflected shock reduces this speed back to zero

again. The following expression is defilned,

' 2
- |change in flow speed across shock front]
, sound speed ahead of shock front

For incident and reflected shock waves, respectively:

m -1)2(m-1)2
G- - (21)
ay (TngJJ (M +1)
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CI) Con® B ue)?
v an ﬂTnﬂﬁl)gM#l)

1

= 2 2
The speed of sound, a, is ( XP//:)L, and a, /a:L is Qi.
Combining 24 and 25 and substituting 23 gives a quadratic

equation in'ﬂ}.

(I, -1)° o m-)® (26)
T, (1T +M) (T p1)
The roots of this eguation are:
T (2)-1
T = T M (27)
1
=T

The second solution is unacceptable physically.
From the first Rankine-Hugoniot condition applied to the

reflected shock:

u ' S+ v, + 1 ,
A -G -1 A - (28)
2r r T, 7 M

Substitution of vy from 17 and Trr from 27 gives the reflected

shock speed as a function of Si’jTi and/pt.
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) Sy (27Ti + M -1)
Sr - 9un3 + 1) ‘ (29)

Substituting 27 in 22 gives:

Z& 7TiQ/*+ 1)
The perfect gas equation gives the final expression:
_ Mr
8, — (31)

= Ax
Therefore, if the parameters of the initial shock wave into
the gas are known, the reflected parameters may be obtailned.
Values of the reflected shock wave parameters in argon over
a reflected temperature range of 850—27500K are given in
Table 1. 8Since only small N02 concentrations were used in
the reflected shocks, no calculation of reflected parameters
with added NO2 was made.

Solution of the shock wave equations for a reacting gas
is more involved than the cases so far discusséd where the
enthalpy is directly proportiocnal to the temperature. It 1is
desired to find Tri,A:'.L and 8; for chosen Qi for various
initial compositions and amounts of reaction. The change in
enthalpy across the shock front 1s a function of these vari-
ables. The initial temperature in all shock calculations was

assumed to be SOOOK, and the measured room temperature was
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never far from this value. The derivation below refers to
incident shocks only, and the subscripts i have been elimi-

nated.

The molar enthalpy of mixtures of NOE in argon at 3OOOK

is:

- Q—d’)WAR-ﬁ + 4)[("""!)}?010;“1: +(“'/2))QN;04RT; +'qu_] (32)
1 | - (n/2) &

H

T

The symbols are defined as follows:

>
It

molar enthalpy at temperature T

Ty 1
¢ = formal mole fraction NO,
o1 = degree of assoclatlon of NO, to N,0y in the
reaction NO, = 1/2 N0y
Ua. = A H; of above reaction = -7300 calories
= (-] )me

The denominator gives the number of moles present as a func-
tion of &, and ¢>for an initial amount of one mole of NO,.
The mblecular weight of the gas mixture--the weight which

contains Avagadro's number of molecules--is given by:
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W“ — (1= )Wy + $(1— %) Wy, + (¢/'3-)"‘;WN104-
' | = (/2) @

(33)

= Wa +¢(W~0:.-Wn) - o Wl
I~ (%/2) ¢ == /2)

e

Therefore, VA is the molecular weight for the case of no
agsociation to NEOM' The enthalpy per gram at 3OOOK 1s

accordingly:
ho = 21 (1-9)¥,RT, +4’[§¥uo,1',RT: + o, Ua ] (34)

The enthalpy }Q Ngou has been set equal to E)fNOE

At the high temperatures of the gas behind the shock
front, N02 18 reacting to give NO and 02—-the thermodynamically
stable products. The small fraction of N204 reacts very
rapidly to give NO2 and need not be considered. The process

is represented stolchiometrically by:
NO, = NO + = O (35)
2 72

The standard enthalpy of this process at zero degrees is

A H: = Uy = 12,795 cal/mole. If the degree of reaction
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in 35 iso(g, the expressions analogous to 33 and 34 are:

h’r,_ = _;Lv_ §(| - ¢)WRRT1 -+ 4’[(!—“1))?”0;7;‘211 ;f'qz_anqRTa

(36)
+ («2/7-) }?O'_T;RT?- + d\z UJ.]}
Wz = (1= &) Wy + ¢[(l-'°(;) WNO; + 4, WMa* (0(;/2.) Wal]
(37)
The perfect gas law for this situation is:
'rrx<1+°‘—%i)A9 (38)

2

The enthalpy per gram at the two temperatures, 34 and 36,
and the ideal gas law, 38, may be substituted into 18 and

rearranged to give the final expression.

T =- [| +(x2/2)P] O + | + 1 /8 + _s'()—CP)[(W'./FVZ)G—!]

+2b( W /W,) 5(! - o) Wﬂo;l;_e + o, Wy n6 + (dz/z)M’oJG

+(%UL/RT)] ~ 24 {y(,m' "‘(""Ua./RT,)} (39)
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When the degree of reactionﬂ(2 is zero--immediately after

passage of the shock front--the final expression is:

mT= |-86 +1/8 + 50-®(6-))

+ 200 Mm@~ Hunw, — (U}

The expressions 39 and 40 were solved for TTand A, by the
iterative process previously described, for each mixture com-
position and initial pressure at Zeroc and fifty percent reac-
tion. This calculation was generally done at the four
temperatures 1000, 1500, 2000, and 2500°K. Values of S
could be calculated at these temperatures, and values of Si
at intermediate temperatures could be found on plots of T2
against Sig, which are linear over this range. The values of
T2 for each experiment were found from large graphs of T2
against Si' The value of A 5 foro(2 equal zero at various
values of T2 wa@as found to the accuracy required from smooth
curves of A ; for the NOy-argon mixtures minus A‘i for pure
argon plotted against Tg. When NO is also present initially,
its contribution to the enthalpy must be considered in a

way which is analogous to the case with added Nog presented
above. Values of gas parameters behind incident shock waves
calculated for compositions used in this investigation are
presented in Table 2.

Thermodynamlc properties of NO and O2 over a wide
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temperature range have been obtained from NBS tables,
Series III (20). The corresponding properties of NO, were
taken from NBS-NACA tables (21). Values of ZSIH:

were taken from Series I of the NBS tables (22).

‘The gas parameters behind the reflected shock wave are
calculated from the measured lncident shock wave speed. The
photoelectric records of intensity versus time for reflected
shock wave experiments may be used to obtalin an observed
reflected shock speed. This speed may be compared with the
reflected shock speed calculated from the observed incident
shock speed. As shown in figure 2, the time between passage
of the inclident and reflected shock waves is the length of
the "plateau" between the two upward deflections., With the
distance between the observation slit and the reflecting
surface and the observed incident shock speed known, the re-
flected shock speed may be easily calculated. Figure 3
represents Sr’ the reflected shock speed, versus Tr/‘I‘2 ::er,
the temperature ratio between once and twice shocked gas.
The curve refers to speeds calculated from the measured
incident shock speed; the points refer to speeds measured
from the photoelectric records. The approximate agreement
between these quantities i1s comforting. The values shown in
figure 3 are tabulated as table 3.

A further indication that viscosity and heat conduction
effects do not invalidate experiments behind reflected shock

waves 1s the observation that rate constants are the same to
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Firure 3. Measured and Czalculated Reflected Shock Speeds
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within experimental error under the same conditions in re-
flected and incident shock waves, A serles of experiments

, mole fraction of 2.3 x 1072 and an initial

was done at an NO
pressure of 0.04 atm behind incident shock waves. Another
series at essentially the same mole fraction and an initial
pressure of around 0.01S atm was done behind reflected shock
waves. Since the ratic>t§r,is around 2.1, the concentrations
in the two regions were the same., Measured rate constants
for these two types of experiment may be compared on an

Arrhenius plot in figure 4 and seen to be equal within the

experimental error.



il

7. Calculation of Rate Constants and Ektinction Coefficients

Initial rate constants and extinction coefficients were
célculated from the observed records of light intensity as a
function of time. The ratio of incident intensity IO to
tranémitted intensity Il may be calculated for a given com-
position and pressure of gas by the following expression for
the initial optical density Dl'

I
O

The subscript 1 refers to properties of the unshocked gas;

A is the length of the light path. Measurement of € |,

the room temperature extinction coefficient, 1is discussed
later in this section. The intensity Il may be obtained from
the photoelectric record before the gas 1s shocked, so the
lncident intensity IO is known also. Measured light intensity
values at various times can then be converted into optical
density values, which have the following simple relation to

the degree of reaction & ,
D = GEALmbhjl-d)i, (42)

The relation between the NOQ concentration before and after

passage of the shock 1s given by:
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[No,] = [NO,];A (L - &) (43)
The symbol & , the degree of reaction, is the same as 5

of the last section. Differentiating 42 yilelds the expres-

gion:

d InD _ d 1n€ d 1nd& 1 de¢

at = Tat tT3E T T1-&) dt (H4)
The last term of 44, the chemical reaction term, is much
largef than the other two under the usual conditions of a

large excess of buffer gas. The expression, 44, may be re-

arranged to give:

d 1n.D _ d« [d 1n€ d 1nA 1 ] (45)

at = 3t Ta 7 dT« T TIT

The particular expression used for dx/dt depends on
the assumed mechanism of NO2 decomposition. The total de-
crease 1n NO, concentration with time, —d[Nog]/dt, is pro-
portional to the sum of the change due to reaction, measured
by o , and the change due to density, measured byd . For an
assumed mechanlsm whose rate step is proportional to [NOQ] and

[M], the total gas concentration, this relation is:

d[No,] dINO; T} y(NO,] aA
G T Tt T T3Ya Iy & 16)
= 7Ky opg [NORIIMI + 7= «“a’ﬁA
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The first term on the right of 46 is the conventional iso-

choric reaction rate. Also, d[NOQ]/dt may be obtained from 43,

d[No, ]
__-a.ﬁ?_ = -A[NO, 14 9{5 + [NOy 1, (1-at) %EA— (47)

The second terms on the right of 46 and 47 are equal, so

the first terms may be set equal and rearranged.

- =K

d
at Alml, (1-%) (48)

1 obs
The time scale with which observatiqns are made on
reacting gases behind an incident shock wave 1is compressed
since the reacting gas before the slit at any time has come
from upstream, This means the gas has been heated for a
time longer than the time since the shock wave has passed
the observation station. The relation between the gas time
T and the laboratory time t 1s dt =4 d1 , where A is the
compression ratio. In order to make the times in the expres-
sions above correspond to times measured on the oscilloscope
traces, the above relation is introduced. Behind reflected
shocks the gas 1s at rest, and no such correction is needed.

Therefore 48 becomes:

(-4 2
%T_ =X gps A (Ml (1-) (49)
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The final expression for k; . 1is obtained by combining 49

and 45 and letting &K approach zero for initial rate constants.

_d 1n11
d T |&X=0
k = : (50)
PO A2y [ dln€ aT 4 1na
1 ar dd d «

For each experiment, values of 1ln.Dwere plotted against T ,
and the best initial slope obtained for use in the expression
above. If one choogses to initiate the interpretation of

the data by assuming that the reaction proceeds exclusively
by the bimolecular path, the apparent second order constant,

ke obg? can be calculated as:

(],
— [l
K5 obs = ¥1 obs (N0, T, (51)

The term in brackets in 50 1s a correction for change
in € and & with &, It 1s rarely less than .85 and is usually
much closer to unity. To evaluate this term, 1t i1s necessary
to know d€/dT, dT/d«, and d A /d« for each experiment. The
factor d€/dT is obtained from graphs of €, versus T. The
change 1in temperature, dT/d« , 18 obtained from the expres-

aion:

;3{ _3sdale
dal g 35/37T|,
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Shock calculations at o= 0 andk = .5 give two values of 8 at
a given temperature, from which the numerator may be approxi-
mated., The denominator may be found from the empirical re-
lation T2 = A82 + B, which may be differentiated to give
BS/;TL( = l/f2$ﬂ). The change in density, dA/d« , can be ob-
tained from twice the calculated densities ate& = 0 and

o = .5, The correction factors for various experiments were
obtained from graphs of the factors agalnst TE‘

By combining relations for the heat absorbed durlng the
reaction with the hydrodynamic expressions, one can obtaln
explicilt relations ford T/de and d& /da . Values calculated
from these relations agree well with the more approximate
values. described above for one mixture, Therefore, the
approximate corrections are used throughout.

Room temperature extinction coefficients were measured
for each fllter combination with a photomultiplier and
oscilloscopve. Filter combinations described above were used.
At L05 and 436 mu using the Osram and Hanovia arcs, respec-
tively, the absorption of a known pressure of NO2 was meas-
ured in a 10 cm cell with corex windows. At 546 gﬂ.with
the Hanovia arc the absorption of a known pressure of NOQ—
argon mixture in the shock tube was measured. Decadic extin-
tion coefficients at 300°K were 164, 144 and 29 M'l cm“l at
Los, U436, and 546 L respectively.

High temperature extinction coefficients were calculated

from the room temperature value and the initial decrease in
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light intensity. The ratio I_/I, is obtained from 41. The
ratio Il/'I2 is obtained from the observed intensity, I,
before the shock wave arrived at the station and the extrapo-
lated value of the intensity after the gas had reached the
high ftemperature but before any reaction had occurred. The
coefficienthaat the high temperature 1is then given by the
expression:

Logyo (I/I7)(1,/1,)

€, = 53)
2 [(No,1, 8, & (

In the experiments with reflected shocks, € Ezmmiéx,behind
the incident and reflected waves 1is obtained. The expression
for Gr is identical with 53 with the substitution OfAT for
Aj.and Ir for 12. The values observed are more reliable
when little reaction occurs. For more rapid reactions, the
extrapolation to &= 0 is long and uncertain.

The extinction coefficient of NO2 has been measured
over the temperature range of this investigation at nominal
wave lengths of 405, 436, and 546 mm . These values are
given in Table 4. As previously found (16), the extinction
coefficients decrease with temperature at 405 and 43613“ ,

but increase at HU6,
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Ce Results and Concluslions

l. Observed Rate Constants

The »rincipal experimental results are values of
dinitial rate constants at various conditions. Ten groups
¢f recactions were done in whicn the NOz concentraticn, the
argon concentration, and tie ratio [R]/[KOB] were widely
varied., The approximate conditlions of each group of
experiments are presented in Table 5. SiﬂceZSCﬁmnges
slowly with shock strength, the concerntrations in the
shocked gas vary slightly, and exacti concentrations for each
experiment are given in Table 6. Rase measurements of these
reactions were calculated as discussed above 1n Herms of

the conventional rate congtants defined below.

d[NO, ]
1 2
Ky obs ™ [NO,JTH] at (54)
a[ NO, ]
1 2
k (55)

Mrom Arrhenius plots of the data calculated in this
way, several qualitatlive concluslons may be drawn. The
data from experiments at the higher mole fractions of .05,

.10 and .15 may be fitted to a straight line when Ko pg 18

bs
plotted on an Arrhenius graph (figure 5). The activation

enercy is 23 + l keal / mole, which is within the observed
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Bodenstein activation energy of 26.6 keal / mole (1).
However, the observed rate constants are about twelve times
Aigher than the constants predicted from a straight line
extrapolation of the Bodenstein and Ramstetter (1) and
Rosser and Wise (5) results to temperatures of this Investi-
cation. For example, at 1667°K, logiy Xy g 18 7-10, while
the extrapolated value is 6.03, where the constants are in
the units E”l sec'l. If data from the four lowest N0, mole
fraction groups are calculated as k2 obs and pnlotted, the
results do not fall on the straight line shown in figure 5,
but are tco high. A% 2000°%, the ks obs for the lowest IO,
concentrations are about 12 times higher than the average

of the higher concentrations. It 1s varticularly signifi-
cant that the 2.8 x 1072 mole fraction mixture rate
consbants are higher than the 7 x 1072 mixtures. The %0,
concentration 1s the same in both cases, while the argon
concentration 1s three times greater in the latter group.
This result suggests a path dependent on the argon or total
gas concentration.

The Arrhenius plot of log k; . (figure L) seems to
apply to all the data much better. In particular, the
points oI lower 1o, concentrations near 2000°K seem well
established. The highest activation energy observed was
57 kcal/mole for the 2.8 x 1073 mole fraction roints. The
points at lower [H]/[NOE] rasios have lower activation

energles, and many groups a2t hiligher [KO?] clearly fall
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above the best line through the lower LNOz] results.
Gualitative observations of thils sort indicate that more
than one process 1s occurring under thege conditions. it
should also be pointed out that additioﬁs of O3 mole
fraction WO to experiments containing .050 mole fraction
NO, did not affect the rate, as shown in figure L.

Values of kl obs &8 defined in 5iL along with other
experimental conditions for each of the ten groups of

reactions are given in Table 6.
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2. Extrapolation of Proposed Mechanisms

In this section, an attempt will be made to make the
best possible extrapolatlon of reported rate expressions and
mechanisms to the conditions of the present experiments.

The detailed extrapolation of the bimolecular NO2 decom-~
position observed by Bodenstein and Ramstetter (1) and
Rosser and Wise (5) may be carried out using the transition
state theory in the manner of Herschbach, Johnston, Pitzer
and Powell (4). The rate step for this process 1s reaction 1
previously given:

K
NO, + NO, —3> NO + 0, + NO (1)

The value of k, over the total range (5) is:

1 d[NOQ]
]2 dt

1 -1

I = 4.0 x 107 exp [-26900/RT] M 'sec

b -

(56)

The extrapolation of these results to temperatures of around
2000°K of this lnvestigation 15 not accurate unless.the de-
tailed temperature dependence of the pre-exponential factor
in 56 1s known.

Reference 4, hereafter called HJPP, calculates theoretical
values of pre-exponential factors for a number of bimolecular

gas phase reactions including 1. A detailed form of the
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transition state theory is used, which requires all parti-
tiong functions oX the reactants and the activated complex.
Estimates must therefore be made of bond lengths, vibration
frequencies, moments of Ilnertia for total and internal
rotation, symmetry numbers for the rotations, and ground
state electronic degeneracies for the reactants and activated
complex. Although in general the pre-exponential factor
will vary with temperatures, it 1s very difficult to observe
this variatlon in any given investigation. Accordingly, an
observed pre-exponential factor A, not dependent on tempera-
ture has been obtained from the observed rate constant and
experimental activation energy, E, at a given temperature

from the expression below.

-

A = oo (57

This observed pre-exponentlal factor may oe calculated in
terms of the theoretical expression:

k =B (T) exp [~EO/RT] (58)

where B 1s a function of temperature and EO l1s not. The
temperature dependent experimental activatlion energy E in

57 and EO are related by the expression:
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An important feature of the method 1s an approximate method
of calculating moments of inertia for internal rotation. Ior
reaction 1, HJIJPP have assumed a planar activated complex of

the form:

N 0 0
0/// \\\0/// \\\N//,

The observed and calculated pre-exvponential factors are

1.8 x 107 and 4.5 x 107 ¥™T sec™t at 570°K, using the data
of Bodenstein and Ramstetter (1). The recent combined rate
expression for the two investipgations glven by Rosser and
ise has a pre-exponential factor of L.0 x 109. Zither
experimental value 1s in excellent agreement with the
theoretical.

Although 1t would not be a zood approximatlon to use
the calculated pre-exponential value [or extrapolations, it
would be Jjustifiable to use the ratio of the rate constant
expression 50 at two temperatures, and the measured rabe
constant at one temperature, to calculate a rate constant at

the upper temperature. This ratio is gilven by the expression:

k

T B(T,) B
2 o |- =8 .o L

Ko B(T,) T%P TR (T T T ) (60)
-1

Tor the transition state thecry, B(T) is civen by the

expression:

K kT ¥
3(T) = —— s (61)
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In this expression K is the transmlission coefficlent which
will be assumed temperature independent, kb is Boltzmamm's
constant, h is Planck's constant, Qi is the partition
function for the activated complex with the degree cf freedom
correaponding to the reactlon coordinate removed, and QAQB
are the total partition functions for the reactants. The
partitlon functions are the nroduct of vartition functions
for translational, electronic, total and internal rotational,
and vibrational degrees of frcecedom. o upprer electronic
states contribute to the electronic partition function for
N02 and none are assumed for the complex, so thls term in
B(T) does not appear in 60. TFor all other motlons except
vibration, the high temperature expressions Lor the partition
functions may be considered as a consbtant times the tempera-
ture ralsed to a certain power. The constants cancel from

60, and one obtains a T-l/z

Trom the temperature dependences.
. . . . . -3 /2
This exponent arises since translation contributes T s

. . m=3/2 P .
total rotation contributes T , internal rotation contributes
3/2 : . 'y 14
ik and the frequency factor conbtributes T, Since not all
vibrations are exclted at all temperatures of thils extra-
volation, no simpls expression holds, and the vibrational
partition [function QV st be caleculated at ecach 92. Wiith
these substitutions, 60 becones:

% 1/2 -
T T & o
2 1 D o (l 1 )
—E = =5 exp [ - = |F— - & (62)



To qualitatively understand the change of k with Tg, a

T2
fairly accurate approximation of 62 may be given. The
activated complex has been aszsumed »lanar, and all vibrations
lie in the plane. The six out-of-plane motions include one
translation, two total rotations, and tharee free internal
rotations. There are twelve in-plane motions, including two
translations, one total rotation, and cne reactlon coordinate.
This leaves eilght vibrational freqguencles to be estimated.

4

ne estimates of six of these are obtained from comparison

a
=

with the freqguencies ol NOQ, which are included twice 1n the
denominator of Qv' The other two motions are low Ireguency
rocking motions of large groups in the complex and glve larg
contributions to the partition function. These estimated
frecuencies are 350 and 250 Cm-l. If the six EOa frequenciles
are allowed to cancel the six largest complex frequencies

and the fully excited approximation to the partition Tunction
ka/hﬁ is substituted for tre two low frequencies, the

expression becocmes:t

T, (%, 3/ 5o (1 1

0
- -r[q- exXn - o= T o e ( 63 )
7y 1 B AT Tl) .

The Arrvhenius »nlot should therefore show an upward curvature
as the temperature increases.
“he extrapolation was made from the exact emression,

o , - M -
62, between 5707XK, the temperature used by HJIPF, and QSOOOA

using the combined rate constant given by 56. This exbra-
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polation is shown on figure 5. At 1667°%, E° is found by
59 to be 25.9 kcal/mole compared to 25.9 kcal/mole for i.
Horcover, the curve is very sensitive to changes in Eé.
The EO necessary to commect the average shock btube resgults
ﬁ tn 56 at 570°K 1s 29.3 kcal/mole. Vnile the actlvation
energy 18 usually not accurately known, thnls difference ol
3.1 kilocalories between the observed value and the value
necessary to fit the high Lemneratureu resulos does seem
well outside the experimental uncsertalnty in the present
cagse. To obtaln the same agreement between measured and
calculated partition functions at STOOK, the factor B(T)
asgoclated with an EO of 29.3 kilocalories would have to be
twenty times grsater than the B(T) previously calculated.
This factor would seem also somewhat larger than could be
obtalned by refining the IJPP cstimates of parameters. This
exbtrapcolation 1s discussed further in the next section after
an aralysis of the experimental data obtained in the present
work.

Another mechanism giving a rate exXpression with a
guadratic dependence on the I o concentration iz the Ashmore

and Levitt (6) mechanism shown below, which postulates NO,
*»

S
as an unstable intermedlate.
X,

NO, + HO, —2 O, + TO (2)
%

o, 4 1O —3> 10, + N0, (3)

k
NOB + H02 ——lﬁss N02 o O2 + NG (4)
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The rate expression for this mechanianm is:

1 afuo,1 2 ks
Y = % (10 1/X |5
[0, ] at T + 3[10]/;«:4[

Py

This mechanism is inhibited by KO, either added inlitially or
produced in the reaction, so that 1t only contributes to the
rate during the early stages of the reaction even in pure
Noz. The bimolecular path of reaction 1 is, of course,
continuing to occur. Al 7O7OK, Ashnore and Levitt report

1

T = 19.0, t, =

0
and Schott (8) give kB/kb = 570. Therefore at 707 X,

26 (both M~ sec™l) and kB/kﬂ = 60. Davidson
without NO present, initlally each path contributes about
the same. Both kB and ku are lmown from previous kinetics
investigation on the nitrogen oxldes (7). The values of the
pre~cxponential factors and the activation energies Tor kB
and ku are reported as b x 100 and 1.5 x lOS H_lsec_l, and
1. + 2.5 and 3.8 + 1 keal/mole respectively.

It 1s difficult to predict whether a mechanismn involving
i 3 is Zmportant at a temperature of l?SOOK, an average Ior
the present investigation. Ashmore and Levitt (8) have some
evidence that the activation energy of 2 is 30 kcal/mole.
The very small activation energy of 3 given by Schott and
Davidson (7) suggests that the actlvation enerpy should be

o) o s .
for 2, or 23 kcal/mole. These estinates bracket the

AHO
observed bimolecular activation enerzy, 26.9 keal/mole, so

at 1750°K.

P

t 1s possible that k2 would e comparable with kb
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Using the activation energles of Schotﬁﬂand Davidson (7),
1:3/1% would become 20 (AL) or 190 (3D) at 1750°XK. 1If

k3/k4 were very large, a very small amount of 1IC would
completely inhibit the mechanism. If kB/kM were very small,
it might prove impossible at certaln terperatures to observe
the InhibiItion in the shock tube even with all‘the argon
replaced by H0. In figure @ are opresented values of kg obs
for gas mixtures containing .050 nmole fraction N02 and .043
mole fractlion NO in argon. Within the limilited precision
availlable, The same rate constants are obtained with and
without added NO. Thus, the actual situation is stlll
uncertain.

Another possibility is that a reaction faster than I
destroys NOB at the high temperatures. The unimolecular
decomposition of HOB at the low »ressure limit may be
represenced by:

“a

~—— N0, +0 + I (6l)

i

r

T N [

QN b
3

I'ne total reaction would then involve 10, the rapild reaction
of O and NO,, as the final step. An estimate of kd may be
made from the known thermodynamic functions of KOB (7) and
the rate of the reverse reactlion, which has recently been
neasured by Ford and Indow (23). At EQSOK, the equilibrium
constant for Ol, Kc, is .5 x 10—31 il. This value may be

extrapolated to high temperatures by using the expression

=0
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belcw for equilibrium constants in terms of partition

functions, §.

""{ Q Q R T hd O

cp 110, %0 Qr“oz% . Az’ (1 ) o)
Koo o Q0 P ROAL, Iy

1 372 05 /4

The rotational temperature dependence will cancel, since
there are threo rotatibnal degrees of Ireedom in bothIIO3

and NOg. The six vibratlons of NO3 may be classified as
three stretches, two bends, and one out-of-plane vibration.
The vibrations of NOZ consist of ©vwo stretches and one bend.
If it is assumed that the stretches make small contributions,
that one bepd may be cancelled in Hog and EOB, and that the

otiler two vibrations of 0, are classical, the total contri-

3
bution from vibrations 1s T'a. Therefore, 65 may be written:
K, T 1/2 ~ ©
== (= oxp | -~ (%‘%‘“) (66)
cq 2 2 1

Tf AEOE% = 1,9.6 keal/mole is used for AE°, K  at 1750°K

1l I"é sec“:L at

——

-

1s .29. TFord and Endow revort kr = 1.0 x 10
298°K. Reactions of this type are expected Yo have a
L - o .. . m"'l ""2 q .
temperature dependence of approximately T to T 7, and in

- ! —3/2 s 3 m? £ 1 O .
the »resent case T wa.s used. Therefore, Kr at 1750YK is

~1

7.0 x 107 ﬂ”zsec , and k., is 2.0 x 107 ﬁ“l sec™L.

d
If 6l replaces L} in the Ashmore and Levitt mechanism,

the rate expression 1s:
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a[ Y0, 2 k, (67)

1 > .
at T T+ K[H0] /K 1]

n 2
[ 270,]

From the sx»nression given by 3chott and Davidson (7),

10 -1 . =1

k, =l x 10 sec”™™ at 1750°K. Using the values of

3
[10] and {I] present in the inhibitlon experiments, one
obtains k3 (0] = L = 106 sac-l and kd (] = 5 x 106 sec'l
or kB [NO]/kd[M]nal. Therefore, bl may indeed become
important at high temperatures. The inhibitlon by HO would
not be observed at temperaitures higher than 1750, since ks
has about 50 kcal/mole activation energy, while k3 has 1.&
kcal/mole. The rate expression 67 would then become
identical with the simple bimolsculer process and demonstra-
tion of this path would be gqguite difficult in the absence
of information from lower temperatures about kZ'

Yet another process which may cause the thermal
decomposition of 302 at high temperature 1z the unimolecular
decomposition, and the standard mechanism of this type 1is

presented below.

HO, + 1 —i}m; + I (68)
80" + M50, 4+ K (69)
W0, —=q + 0 (70)
0 + No,—™0, + MO _ (71)

The first three reactions represent the unimolecular

decomposition. The last reactlion completes the process and



is not rate determining. Tor a simple -trlatomlc molecule
like WO, theory and general experience prediqts that the
rate will depend on the total pressurse. In other words,
the overall decomposition rate wilill equal the rate ol
production of energized NOE’ HO2T. This 1s the same as the
rate of 68, or ku[woel[ml. In these equations, I represents
any gas molecule, and initially this cculd be elther argon
or HOE. The efficiencies of N02 and argon in energizing N02
are assumed to be equal. An energized NOZ* molecule contains
enough énergy to dissociate, but the energy is distributed
among several degrees of freedom. When this energy by chance
becomes localized in an N-0 bond, the molecule breaks into
MO and 0 as shown in 70. If the energilzed NOZ* experiences
a successful collision with another molecule before this
energy becomes localized, the excess energy 1s lost, and
the molecule becomes NOE as shown in 69. Since N02 1s such
a simple molecule, the time belore the HOZ* will react is
small, and 69 i1s not effective.

The overall process represented by 68, 69, and 70 may

be expressed by 9:

NO, + M = W0 + 0 4 M (9)

The rate of 9 may be estimated from the recent measurenents
of the rate of the reverse reaction by Ford and Indow (23),

an estimation of 1ts temperature coeflficient, and the
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equilibrium constant of 9. The temperaturs coefficient of -
the reverse reactlion may be estimated from the temperature
dependence of the equilibrium constant and the rate of the
{forward reaction. The equilibrium constants at two tempera-
tures are related by 65,' if QEGQO/QNO is the partition
function quotient. Translation contributes TB/E, rotation

contributes T”l/2

, and one bending vibration contridbutes
1 . : .

T to the temperature dependence. Therefore the cguobtlent
has no temperature dependence. The forward unimolecular

rate constant may be approximated by:

+
-

9}

s=1 -
_ __2 9 oy | O
K, =0T \m exp [ R (72)

st

This expression 1s gilven by the classical Rice, Ramsperger,
Kassel theory, where Z is the collision number and s 1s the
number of effective oscillators--~classically 3 (number of
atoms) minus 6. In the oresent case s is three and the
pre-exponential factor in the above equation has a T'B/2
temperature dependence. It is lmown that the.reverse of 9
has 1little actlvation energy, so E_ in 72 and AE © in 65
must be approximately cqual., Since the ratic of the forward
to the reverse rate constant 1s the equilibrium constant,
the reverse rate constant will have only a T~3/2 dependence
cn the temperature. Arguments of this type justify the
temperature dependence assumed Tor the reverse of Ol above.

Ford and Indow glve the rate constant for the reverse
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£ 9 as 1.8 x 101 ¥ %sec™ at 300% with I, as the "third

body" 1. Assuming that argon 1s about one-half as effective

as N,, the constant becomes 1.0 x 1010 g“gseo"l. Using the

T“B/ temperature dependence derived above, the rate constant
is W1 x 108 and 5.8 x 108-E~2sec”1 at 2500 and 2000°K,
espectively The equilibrium constant for 9, [HO][O]/[NOZ],
way be calculated from standard thermodynamic information
(20), (21), (22). Tt is found to be 3.03 x 107° i and
1.15 x 1073 M at 2500 and 2000k, resvectively. Therefore
the rate constants'ku are 3.2 X 107 and 1.3 6 g_lsec"l
at 2500 and 2000°K, where the values calculated as indlcated
above have been multiplied by two because kl obs has been

defined, 5li, for the decomposition of two NO, molecules per

reaction. The values of ky _,  at 2500 and 2000°K are

Ly x 107 and 2.6 x 106 “lsec™t in rood agreement with the

extrapclation. Therefore, 1t is not unreasonable to assume
that the rate constants measured at the higher temperatures
of this investigation are due mainly to a unimolecular
reaction.
The local activation energy of the unimolecular reactlon
- PR do . £ -3/2 - 2] 3
9 may be estimated from the T temperature dependence cf

the pre-exponential factor. The energy EO in 76 1s taken as

~

[&HQO of reaction 9 or 71.381 kcal/mole (22). The predicted
local activation energy, E, is glven by 59. In the present

ol A i ] 2 O P
case 59 becomes & = ho -{3/2)RT, and therefore around 2000 X,

& is 65,0 xcal/mole. This estimate w111 be used in the analy-

sig of the rate data to be nresented in the next ssction.
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3. Interpretations and Comparizons

This sectiorn will describe an analysls of the observed
rate constants that indicates the Bodenstein bimolecular
decomposiltion and a unimolecular process are both occurring.
Also, the results of thig investlipation will be compared
with the regults of the Stelinburg and Lyon (§) investigation.

Tine analysis of observed rate conztants into a bimolecu~
lar contribution kb and a unincleccular contribution ku was
accomplished by subtracting an estimated value of ku from
the observed rate constant Kl ob s (figure L). The esti-
métion of the local activation erergy X to be 65.@ kecal/mole
around 2000°K was discussed in the last section. Since one
value of ku must be known 1in addition to the local activation
energy, 1t was judged rost rezsonable to draw several lines
of 65,11 kcal/mole activation energy, and compare the kb
values obtained. ih@ée lines were drawn almost through the
results for low N02 concentrations at arcund 2000°K. The

bimolecular rate constant was determined from the expression:

) _ [If]l [1;- 1 (73 )
b [moz]l 1l obs u
The best rate expression fcund was k = 3.00 x lOlBGXp

1

[ -651.00/RT] ﬁ_lsec-l, and it is shown in Cicure l.. The
larpe slope of this line means that the rate constants are
creatly affected at high temperatures and not changed at all

at lower temperatures by this analysls. The Arrhenius plot
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of log k,, determined by 73, versus reciprocal temperature
is shovn in firurce H. As might be expected, the scaster at
the higher temperatures is muach greater thaﬁ ét the low
cemperatures., ilowever, the signiflicant polnt 1s that ﬁhe
bgroups with low NO, mole fractions of 2.8 x 10—3, 7 % 1072
and 2.3 % 10—2 are now nuch better representec on a single
line. The experimental activation energy of figure 6 is

22 46 kcal/mole. Comparison of figure 5 and figure 6 shov
that the higher NOE concentration results are not affected
riuch. The exbrapolation of the bimolecular path using
experimentally determined cuantities and the transition
state theory is still almost elght times too low. Also, the
extravolated and observed values are in poor agreement at
low temperatures.

The agreement beltween observed and exbtrapolated kb
values might be improved 1f more Information were available
about the Ashmore and Levitt mechanism (6). At the present
time, values have only been published for one temperaturc.
The activation energy of 2 is needed, and measurements of
the unimolecular decompositvion of NGB might prove very
significant. Because only one set of NO Inhibition experi-
ments were performec and because the extrapolation of
kB/kb i1s quite uncertain, the inhibition sxperiments should

I
not be Interpreted as ruling out the Ashmore and Levitt
mecnanism. Experiments with a small amount of HOZ in HO

as the buffer gas between 1100 and ISOOOK would give probably
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the grectest chance of observing inhibition by NC.

As previously noted, the results of Steinburg and
Lyon {9) on the same system over the same temperature range
are somewhat different. They find all thelr data may be

accounted for by the rate expression:

y o 1 a[wo, ]
sL T 7 TG, J[A] ~ at
= 3.82 x 1011 exp [-L16100/R7) Enlsec"l (7h)

Wear 2000°K the results are in agreement. Tnhe expression
above gives kg = 3.l x 10° E"lsecul. At lower tempera=-
tures, the larger N02 concentration experiments delinitely
fall above the Steinburg and Lyon expresgsion. Values of
kSL were obtalned from an Integrated form of 74, In the
present investligation it was felt that density and tempera-
ture changes, with the resultant changes in the rate constant
and extinction coefficient, would make integrated expressions
less certain than inltial expressions. These objectlons are
admittedly ls sz important at low N02 mole fractions of .0l
to .03 used by Stelnburg and Lyon.

The following mechanism was proposed by Stelnburg and

Lyon.

k *
NO, + A -—JiE-Noa + A (%)

% X
NOE + A ——Jé€>-NO + 0 + A (6)



K

NO,  + A —TL> NO, + A + hv (7)
K

NO, + O .._8._>. NO + 0, (8)

Ir NOQ* and O are present in steady state concentrations and
k6 k7, the mechanism above gives the concentration dependence
of 74. The experimental justification for 7 is stated to be
the fact that the light intensity is proportional to the
product [NOE][A]. Since an activation energy of 46 kcal/mole
is observed, it 1s believed that 9--which requires about 71
kcal/mole--is not occurring.

The Steinburg and Lyon mechanism 1s difficult to justify
physically. Since about 71 kcal/mole must be involved in
going from the reactants of 5 to the products of 6, reaction
6 must have an activation energy of at least 25 kcal/mole
if 5 has a U46 kcal/mole activation energy. This additional
energy comes from another collision with argon, as shown in
reaction 6. It must be postulated that the collision is
much more likely to give 25 kcal/mole more energy to the
NO,
in the molecule, i,e. to reverse 5. Thls possibllity seems

than it is to remove the excess 46 kcal/mole present

unllkely from previous experience.

The observation of a single activation energy equal to
46 kcal/mole 1s not supported by the present experiments.
Steinburg and Lyon investigated the reaction over an

[argon]/[NOe] ratio of three and an argon pressure ratio of
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two. The present study included their -conditions but with
ranges of sixty-five and twenty for the abéve quantities.
It is clear that the observed activatlon energy changes with
conditions, and in experiments designed %o favor the unimole-
cular process, & measured activation energy of 57 kcal/mole
was observed in this-study. The results presented here
would indicate that both the bimolecular and unimolscular
prooesses were occurring in the Steinburg and Lyon experiments,
and therefore an activation energy Zntermedliate between
25.9 and 71 kcal/mole would be observed.

Iin summary, then, it is believed that the most reasonable
interpretation of the shock Tubs experiments, takling Into
account tne experimental data, extrapolation of other results,
and general theoretical considerations, 1s that NG, is
decomposing by two paths. One 1s the unimolecular deconposi-
tion of 10, into NO and ¢ with a rate law - d[NOZ]/dt
=k, [10,][1], and an activatlion energy of about 65 keal/mole.
The second is a bimolecular decomposition, - d[NOQ]/dt
= k-[N02]2 , with an activation energy of 22 + 6 keal/mole.
However, the l1imited precision of the shock tube work makes
it impossible to definitely prove that the above interpreta-
tlons are correct,.

The observed bimolecular rate constants are greater
by a factor of elght than extrapolated values for the
binolecular Bodensteln mechanism. I% scems unlikely, bub

not entirely excluded, that this 1s due to an error in the
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exvrapolation. Possibly the Ashmore and Levitt mechanism,
or a simple extension thereof (including reaction blL), can
gcecount for the additional reactlion path. Possibly there
is some cother as yet unrecognized reaction path. Possibly
the discrepancy 1s in the present work. This question
reqgulres further worlk, but the present ilnvestigation has
fairly deflinitely established tie occurrence of both uni-

molscular and bimolecular reaction paths.
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D. Tables
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Table 1. (as Parameters for Arpon behind Reflected Shock

Waves

Tl = BOO.OOOK; Data for incident shocks taken
from reference (19)

Si 85 T,
&y T A ) (cm/msec) (°K)
1.80 3.80000 2.07692 58.059 5h8.9
2.00 lL. 75000 2.28571 6lL.510 623.1
2.20 £.80000 2.16939 70.961 70l .
2.%0 6.95000 2.6301L 77.%12 792.7
2.60 8.20000 2.770l9 83.863 887.9
2.80 9.55000 2.89299 90.31l 990.3
3.00 11.00000 3.00000 96.765 - 1100.0
3.20 12.55000 3.09366 103.216 1217.0
3.0 14..20000 3.17582 109.667 13.41.0
8 T

r . r
(em/msec) Ar Or At (°%)
37.989  1.792Lh5 1.5592 3.72278 855.9
ﬁo.319 1.90000 1.6541* Jl28s  1031.3
2,811 1.98630 1.73638 L.9olko5  1223.5
L5026 2.05621 1.5076L 5.%0012 1%33.0
48,130 2.11340 1.869L1 5.85515  1659.9
50.917 2.160063 1.9230L 6.25068  190L.)
53.758 2.20000 1.96970 6.60000  2166,7
56,6008 2.23310 2.010L0 6.908L5  2LL6.7
59.577 2.26115 2.00603 7.18101 2744.5



Tabnle 2.

-77;

Gas Parameters benind ITncident Shocks for

Mixtures of Nitrogen Oxides and Argon

Tl = BOO.OOOK; Calculations nmade for flrst sample

of a given conpoesition; Other samples within 1%

ole Fraction N02 = 5.03 x 10-2; Initial pressure = 0.02 atm

, [e]
T, (“K)

1000
1500
2000
2500

1000
1500
2000
2500

T JAN N 84 (em/meec)

0(2'—“0

10.395 3.1185 92.55

17.705 3.5410 120.1

25.082 3,7623 2.6

32,482 3.8979 162.0
Ao = 0.50

11,1977 3.1.063 95.95

18.7361 3.7106 122.8

25,1037 3.8699 1%f.o

33.4989 3.9700 1611

Mole Fraction NOZ = 5.03 x 10_2; Initial pressure = 0.0& atm

T, (°K)

1000
1500
2000
2500

1000
1500
2000
2500

33.5151

3.97L7

T [kj_' 84 (cm/msec)
9(2 = 0
10112 3.121.0 92.62
17.721 3.5436 120.2
25.095 3.7036 1%2.6
32.197 3.8997 162.0
qz —_ QSO
11.5137 3.4111 96,01
18.8023 3.7136 122.9
26,1647 3.5758



ilole Fraction N0, = 1.068 x 10_1;

T, (°x)

1000
1500
2000
2500

1000
1500
2000
2500

Hole Fraction NO, = 1.068 x 1071,

T
3
[

1000
15C0
2000
2500

1000
1500
2000
2500

(°%)

~78~

Table 2. {continued)

s A
A, =0
11.2453 3.3738
19.%202 i.iggf
27450 L1258,
35.7422 L.2955

A, = 0.50
13.5908 3.9709
21.6126 lL.2101
29.72081 M-?hBZ
37.8961 4.4290

T Ay
0(2.-20 ’
11.2098 3.3630
19.28013 g.agég
27,4716 1. 120
35.7105 li.283
cL2 = 0.50
13,5551 3.9608
21.5766 L.2032

29.6920 1.3380
37.8559 M.iZSl

Initial pressure = 0.02 atn

Si(cm/msec)

9l .60
123.2

1L6.6
1@6.9

Initial pressure = .01l0 atm

S5 (cn/nasec)

A
imad OIS
loaY o) SER =y
- . Y -
Co O
\SxNe

N

101.6
128,8
151.0
171.0



Table 2.

lMole Fraction NOg =

(°K)

To LA
. mm~*-:;2
600 lL.5639
1000 10.011
1500 16 9586
2000 997&
2500 30 952l
P!
600 5.0579
1000 10.5222
1500 17 r57?
2000 2+.u32
2500 31. 4210

licle Fraction HO, = 1.527 x 10

T (%K) T35
°<2 =
900 10.2992
1200 15555
1500 20.7015%
X 5
900 13.7356
1200 18.8701
1500 2ly.. 0852

2.35 x lO”ag

-79..
(continued)

Initial pressure = 0.0l atm

Ay 84 (cm/msec)
= 0
2.2821 62.83
3.0035 91.69
3.3917 118.7
3.5920 14.0.7
3715 159.7
= O‘SO
E-Bl%l 6l 75
3.13082 93
3471l 319
3.6433 %
3.7485 0. 7
”l; Initial pressure = 0,03 atm
ij_ 34 (cm/masec)
= Q
3.4331 89.53
6639 109.10
i.luoq 125.9
= 0.50
Lolaol 100.25
H-SMSO u.%é
L6399 134 02



Vole Fraction

mole Practlion

T, (°K)

1000
1500
2000
2500

1000
1500
2000
2500

N0 = .30 x 10’2;

-0 =

Table 2. (continued)

N0, = 5.00 x 1072
TC 4 A i
0(2 = Q
10.650 3.,1950
18.207 3.641ﬁ
25,850 L3177k
33.529 L. 0230
°<2 = 0,50
11.7448 3.%8@0
1“02739 3.b072
26,8983 i.gauq
3l 5232 .0917

Initial pressure = 0,020 atnm

S, (cm/msec)

934,30
121,2
1.1
163 .8

6
1

e
NSO
V1o O

. s o =

=0 O

10
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Table 3. lleasured and Calculated Reflected 3hock Speeds

2

ilole Fraction Nﬁzrz 2.38 x 107%; 1Initial pressurec = .OL atm

Experiment and
3cope

129-1
129-2
130-1
130-2
131-1
131-2
132-1
132-2
133=~1
133-2
13h-1
13)~2
135-1
135-2

Reflected Wave Speed Sr

From S. From trace
1
(cm/msec) _Ber

9.7 1849 1.900

i }_Lg. 9 1t
L8.L 118.0 1.872

1" }_1_8.8 1t
;8.8 5.9 1.877

1 )_4_7. 2 n
52.3 50.5 1.943

i 50 .}4‘ 4
5.5 3.9 1.807

n !, .5 1
IL7.7 3.6 1.860

] l%-é-ll n
52. 52.1 1.90.7



Mole Praction

Experiment and
Scope

115-1
115-2
108-1
108-2
113-1
113-2

97~1
11h~1
11l -2

98-2
105-1
105-2
10l-1
109«1
109-2
112-1
112-2
107-1
107-2
110~1
110-2
100-2

~82-

Table 3. (continued)

= 7.12 x 10_3; Initial pressure = Ol atn

Reflected Viave Speed Sr

From 3. 'rom trace
X
(cm/msec) Eap“w
L:‘!.SQL l}_l.608 3—.0870
1t u7.6 it
L8.6 L8.0 1.876
1 L;d?‘(’} 1t
1L.9.3 L5.1 1.899
" )48 .3 tt
50.3 50.0 1.911
50.6 52,2 1.916
1 5’1.7 H]
51.0 9.5 1.920
51.5 52.0 1.930
n 5’3 .3 it
51.8 9.2 1.936
52.2 53.0 1,902
it 5’0.7 "
52.2 52.3 1.942
1t 5’1‘9 1
520 51.5 1.9
n 52.8 "
53 .0 5040 1.961
it 5"4.5 13
55.9 5h.7 2.003
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Table 3. (continued)
Mole Fraction N0, = 2.0 x 10_3; Initial pressure = 0.1 atm

Reflected Wave Speed Sr

Expefimont and From.Si From Trace

Scope (cm/msec) 69 T
127-1 50.1 5h.2 1.907
127~2 i 51.0 "
128-1 53.5 57.5 1.963
136-1 9.5 51.0 1.892
136-2 " 52.0 "
137-1 48.3 9.7 1.870
137-2 " 52.2 "
1338-1 52.3 55.7 1.907
138-2 i 5hal n
139-1 119.8 50.1L 1.898

139-~2 " 52.L "
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Table l.. High Temperature Extinction Ceefficients of KO,

" —————

A= 136 mu; €= 1441 o™ 0y 300%
4

€,
Tr €r T2

Zxperiment N B |
(°x) (i "em ™) (°k)

( I\;T- l
and 3Scope

cm—l)

Jue

io0le Praction H02 = 2.0 x 10-3; Initial pressure = 0,10 atm

127-1 1829 39 959 109
127-2 " 108 " 109
128-1 2150 11 1095 113
136-1 1775 9% 938 107
136-2 " 10 n 107
137-1 1682 98 899 11k
137-2 " 100 n 115
138-1 200 15 1048 112
138-2 " 1 ! 110
139-1 1800 112 91,8 112
139-2 n 117 " 110

Meole Fraction N02 = T7.12 x 10"3; Initial pressure = 0.0h atm

106-2 1300 110 737 119
106-1 " 113 " 118
115-1 1687 97 902 117
115-2 " 10! " 118
108-1 1703 92 907 113
108-2 i 28 " 117
113-1 1808 952 110
113-2 i 91 Tt 116
97~1 1848 91 967 106
11-2 1878 23 980 11l
11%-1 n 7 t 111
90=-2 1907 79 993 110
105-2 1961 100 1016 105
1oif1 " 38 n 102
104.-1 1988 76 1027 103
109-2 2018 78 1039 110
109~1 " 75 u 107



Experiment
and 3cope

112-1
112-2
107-2
107-1
110-2
110-1
100=2

-3 5=

(continued)

Mole Fraction Wo, = 2.30 x

129-2
129-1
130-2
130-1
1312
131-1
132-2
132-1
133-2

Table L.
T €r
or (N—lcm-l)
(’K) =
2025 89
" 102
20L.7 97
i 81
2138 81
1 70
2388 13l
10"2;
1809 10k
" 97
1689 102
1% lo
1716 10
H 10&
2030 8l
1t 8
1&39 113
' 107
1630 107
H lou
281;_8

T €5
& -1 -1
1043 110
1 113
1053 113
" 110
1090 112
" 110
1192 81
Initial pressure 0.019 atm
952 120
1" 115
902 121
" 120
913 123
". 119
1045 110
i 113
796 125
" 120
876 12l
" 118
1052 115
n 112
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(continued)

.
2

.
2

2

Table ..
T, €2
AXperiment o (W-lcm"l)
and Scope ("K) -
lole Fraction 10, = 2.3l x 107°
68-2 1262 105
70-2 1828 80
71-2 1667 87
72-2 1370 102
92-2 1535 96
L2 1o T -2
¥ole Fraction NO, = 5.0l x 10
2-1 1520 99
3-1 1580 102
61 1910 79
10-1 J77 100
-1 19y 9
liole Fraction NO, = 5.00 x 1077
“ole Fractlon MO = L.30 z 1072
117-2 1726 95
116-2 1830 87
119-2 1985 Tl
121-2 1598 101
122-2 131 10l
ifole Fraction N0, = 5.09 x 107°
3l-1 1727 91
35-1 1621 96
36-1 1689 91
e E W _1
llole Fraction NG, = 1.05 x 10
76-2 232l 51
77-2 2l50 7k
79-2 1726 89
81-2 93

1750

T, €
Experiment a=1 ~l)
and Scope (°K) £ oom
Initial pressure = 0.0l atm
93-2 1366 10
-2 1652 92
95-2 1827 85
96-2 1459 103
Initial pressure = 0,02 atm
13-1 1916 8l
-1 1750 90
17-1 2209 87
21-1 1790 93
Initial pressure = 0.02 atm
3 -2 1707 5
12i-2 1858 3
125-2 1952 73
126-2 1942 77
Initial pressure = 0,04 atm
37-1 1LoT 6
38-1 1858 85
Initial pressure = 0.0l atm
82-2 1719 91
8l-2 1777 21
90=2 1890 %
91-2 1976 3
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Table L. (continued)

T, €2 T, €2
Ixperiment =L =1 Experiment a=L =1
and Scope . (%x) (e 7) and Scope  (%x) (% om ™)

Mole Fraction I o = 1.06 x 10_1; Initial pressure = 0,02 atm

%E-l 171 99 52-2 156l 102
W1 1570 96 53-2 17,8 91
ho-1 1143 108 Sh-2 1740 .
I6-1 1335 103 55-2 1501 102
w7-2 171 100 57=-2 1303 102
8-2 1598 95 58-2 13119 10l
ko-2 1277 107 59-2 1375 103
50-2 15?1 9 60-2 1379 106
51-2 1360 107 89-2 1380 79
A= lLos m 3 € = 16l g.g‘lcm“l at 300°K
T, € T, €
Experiment =L =1 Experiment amdl =1
and Scope (°K) (i “em ™) and Scope (°k) (1 “em ™)
Mole I'raction N02 = 5.04 x 10_2; Initial pressure = 0.02 atm
3-2 1580 11l 2l -2 1478 116
-2 1660 110 252 1936 90
é,g 1910 121 26-2 1558 115
10-2 1%77 11 27-2 1595 103
11-2 1 7% 10 28-2 1832 97
13-2 191 23 29-2 1818 97
17-2 2209 7 1-2 89l 130
21-2 1790 10l
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Table L. (continued)

T, €2 T, €2
Experiment o (M’lcm—l) Experiment o (N”lcm'l)
and Scope (“K) = . and Scope ("K) =
Mole Fraction N02 = 5,09 x 10—2; Initial presgsure = 0.0u atm
31-2 1349 123 ?9~2 1231 123
32-2 1,08 125 10-2 1231 183
36-2 1689 106
liole Fraction NO, = 1.06 x 10—2; Initial pressure = 0,02 atn
h1-2 1172 125 l~2 1570 106
3 =2 171 111 h5-2 1143 126
L =1 o]
M = 5Lb mu; €=29 I “em ~ at 300K
T, €2 T, €2
BExperiment o (N“lcm—l) Experiment o (”_lcmhl)
and Scope (“K) - : and Scope (“K) =
1 6-2 1053 56 150-2 1269 62
Up7-2 122l 63 151-2 1162 55
148~2 136 60 152-2 1176 57

119-2 17 60
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Table 5. Range of Experimental Conditlons

wave
Unsinocked gas 3hocZed gas reglon
lole Fractlon IO, [F05] (4]
(x10%) et Wk 10h @ 10%)
357 0.28 0.1 .8 30 reflected
143 0.7 0.0 .08 11 "
Iy 2.3 0.019 1.5 6 n
Iy 2.3 0.0l 1.5 6 incident
20 5.0 0.02 1.5 3 "
20 5.0 0.02 1.5 3 "o(EC)
20 5.0 0.0k 3 6 "
10 10 0.01 1.5 1.5 it
10 10 0.02 3 3 H
6.7 15 0.03 8 N "
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Table 6. Observed Initial Rate Constants

, T [NO,T, A log k
Experiment 02 2’1 5 -1 1 O??
and Scope (“K) (M x 107) (M~ sec™ ™)

Reflected shocks -3
Mole fraction NO, = 2.66 x 10 ©; 1Initial pressure = 0.10 atm

127-2 1829 6.80 6.000
127-1 " " 5,803
128-1 2150 7.19 6.791

Reflected shocks -3
Mole fraction NO, = 2,98 x 107”; Initial pressure = 0.10 atm

136-2 1775 7.46 5.622
136-1 " i 5.690
137-2 1682 7.23 5.348
137_1 " 1t 5.368
138-2 2040 7.80 6.588
138-1 t " 6.576
139-2 1800 7.58 5.722
139_1 " " 5.696

Reflected shocks -3
Mole fraction NO, = 7.12 x 10 °; Initial pressure = 0.C4 atm

115-2 1687 7.07 5.682
115-1 " . 5.537
108-2 1703 7.04 5.634
108-1 " " 5.5048
113-2 1808 7.12 5.765
113-1 " " 5,869
97-1 1848 7.24 6.070
114-1 1878 7.23 5.917
114-2 " 4 6.093
08-2 1907 7. 440 6.114
105-1 1961 7.62 6.311
105-2 " " 6.362
104-1 1988 7.94 6.283
109-1 2018 7.73 6.396
109-2 " " 6.329
112-2 2025 7.67 6. 447
112-1 " " 6.412
107-1 2047 7.98 6.422
107-2 " " 6.501
110-1 2138 7.67 6.681
110-2 " " 6.709
100-2 2388 7.76 7.470
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Table 6. (continued)

, T, [No,1. A log k
Experiment 02 2°1 n -1 1 O?i
and Scope ("K) (M x 10") (M™ sec
Reflected shocks _p
Mole fraction NO, = 2.38 x 10°7; Initial pressure = 0.019 atm

129-2 1809 1.17 6.019
129-1 0 " 5,911
130-2 1689 1.07 5.759
130-1 " " 5.777
131-2 1716 1.15 5,887
131-1 " " 5,893
132-.2 2030 1.16 6.463
132-1 " " 6.381
133-2 1439 1.00 5.615
133-1 " " 5.399
134-2 1630 1.11 5.701
134-1 " " 5.618
135-2 2048 1.18 6.523
135-1 f " 6.526
Mole fraction NO, = 2.34 x 10'2; Initial pressure = 0.040 atm
68-2 1262 1.25 5.051
g2-2 1535 1.32 5.337
71-2 1667 1.33 5.587
72-2 1370 1.28 5.107
702 1828 1.38 5,969
93-2 1366 1.28 5.251
ol -2 1652 1.38 5.601
95-2 1827 1.35 5.971
96-2 1459 1.32 5.307
Mole fractlon NO, = 5.04 x 10"2; Initial pressure = C,02 atm

-2 1580 1.47 5.562

L2 1660 3.51 5.732

6-2 1810 1.65 6.436

6-1 " " 6.190
10-2 1477 1.55 5. 404
10-1 " " 5,284
11-2 1694 1.46 5.966
11-1 " " 5,762
13-2 1916 1.53 6.318
13-1 " " 6.246



Experiment
and Scope

14-1
17-2
17-1
21-1
21-2
24-2
25-2
26-2
27-2
28-2
29-2

Mole fraction NO2

- 31-2
322
34-1
35-1
36-2
36-1
37-1
38-1

Mole fraction NO2
il t NO

117-2
118-2
119-2
121-2
122-2
123-2
124-2
125-2
126-2

Mole fraction NO2

76-2
77-2
79-2
81-2
82-2

-92 -

Table 6. (continued)

Ta [(NOy 1, A log k1 opg
(°K) (M x 10%) ul sec™d)
1750 1.4¢9 5.935
2209 1.63 6.420

§1 1 6.518
1790 1.71 5.992

i " 5.890
1478 1.50 5,162
1936 1.65 6.313
1558 1.49 5.755
1695 1.53 5.942
1832 1.54 6.016
1818 1.67 5,984

= 5.09 x 107%; Initial pressure = 0.0l atm
1349 3.66 5.215
1408 3.17 5.323
1727 3.01 5.959
1621 3.02 5.767
1689 2.96 5.831
" " 5,807
1497 2.64 5.469
1858 3.12 6.001
= 5,00 x 10:2; Initial pressure = 0.02 atm
= 4,30 x 10

1726 1.56 5.823

1830 1.62 6.074

1985 1.57 6.383

1598 1.55 5,453

1431 1.64 5,157

1707 1.62 5.942

1858 1.61 6.127

1952 1.65 6.316

1942 1.64 6.331
= 1.046 x 10_1; Initial pressure = 0.Cl atm
2324 1.77 6.843

2150 1.81 6.781

1726 1.70 6.246

1750 1.62 6.468

1719 1.80 6.372



EXperiment
and Scope

84-2
90-2
91-2

Mole fraction NO, = 1.060 x 1077

43.2
43-1
4l _p
U441
46-1
h7-2
482
hg_2
50-2
51-2
52-2
53-2
slL_2
55~2
57 -2
58-2
59-2
60-2
89-2

Mole fraction NO, = 1.527 x 107

152-2
151-2
150-2
149-2
148-2
147-2
146-2

_.93~

Table 6. (continued)

T2 [(Noy 1, A 1og k1 ops
(°K) (M x 107) (™! sec™t)
1777 1.76 6.302
1890 1.64 6.552
1976 1.79 6.611

. Initial pressure = 0.02 atm
1471 3.21 5,712

" 1t 5 . 698
1570 3.26 5.829

1t it 5 . 775
1335 3.4C 5.367
1471 3.38 5.833
1598 3.38 5.923
1277 3.28 5.343
1591 3.49 5.891
1360 3.48 5,625
1564 3.60 5.911
1748 3.59 6.210
1748 3.64 6.154
1544 3.63 5.812
1303 3.28 5.441
1349 3.3¢9 5.335
1375 3.43 5.557
1379 3.54 5.615
1880 3.57 6.413

L. Initial pressure = 0.03 atm
1176 7.56 % 1o‘ﬁ 5.402
1162 7.46 x 10:4 5.382
1269 7.72 x 10, 5,462
1478 7.56 x 107, 5.649
1364 7.89 x 107), 5.498
1224 7.36 x 10, 5.417
1053 6.96 x 10 5.220
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KINETICS OF THE FERROUS ION-OXYGEN REACTION IN
SULFURIC ACID SOLUTION

This section consists of a paper published with
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[Reprinted from the Journal of the American Chemical Society, 78, 4836 (1956).]
Copyright 1956 by the American Chemical Society and reprinted by permission of the copyright owner.

[CoNTRIBUTION NoO. 2099 FROM THE GATES AND CRELLIN LABORATORIES, CALIFORNIA INSTITUTE OF TECHNOLOGY]
Kinetics of the Ferrous Iron—Oxygen Reaction in Sulfuric Acid Solution

By ROBERT E. HUFFMAN AND NORMAN Davipson!
REcEIVED MAY 7, 1956

The reaction 4Fell 4+ O, — 4Fell 4 2H,0, at 140-180° in 1 F HySO4, proceeds by simultaneous bimolecular and ter-
molecular reaction paths: —d(Fell)/dt = kn(Fell)Po, + ky(Fell)2Po, At 159° kb, = 1.98 X 107% atm.™! sec.” L, &y =
1.60 X 103 M ! atm. ! sec.”!; the respective activation energies were measured as 13.4 (2=2) and 16.3 (#=2) keal. At
30.5°, only the termolecular path is observed (contrary to the predictions of the high temperature activation energies);
by =278 X 107¢ M~1atm. Tsec.71 (1 FH,80,). The variation of rate with SQ;~ (u ~ 1, NaClO,) indicates independent

1 2 ku 1 2 ks .
reactions, 2Fe*+ - O, L/—)—> 2Felll | H,0,, and FeSOy + Fet* 4 O —(L> 2Felll . H,0,, where by = 1.4 X 10~%
ks = 3.1 X 103 M~ atm. ! sec.™ !, and Kregos = 1.1 M 1. The reaction rate increases a small amount with increasing

k
pH. Catalysis by Cu¥t+ follows the rate law —d(Fe**)/dt = 4ky(Fel)(Cu**)and is probably initiated by Felt + Cu*+ >
Felll 4 Cul. In 0.23 FH:50,, 0.35 F NasSOy, by = 1.9 X 10723 M~1sec.”L. The rate-determining step for the bimolecular
path is presumably either: (1a) Fell 4 Oy — Felll 4 HO,, or (1b) Fell 4+ Oy — FelV 4 Hy0.; for the termolecular path
it is 2Fell 4 O, — 2Fe!l 4 H,0,. Possible detailed mechanisms are discussed. There is evidence that the bimolecular
path, the termolecular path and the Cu* ™ catalyzed path are all accelerated by complexing anions, X, and to an extent de-
pending on the affinity of X for Fe*++, Furthermore, strong complexers favor the occurrence of the bimolecular path.

The rate of oxidation of ferrous ion by molecular
oxygen in acid solution is very dependent upon the
nature of the anions present. The rate increases
as the complexing affinity of the anion for ferric
ion increases. (It is to be expected that the com-
plexing affinity for ferrous ion would be in the same
order.) Thus, at a given pH, the rate is found to
decrease in the series pyrophosphate,? phosphate,?
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chloride,*® sulfate® and perchlorate.” Theratelawis

—d(Fel)/dt! = 4k(Fell)Po, for the first three
media listed above and —d(Fell)/dt = 4k(Fell)?
Pos for the last two. The rate-determining steps
are believed to be either (1a) or (1b) for the former
case, and (2) for the latter.

Fell 4- O —> Felll 4 HO, (1a)
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Reaction (la) is the first step in the Weiss one-
electron oxidation mechanism.®? The reactions
as written are not balanced with respect to hydro-
gen ion; they are intended to indicate the oxidation
changes involved but not to specify the dependence
of rate upon acidity. The symbol .(Fell) is de-
fined as the formal concentration of ferrous iron;
(Fe**) means the concentration of the uncom-
plexed ion. A similar convention is used for other
atomic species.

It was thought that the bimolecular reaction
(1a or 1b), which involves one of the unstable inter-
mediates, HO, or Fe!V, would have a higher activa-
tion energy than the termolecular path (2) and
would be more important at high temperatures.
We have accordingly studied the ferrous iromn,
oxygen reaction at 140-180° in sulfuric acid.
These results prompted a further investigation of
the reaction in various solutions of sulfuric acid
and sodium sulfate at room temperature and at fer-
rous iron concentrations considerably lower than
those used by previous investigators. Some infor-
mation on the cupric ion catalyzed reaction was
also obtained.

Experimental

The experimental techniques for the high and low tem-
perature reactions were different and will be described sepa-
rately. The amount of ferric ion produced at given times
was determined in both cases by measuring the ultraviolet
absorption of the ferric sulfate complex ion®® with a Beck-
man DU spectrophotometer.

Reagent grade ferrous ammonium sulfate, ferric ammo-
nium sulfate, cupric sulfate and sodium sulfate were used.
Sulfuric and perchloric acid solutions were prepared from
concentrated reagent grade acids. Sodium perchlorate
was prepared by neutralizing sodium hydroxide solutions
with perchloric acid. The watér used for high temperature
reactions was prepared by redistilling tap distilled water
from alkaline permanganate solution in a Pyrex, electrically
heated still. The commercial redistilled water used in the
first low. temperature studies was found to contain trace
amotnts of copper. The water used in all results reported
here at room temperature was prepared by redistilling the
commercial distilled water in a Pyrex, electrically heated
still to remove these traces of copper. In all cases, precan-
tions were taken to exclude dust and to rinse vessels with the
pure - distilled water before preparing solutions. Tank
oxygen was bubbled through water and filtered through
glass wool before use.

A high temperature reaction cell consisted of an 8 cm.
length of 15 mm. Pyrex tubing and, as a neck, an 11 cm.
length of 5 mm. tubing. About 5 ml. of reaction solution
was added, and air was displaced by a stream of O, gas in-
troduced through a narrow capillary.  The neck was then
gquickly sealed off in the middle while a stream of O; was
still passing through the top of the neck.

The sealed reaction tubes were wrapped in glass wool and
placed in short sections of iron pipe closed with pipe caps.
The high temperatures were provided by a silicone oil-bath,
and temperature control was by means of a mercury thermo-
regulator.
were attached to a chain and sprocket wheel arrangement
which rotated the iron pipes end over end in the bath, thus
stirring the reaction tubes and the bath. The bath was
allowed to heat up about 15° above the controlled tempera-
ture just before placing the stirrer and iron pipes therein.
This reduced the time necessary to bring the reaction cells
up to the high temperature. At the end of a reaction
period, usually two hours, the reaction was quenched by
cooling the pipes rapidly in cold water. The reaction tubes
were placed in a one cm. Beckman cell holder drilled out to
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.order dependence on ferrous ion.

The iron pipes containing the reaction cells”

hold the cylindrical tubes. The absorption spectrum of the
iron (III)-sulfate system is dependent upon temperature.
Optical density measurements between 340 and 410 mgp
were made using a cell compartment thermostated at 33°.
As compared to flat faced cells, the blank optical densities
of the tubular reaction cells containing either 1 F sulfuric
acid or water were about 0.180 to 0.080, depending on the
wave length. * Rough values for the effective extinction
coefficient, ¢ in the expression D = cel are 1300, 200 and
36 at wave lengths of 340, 375 and 400 my, respectively.
The reaction cells were calibrated after each reaction by
measuring the absorption spectra of ferric ammonium sul-
fate solutions in the same sulfuric acid medium. We are
indebted to Mr. John Andelin who constructed the high
temperature bath and made a few preliminary runs.

The room temperature reactions, which were very slow,
were carried out in Pyrex absorption cells, 5 cm. in diameter
by 10 cm. long, with Corex windows. It was possible to
make measurements at 310 mu, where the complex has its
maximum absorption. The cells had a total volume of
150~175 ml., and about 100 ml. of solution was used. Oxy-
gen was added and the cells sealed as described above. The
absorption cells were rotated slowly in a water-bath at 30.5°.
At intervals of several hours, they were removed for optical
density measurements and then replaced in the bath.

In both temperature ranges, the pressure or partial pres-
sure of oxygen was essentially constant because there was
a sufficiently large gas space above the solution.

Special care was taken to remove dust particles and traces
of iron salts from the reaction vessels. The inside of the
vessel was washed with hot aqua regia or nitric acid, thor-
oughly rinsed with distilled water, dried in an oven, and
then protected from dust until the reaction solution was
placed in it.

Results

Effects of Fell and Fel Concentrations. (a)
High Temperatures.—In the range 140-180°,
at ferrous ion formal concentrations between
0.00100 and 0.0250 F, the oxygenation was found
to proceed by two independent reaction paths—
one first order in ferrous ion and in oxygen, and one
second order in ferrous ion and first order in oxygen
—that is, according to the rate law

d In (Fel)
R

where k» and %t may be functions of the sulfate and
hydrogen ion concentrations as well. This rate
law accounts for the change in rate during the
course of a reaction and for the variation of initial
rate with initial concentration. Added Fel'l does
not affect the rate.

Since the oxygen pressure remains constant dur-
ing a reaction, it would be expected that plots of
log (FeW)i/(Fe'l)¢ vs. ¢ would be linear for a first-
(Fe'D); and
(Fell); are the ferrous ion concentrations initially
and at time ¢. Figure 1 shows that these plots are
concave downward. However, plots of 1/(Fell)
vs. } are concave upward.

The constants k, and k: were evaluated as fol-
lows. An apparent first-order rate constant, &/,
is defined by

= k,Po, + ki(Fell)Po, (3)

_ ~In(Fell),,/(Fell),
a o — )fl
for various times of reaction, where the interval
between f, and #;is 1 hr.  According to (3)

k' = kpPo, + ky(Fell)Po,
The quantity £’ is taken to apply to the average of
(Fell)y, and (Fell)y; plots of & vs. (Fell) were
linear, as expected from (3), and were extrapolated
to the initial ferrous ion concentration to give £,

kl
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Fig. 1.—First-order plots for typical high temperature
reactions (159°, 1.00 F HySO,, in oxygen).

the initial apparent first-order constant. Values
of &’; at the same initial ferrous ion concentrations
and temperatures were averaged and the averages
plotted against the initial ferrous ion concentra-
tion. The straight lines obtained confirm equa-
tion 3 and are exhibited in Fig. 2. The resulting
values of %, and k¢ are given in Table I. Activa-
tion energies of 13.4 (+ 2} and 16.3 (4 2) kcal.
were obtained for the second-order and third-
order paths, respectively, from plots of log & vs.
1/7T. The points fit on the appropriate straight
lines to +159, giving rise to the indicated uncer-
tainties.

TABLE 1
HicH TEMPERATURE RATE AND CONSTANTS
Initial
%211 0.00100 0.00200 0.00500 0.0100 0.0250 kg
(mole kp®  (sec. !
L% ki (sec. ™! atm.~?}
T, (sec. ™) atm.") MY
°C. X 106 X 105 X 108
138 1.38 1.65 1.86 3.14 0.89 0.55
159 3.11 3.88 500 850 1.93 1.60
161 3.02 3.16 3.52 4.72 1.90 1.33
180 6.65 844 10,6 19.0 3.84 3.40

@ Po, calculated from initial pressure of one atmosphere
at room temperature assuming perfect gas law.

Inhibition of the reaction by ferric ion was not
found. At 160° in 1.00 F H,SO, with an oxygen
atmosphere, the reaction in solutions initially
0.00500 F in ferrous ion and 0.00100, 0.00500,
0.0106 and 0.0200 F in fetric ion were unaffected
by the added ferric ion within the experimeéntal
error of 59,. Solutions initially 0.00100 and 0.00-

3
(Feﬂ)i x 107,
Fig. 2.—Variation of initial d In (Fe'")/dt with (Fe''):.

200 F in ferrous ion containing 0.0100 F ferric ion
initially gave no indication of ferric ion inhibition.
(b) Room Temperature.—The values for %k, and
ke at 30° predicted by extrapolation of the high
temperature measurements are 2.5 X 1078 gec.™!
atm. ! and 3.5 X 107 sec.”! M1 atm.7! (M =
mole liter—1). This suggested that the second-
order path would make a contribution to the rate
equal to that of the third-order path for (Fell) =
0.07 M. Previous investigators have worked at
concentrations of 0.15-0.20 A, 0.02-0.46 M,* and
0.01-0.3 M." For the present investigations,
measurements were obtained for only afew per cent.
reaction, and the initial rate was determined from
a plot of (Fe!'l) vs. £. Theinitial rates were plotted
as —d In(Fell)/d¢ vs. (Fel');; the intercepts, which
should have been kyPo, were smalletr than the ex-

‘perimental error and oxygen independent. In

1.00 F HoSO04, ke = 2,78 X 10%sec.7! Mtatm.™?
and by = 3 X 1071 sec.7! atm. ! from rates ob-
tained at four ferrous ion concentrations. The
small contribution from the path first order in fer-
rous ion could be due partially to the first-order fer-
rous path found at high temperatures. The er-
ratic behavior, however, indicates that this contri-
bution is a combination of experimental error and
small amounts of impurities. Values of k¢ at
30.5° in two sulfuric acid-sodium sulfate solutions
in air and oxygen are given in Table IT.

Effect of Glass Surface.—Studies with added
Pyrex glass wool showed that catalysis by the
walls of the reaction cells was probably not im-
portant. The first experiments at 140-180° gave
erratic results, with some reactions proceeding very
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TaeLe IT
Rate Data AT 30.5°
Ratio
of
rates
(oxy-
(Felh);, gen/
F ~d(Fell)/d¢ (M sec.T1) air)
1.00 F HyS04
air oxygen
(X 109 (X 10'%)
0.00100 6.62 6.55
.00500 17.8 66.1
.0100 55.0 284
.0200 224 1130
a
Iy (sec.”1 M 1) 5.47 X 1077 2.78 X 10¢ 5.1
Iy (sec.” 1) 3.9 X107 ~0 0
0.226 F HgSO4 and 0.354 F NaZSO.;
(Fell)i, air oxygen
F (X 1012) (X 1012)
0.00100 4.86 8.68
.00500 44.5 143
.0100 139 540
.0200 545 2320 .
L (sec.”t M1) 1.18 X 10¢ 5.65 X 10—¢ 4.8
IS (sec.“) 3.1 X 109 1.7 X 10~ 0.5

e —~d(Fett)/dt = hL(Fell) - Ly(Fell)2.

rapidly. Fairly reproducible results were obtained
when the glass wool was heated to 500° in an oven
for one-half hour, washed in hot aqua regia, rinsed,
dried and transferred to the reaction cell with a
glass rod. The glass wool could be centrifuged to
the bottom of the cell for optical measurements.
The surface area? of the glass wool is estimated
as 2300 cm.? g.~1. The additional surface area due
to the glass wool was around three times the total
inside wall area of a reaction cell. With (Fell);
= 0.001 to 0.005 M, in oxygen, the ratio of reaction
rates in the presence and absence of glass wool
varied in an erratic fashion between 1.3 and 1.
Thus it appears that the wall reaction was probably
never more than 109, of the homogeneous reaction
in the unpacked cells. Reaction rates in unpacked
cells were more reproducible than in packed cells,
suggesting that the cleaning procedure was effec-
tive and reproducible for the glass walls of the cells.
Experiments at 30.5° with added glass wool were
carried out in glass stoppered bottles and the solu-
tions siphoned back and forth between optical cells
with an all-glass siphon system. With (Fell); be-
tween 0.001 and 0.02 M, there was less than 19
effect that could be attributed to the walls of the
optical cells. ;
Effect of Oxygen Pressure.—The first results
obtained at 30.5° for the ratio of reaction rates in
oxygen and in air at 1 atm. pressure were not the
expected 4.76:1. A long and tedious set of meas-
urements indicated that there was a reaction
path that was first order in ferrous ion and zero
order in oxygen and a reaction path that was second
order in ferrous ion and first order in oxygen. A
great deal of time was wasted before it was dis-
covered that the commercial distilled water being
used contained traces of cupric ion, which was
respousible for the oxygen independent path.
At a fixed oxygen partial pressure, we may define
apparent first- and second-order rate constants,

referring to the dependence of rate on (Fe!'l);
—d(Fe)/dt = L,(Fell) 4 L(FeM2 In redistilled
water, containing no significant Cu'l, the ratio of
It in oxygen and air was evaluated as 5.1 in 1.00
F H,S04 and 4.8 in a solution 0.226 F in H,SO,
and 0.354 F in NasSOy, whereas the quantity I, was
very small and evidently inversely dependent on
oxygen pressure (Table II). It seems probable
that the apparent first-order pathis a residual effect
due to impurities and experimental error; the
main part of the reaction proceeds by the rate law,
—d(Fell)/dt = Lk(Fell)2 = k(Fel)2Py,.

The oxygen dependence was investigated at
160° in 1.00 F H.SO,, where reaction paths first and
second order in ferrous ion had been found to occur.
One run at each of two initial ferrous ion concen-
trations in air and oxygen was made. The ratio
of the I values for the path second order in ferrous
ion was 5.4 and the ratio of the [, values for the
path first order in ferrous ion was 3.5. The value
of 3.5 is not entirely satisfactory. These reactions
at high temperatures were carried out using the
same 1.00 F HoSO, that was used at low tempera-
tures, and it is known definitely that cupric ion is
in very low concentration {(~ 1 X 107 F), The
reaction between cupric ion and ferrous ion, which
is a reasonable first step for cupric ion catalysis,
would probably not be favored by an increase in
temperature. The fact that the ratio of rate in
oxygen to rate in air is not erratic and is 3.5 in-
dicates that some of the path first order in ferrous
ion must be oxygen dependent. We believe that
the data indicate that the main part of the term
in the rate law that is first order in (Fel!) is also
first order in oxygen. The discrepancy between
3.5 and the expected 4.8 may be partially due to
impurities. It may also be partially due to errors
in determining both /4 and 4 from the data on .
change in initial rate with (Fell); at any ote oxygen
pressure. The fact that the ratio, 5.4, of /t in °
oxygen and air is higher than expected is consistent
with this possibility. :

Effect of Sulfate and Hydrogen Ion.—The effects
of varying the sulfate ion at approximately constant
hydrogen ion concentration and varying the
hydrogen ion at relatively constant sulfate ion
concentrations have been studied at 30.5° in one
atmosphere of oxygen -in solutions 0.0200 and
0.0400- F in ferrous ion. Stock solutions were
prepared by dissolving various amounts of sodium
sulfate and sulfuric acid in water that had been
redistilled to remove traces of cupric ion.. The
solutions were kept at an ionic strength of 1.0-1.3
with sodium perchlorate. These results are uncer-

"tain in that a value for the second ionization con-

stant for sulfuric acid must be chosen. We have
taken this value to be 0.075 at an ionic strength of
1.0 (sodium perchlorate).® The dependence of
the third-order rate coustant k: on sulfate ion is
seen in Fig. 3. The hydrogen ion was varied from
0.066 to 0.099 M in this series but, as will be seen
later, this will have little effect. The rate constant
increases at a decreasing rate as the sulfate ion con-
centration is increased. The increase in the sulfate °
ion concentration and the slight increase in optical
density of the reaction solution due to the large



w13 -

amounts of ferrous ammonium sulfate added have

been taken into account.
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Fig. 3.—Dependence of termolecular rate constant at
30.5° on sulfate ion concentration. Reactions in oxygen
at one atmosphere pressure. The formal concentrations
of the various added chemicals, and the calculated concen-

trations of some of the ions (assuming Kggo,- = 0.075)
are displayed below. p = 1.0-1.3 (sodium perchlorate).
(H:S0). (NaSOg), (Fell),  (SO7), (HY),  (HSO:),
F F F M M M
0.068 0 0.020 0.052 0.080 0.056

.040 .078 .066 .070
.094 .061 .020 .091 .084 .104
040 .118 071 .117
.135 .166 .020 .158 .087 183
.040 .118 077 .193
.226 .354 .020 .267 .099 .353

The increase in the rate constant can be ex-
plained by the following argument. At zero sul-
fate ien concentration, the path second order in
ferrous ion should be the same as the path in
perchloric acid, where little complexing is to be ex-
pected. From data of George,” the constant for
this reaction is found to be 1.4 X 107% J/~* atm.™!
sec.”1in 0.083 FHCIO4at 30° and an ionic strength
of 1.0. When this value is placed on Fig. 3, it is
possible to draw a smooth curve through the points.
A reasonable mechanism for sulfate ion catalysis
would seem to be

ku
2Fe** + 0 —> 2Fe!! 4 Hy0:

as an uncatalyzed rate step, and

K
Fet* + 80~ ===

(4)

Fe++80,~ (5)

Fe+t+S0,~ + Fe++ 4 O —> 9Fell + H,0, + SO~
(6)

for the sulfate-catalyzed rate step. This mech-
anism would lead to the rate expression
—d(Fel) _ B ++2 ++
T = u(Fe )Pog + ks(FeSO4)(Fe )Po, =
: ki(Fell)2Pqy, (7)

If all ferrous ion is either uncomplexed or as the
ferrous-sulfate complex, the following expressions
may be obtained, where (Fe!!) is the formal fer-
rous ion concentration.

(FeSO,) _  K(80s) (Fett) 1
(Fell) 1 + K(SOs) (Fel) 14 K(SOs)

Substituting these expressions into (7), one obtains

ke 4 kK(S07)
ko= T RS0y ®
By setting by = 1.4 X 107¢ M1 atm.~! sec.™! as
found by George, and assuming the sulfate ion con-
centration is not appreciably affected by the ferrous
sulfate complex, expression (8) may be solved
numerically for ks and K by using values of %
and (SOs~) from Fig. 3. Values obtained were K
= 1.1 £0.2 M~tand k3 = 3.1 £ 0.5 X 1078 }/?
atm.—? sec.”L. The curve shown in Fig. 3 is the
theoretical curve drawn from (8) with these values.
The results obtained by varying the hydrogen
ion concentration are shown in Table III. The
hydrogen ion dependence of the reaction is uncer-
tain from these experiments in that the sulfate ion
concentration has not been controlled as well as de-
sired. This makes detailed kinetic interpretation
difficult. However, as the hydrogen ion concen-
tration is decreased by a factor of 75 from 1.032
to 0.014, the rate constant at most doubles. Also,
the rate constant does not change drastically over
the hydrogen ion concentrations which were ob-
tained in the sulfate dependence experiments. We
have no satisfactory explanation for the observed
small dependence upon hydrogen ion concentration.
A generally similar dependence of the termolecular
rate constant on H¥ is observed in perchlorate
media.’

TasLe III

. HyDROGEN IoN DEPENDENCE

kt
(Mt
sec. 1

H:S0:,  NasSOs, Fe(ID), (SO, (H®, (HSO:)), atm.~)
7 i F Y7 74 7. X 108

1.00 0.0 0.0200 0.072 1.032 0.968 2.78
0.466 .040 .0200  .075 0.461 471 3.17
L0400 .08 .432 .500 3.00

.094 .061 .0200  .091 .08 .104 3.86
.0400 .118 .07t .117 3.78

.0203  .0664 .0200 .104 .017 .023 5.28
.0400 .141 014 .026 5.05

All rate determinations in this investigation were
made on solutions of ferrous ammonium sulfate.
By adding an equal concentration of ammonium
sulfate to a typical high temperature reaction in
1.00 F H,S0, under oxygen, the ammonium ion
was shown to be without effect on the reaction
rate. .

Possible Effects of Organic Impurities.—In the
high temperature range, it was thought that
residual organic dust impurities might participate
in induced reactions, or otherwise enter into the
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reaction and be destroyed in the process. To
check on this possibility, solutions with (Fel');
= 0.001 to 0.005 F in 1.00 F sulfuric acid were
heated at 160° in oxygen to about 609, reaction.
The tubes were then carefully opened, and a small,
known volume of a concentrated ferrous ion solu-
tion was added. The tubes were then resealed in
oxygen and reheated. The observed rate con-
stants were the same before and after addition of
the concentrated ferrous ion solution. Since there
was no decrease in rate constant after addition of
the concentrated ferrous ion solution, either re-
action with organic dust impurities is not occurring,
or the concentration of these impurities is too large
to be appreciably reduced by the reaction.

Effect of Cu(I).—As described previously, the
anomalous results first obtained at 30.5° led us to
suspect Cu'l as an impurity. Trace analyses for
Cull were therefore made using a spectrophoto-
metric method based on the dithizone—cupric ion
complex.’? Sulfuric acid, sodium sulfate, ferrous
ammonium sulfate and sodium perchlorate solu-
tions were found not to contain significant concen-
trations of cupric ion. However, commercial dis-
tilled water contained concentrations of ca. 2 X
10~% F Cu'l. 1In redistilled water, the cupric ion
concentration was reduced at least twenty times
to a value which would not significantly affect the
rate.

At 30.5° in sulfuric acid—sodium sulfate solu-
tions, cupric ion catalyzes the ferrous ion—oxygen
reaction by a reaction path first order in ferrous
ion, first order in cupric ion and zero order in
oxygen pressure. These results have been ob-
tained in a stock solution 0.226 F in H,SO. and
0.354 F in NayS0,, which has (H*) = 0.11 M,
(HSO,™) = 0.34 and (S0,~) = 0.24.

In these solutions, increasing the cupric ion con-

centration increases the rate of the reaction path
first order in ferrous ion. It was found that the
meastired rate is a linear function of the total cupric
ion comncentration for reactions with (Fell); =
0.00100 F in air at one atmosphere. In reactions
containing the relatively high total cupric ion con-
centration of 1.1 X 1073 F, the rate is the same in
air and oxygen. The rate law for this situation at
given sulfate and hydrogen ion concentrations is

—d(Fell)/dt = ky(Fell)2Po, -+ 4ky(Fel™)(Cull)

The above equation with 2y = 1.9 X 10=% M
sec.land k. = 1.5 X 107° M~! atm.~! sec.”! fits
the data to =5%.

Since the concentrations of cupric and ferric ions
are relatively low, the catalysis may be explained
by the following reactions postulated by Cher and
Davidson?® and many previous workers.

3
Cull 4+ Fell > Cul + Felll (9
Cu! + Oy —> Cull + HO: (10)

1t is assumed that the first reaction is the rate step
and the second reaction is very rapid. The HO,
reacts further with Fell as in the Weiss mech-
anism.?

(11) E. B. Sandell, ‘‘Colorimetric Determination of Traces of

Metals,” 2ud Ed., Interscience Publishers, Inc., New York, N. Y.,
1950, p. 295.

Discussion

The activation energy for the bimolecular reac-
tion measured between 140 and 180° is 13.4 (£ 2)
kcal. However, the upper limit for k2, at 30.5°
combined with the average value, by = 1.9 X 1075
sec.”! atm.~! at 160°, implies that E. > 22 kcal.
The activation energy for the termolecular reaction
observed at high temperatures is 16.3 (& 2) kcal.
The values at 160 and 30° imply E. = 12.6 kcal.
George’ reports Ea = 17.4 kcal, for the termolec-
ular path between 20 and 40° in 0.50 F HCIO,.
The possibility of unknown experimental errors
cannot, of course, be excluded. However, it
would not be surprising if the activation energy
for either reaction path were dependent on tem-
perature. This is especially likely because there
is probably a very marked change in the concen-
trations and activity coefficients of the ionic species
present in 1F HySO; between 30° and the range
140-180°.

The experimental results do not, of course, dis-
tinguish between the alternative intermediate
HO, and FelV (reactions 1a and b) for the bimolec-
ular reaction path. The Weiss mechanism?® in-
volves the former intermediate. In this case, the
complete reaction path is

Fell 4+ Q3 —> Felll 4+ HO, (1a)

Fell 4+ HO, — > Felll 4 H,0, (11)
Fell 4 HyQy —> Fell! 4+ OH + OH~ (12)
Fell 4+ OH —> Felll 4 H,0 (13)

The observed values of ky are four times the rate
constant for reaction (1a) for this mechanism.

Experiments in this Laboratory have shown that
in a pyrophosphate medium, the rate of oxygena-
tion is first order in Fell and first order in oxygen,?
and faster than the corresponding reaction rate in
a phosphate medium. Weiss® has reported that
the reaction is bimolecular with respect to Fell
and O, in the presence of fluoride. Posner® re-
ports a bimolecular reaction in 5-8 F HCI at room
temperature, and the reaction rate decreased
markedly with acidity. As discussed below, the
data of McBain* indicate that the reaction is prin-
cipally termolecular in 1 F HCl. 1In a perchlorate
medium,? the reaction path at room temperature is
exclusively termolecular, and no investigations
have been made at high temperature.

Weiss® has proposed essentially the following as
a model of the transition state

[Xe-Fell--0y] <> [X---Felll—-0,~]
The transition state is stabilized by groups, X,

which form complexes with tripositive iron. The
equilibrium constants for the reaction

Fet++ L X Z)_ FeX3
for H2P207=,12 F—’IS H2P04—, 14 SO4=, 10 Cl—, 15

C10,—,'8 in the neighborhood of 25° are: 10% 5 X
108, 1.4 X 10% 100, 4.1, 1-3 mole™? liter, respec-

(12) Preliminary estimate based on work in this Laboratory.

(13) H. W. Dodgen and G. K. Rollefson, Tris JourNarL, T1, 2600
(1949). o

(14) T. Yamane and N. Davidson, to be published.

(15) M. W. Lister and D. E. Rivington, Can. J. Chem., 38, 1603
(1955).
" (16) K. W. Sykes, Chem. Soc. Special Pub. No. 1, 64 (1954).
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tively. Thus, in the presence of the strong com-
plexes, the oxygenation is bimolecular at room tem-
perature. For the complexing agents of moderate
strength, SO4~ and Cl—, the reaction is terimolecular
at room temperature and moderate (< 1 F) con-
centration of the complexing anions. A bimolec-
ular reaction occurs in more extreme conditions—
at high temperatures in 1 F HsSO4 or in 5 F HCl at
room temperature. At room temperature in
perchlorate media, the oxygenation is termolecular;
it is not known whether a bimolecular reaction will
occur for more extreme conditions. Suitable data
for a quantitative comparison are not available,
but the relative reaction rates for the bimolecular
path generally parallel the complexing constants
quoted above.

The rate-determining step for the termolecular
path is probably

2Fell 4 O —> 2Fe!ll 4 H,0, 2)

followed by reactions (7) and (8). The observed

values of k: are therefore twice the rate constant of

the above reaction. Two possible detailed models

for reaction (2) are

(H202)5F6110H2++ -+ 0=0 + HzOFeH(OHQ)s T
(HsOq)sFel"OH ** 4 H,0; 4+ HOFellI(OH,)st+  (27)

(H0)Fe+* 4 0—0 + Fe(H;0)s ===
(H:0)sFell. .. .0=0. . Fell(ILO)++++ —>
(H:0)sFellI-0-0—FelT(H,0); *+++ —>
(H:0)Fet++ + HyOp + Fe(H0)t++

Mechanism (2) involves a hydrogen atom transfer
from the water molecules of the codrdination
sphere of Fet+, In mechanism (2''), an O, mole-
cule is directly coordinated to two Fe*+ ions, and
a peroxide bridge between two Fet*+ ions is
formed. It may be recalled that a peroxy complex
of Fellll, Fe(Q.H)**, is known.'18 If (2) were
correct, there should be a marked hydrogen isotope
effect and a significant decrease in reaction rate in
D,0O, whereas this should not be the case for (2"').
Evidence of this nature in favor of a hydrogen atom
transfer mechanism for the Fe++, Fet++ electron
exchange has recently been reported.!® Evidence
that there is no significant hydrogen isotope effect
in the similiar Pu-PulV oxygenation has been
found recently.®® In either case, it is plausible that
sulfate ion would accelerate the rate because of com-
plex ion formation in the transition state. Thus
for case (2''), the transition state would be

(Hzo )4( SO4 )FE—O—O—FC(Hzo )5 +4

No independent evidence is available to compare
with the deduction from the kinetic data that the
complex constant of Fe*+ with SO, is 1.1 mole™!
liter. The value is about as expected for these ions
for an ionic strength of 1.0, however.

The termolecular rate constant k¢ at 30.5° in 1
F H,80, found in this study, 2.78 X 10~¢ M1
atm.—! sec.”!, agrees well with values reported by

(17) M. G. Evans, D. George and N, Uri, Trans. Faeraday Soc., 45,
230 (1949).

(18) We are indebted to Dr. T. W. Newton for some interesting

corespondence regarding the possibility of (27).
(19) J. Hudis and R. W. Dodson, THIs JOURNAL, 78, 911 (1956).

2( II)

other investigators. Lamb and Eldert found 4.0
X 107t and McBain* reported 1.1 X 1079, in both
cases at 30° in 1 F HyS0:. (The corresponding
comparison made by George’ between rates in
HCIO, and in H.S0; is slightly erroneous in that
Lamb and Eldet’s results were not corrected from 1
atm. air to 1 atm. O;) We find that the data of
MecBain in 1 F HCI fit a termolecular rate law
much better than a bimolecular rate law; the rate
constant (apparently at 30°) is 6.5 X 10—% M—!
atm.”!sec.”L

The rate constant for the first step in the cupric
ion catalyzed reaction is 1.9 X 103 A/—? sec.™!

Fell 4 Cull —> Felll 4- Cul (9)

in 0.226 F HyS0, 0.354 F NaySOs. The corre-
sponding value in 0.434 F H;PO4, 0.302 F HoPO,~
is 2.8 X 10-L. This shows that phosphate ion
complexes the iron in the transition state for reac-
tion (9). Since sulfate is a moderately strong com-
plexing anion for Fe*++, it may be assumed that
S04~ can also participate in the transition state for
reaction (9). Unfortunately, no data to test this
prediction were obtained.

George’ reports that the Fell, O, reaction in
perchloric acid is only slightly catalyzed by Cull,
and that the catalyzed reaction is second order in
Fell. The smallness of the catalytic effect may in
part be due to the slowness of reaction (9) in HCIO,.
There is however an additional consideration.
Cher and Davidson® observed that at high Cul!
concentrations, the mechanism of the Fell, O, re-
action was

Ky
Fell 4 Cull: 2 Felll - Cul (9
Ky
Cul + 0; == Cul! + HO, (10)
k
Fell + HO, —> Felll + H,0, (11)

The corresponding rate expression is —d(Fell)/dt
= 4 by KoKy (Fe')?Po,/(Fel'l), and the rate is in-
dependent of Cu!' concentration. KoKy is ac-
tually the equilibrium constant for the reaction

Fell + O ==> Felll + HO, (12)

The value of this equilibrium quotient in 1 F
HCIO, may be estimated as 3 X 10~ of its value
in 0.43 F H;PO,, 0.30 F H,PO,— from the formation
constants of Fe(H,PQ,) t+ and Fe(H,PO4).t (1.4
X 10% mole—1 liter and 3.4 X 10¢ mole~2 liter?).24
Reaction (10) is a fast, exothermic reaction and pos-
sibly not greatly affected by complexing anions.
On this basis, we estimate from the results of Cher
and Davidson® that the rate law for the copper
catalyzed reaction in 1 F HCIO, is —d(FelD)dt =
8 X 1077 (Fell)2Py/(Fel™); the rate law for the un-
catalyzed reaction is 2 X 10—6(Fell)?Po,. Itis not
expected that the above calculation is very reliable,
but it does suggest that after the accumulation of
some Felll in the system, the copper catalyzed re-
action might indeed be rather insignificant in com-
parison to the uncatalyzed termolecular reaction.

PAsaDENA, CALIFORNIA
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III. PROPOSITIONS

1, B3tudy of the high temperature decompoéition off NO
to N2 and 02 between 2000 and BOOOOK has indicated a mechanism
involving 0 and N atoms, as proposed by Zeldovitch from ex-
periments on explosions in air {(1). The data of Glick, Klein,
and Squire (2), who studied air reactions with a single pulse
shoeck tube technigue, support the mechanism. However, Fenl-
nore and Joneg (3), who studied NO decomposition in a flame,
did not obser&e the predicted inhibition term k3[NO]/k2[O]
even though [NO]/[O] was varied from .5 to 2000. There are
several indications that k3 and kq are comparable. It is
proposed to study the decomposition of NO with the single

pulse shock tube technigue to resolve this question.

(1) J. Zeldovitch, Acta Physico. URSS 21, 577 (1946).

(2) H. 8. Glick, J. J. Klein, and W. Squire, J. Chen,

Phys. 27 850 (1957).

(3) C. P. Fenimore and G. W. Jones, J. Phys. Chem.

61, 654 (1957).

2. The reaction between ferric ion and iodide ion has
been assumed to involve a ferric ion-lodide ion complex as
the initial reaction step (3). A spectrophotometric method
involving a fast mixing apparatus 1is proposed to detect and

study this complex.

(3) A. J. Pudge and K. W. Sykes, J. Chem. Soc. 1952 119.
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3. It has been postulated that in the urea-formalde-
hyde reactions leading to polymer formatlon urea acts as an
aﬁino acid amide (4). Results of more recent analyses and
kinetics studies do not support such an interpretation (5).
It ié proposed that several of the arguments supporting thé
amino acid amide theory are unconvincing, and other experi-
: ments are proposed to test the theory. Two such experiments
are the reaction of ethylene diamine and oxamide with

formaldehyde.

(4) ¢C. 8. Marvel, J. R Elliot, F. E. Boettner, and
H. Yuska, J. Am. Chem. Scc. 68, 1681 (1946).
(5) J. I. de Jong and J. de Jonge, Rec. trav. Chim.

72, 139, 207, 213, 1027 (1953).

4, It is proposed that the equilibrium

H,O0, = 2 OH

272

and the subsequent decomposition of OH radicals (6) be studied
in the shock tube. The OH concentration may be determined
spectrophotometrically using the electrodeless discharge
through water vapor developed recently at the National Bureau
of Standards (7). It might prove possible to use H,0, as a

source of OH radicals for other reactions.

(6) C. N. Satterfield and T. W. Stein, J. Phys. Chem.
61, 537 (1957),
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(7) H. J. Kostkowski and H. P. Broida, J. Opt. Soc.
Am. 46,7246 (1956).

5. Reditzki and Nowinski (8) have found that the
catalysis of yeast alcohol dehydrogenase reactions by
o-phenanthroline (9) is not effective when the reactants
are purified. They interpret thls to mean that the original
catalysis was due to chelating of traces of heavy metals
in the solutions. In view of the large effect involved, it
is proposed that before this explanation 1s accepted some
reactions be done in which traces of metal ions are known
to be present. Beslides more definitely establishing the
cause, these experiments would provide data for extrapolation

the effect to zero metal concentration.

(8) H. E. Redetzkl and W. W Nowinski, Nature 179,
1018 (1957).
(9) B. L. Vallee and F. L. Hoch, Pro. Nat. Acad. Sci.

41, 327 (1955).

6. It is proposed that a spectrophotometric study be
made of the colored complexes formed between NO and ferrous
ion in acid solution (10). Although known for many years
as the basis of the "brown-ring'" test for nitrates and
nitrites, only one brief examination of the spectra (11)--

with no equilibrium data~-has been published.
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(10) T. Moeller, J. Chem. Ed. 23, 542 (1946).

(11) H. I. Schlesinger and A, Salathe, J. Am. Chem,

Soc. 45, 1863 (1923]).

7. Preliminary evidence from the coulometric titration
of bromate with cuprous copprer (12) indicates that the rate
of oxidation of cuprous ion by bromine in solution is de-
vendent on the cupric ion concentration. It is proposed that
a kinetic study of this effect be made, It may be possible
to demonstrate that the catalytic effect of cupric ion is
due to the formation of interaction complexes of the type

previously found in chloride solutilons (13).

(12) G. M. Arcand and E. H. Swift, unpublished
experiments.
(13) H. McConnell and N. Davidson, J. Am. Chem. Soc.

72, 3168 (1950).

8. The unstable nitrogen oxide N,O, is described as

a chaln structure (14) and as a square (15) in the literature.

A double labelled isotope exchange reactlon between N14—016

16
and N“’-O18 is proposed to better determine the structure.

(14) A. L. Smith, W. E. Keller, and H. L. Johnston,

J. Chem. Phys. 19, 189 (1951).

(15) W. J. Dulmage, E. A. Meyers, and W. N. Lipscomb,
J. Chem. Phys. 19, 1432 (1951).
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9. The autooxidation-reduction reaction of ferric thio-
glycolate in alkaline solution has been assumed to involve
a hydroxyl bridged dimer (16). It is proposed that a sulfur

bridged dimer is more likely from the final products obtained.

(16) D. L. Leussing and L. Newman, J. Am. Chem. Soc.

78, 552 (1956).

10, It is proposed that ancther copy of the Journal of
Chemical Physics, Volume 19 (1951) be obtalned, as the other
~—

copy has been missing from the library for several months.



