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The catalyzed reaction of hydrogen and oxygen in the presence of nitrogen di-
oxide and nitric oxide has been studied at 360° and 419°C. Above a defined
pressure of nitrogen dioxide, the system at the lower temperature can be described
quantitatively in terms of the three reactions:

2NO 4 03 22NO,
Hz + NOz—-’ Hzo + NO

At 419°C, the experimental results require the inclusion of the reactions,

H+0.+M-—-HO, +M
HO; + NO — OH + NO;

and the quantitative agreement is somewhat less satisfactory than at 360°C.

I. INTRODUCTION

It is well known that hydrogen and
oxygen react rapidly, in a branched chain
reaction, at high temperatures and that
there is a low pressure ignition region ex-
tending down to about 450°C. At temper-
atures about 100° below this, the addition
of small proportions of nitrogen dioxide
produces some remarkable effects (1).
With a constant pressure of 2H, 4+ O, of
about 100 mm and less than 0.1% of nitro-
gen dioxide, there is an induction period,
characterized by the absence of pressure
change, followed by a rapid fall of pres-
sure. This fast reaction is replaced by igni-
tion at a sensitizer pressure of about 0.1
mm, termed the lower limit. Further in-
crease of the sensitizer pressure produces
the reverse transition at an upper limit of
about 1 mm, and above this the rate of
pressure change at the end of the induction
period falls off. Eventually, with further
increase in the initial sensitizer pressure
(P,), the rate begins to increase again
(Fig. 1).
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During the induction period, nitrogen
dioxide is removed by reaction with hy-
drogen, forming nitric oxide, and the rate
of this removal increases abruptly at the
end of the induction period, before ignition.
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Frc. 1. Plot of
2H. 4+ 0., 360°C.

—dp/dt vs. P, 150 mm

The phenomena connected with this re-
moval and their effects upon the ignition
limits have been described elsewhere (2,3).
It has been found, however, that the slow
formation of water outside the ignition
limits is associated with a stationary level
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of nitrogen dioxide, denoted by P,. With
initial sensitizer pressures near to, but out-
side, the ignition limits, there is a definite
induction period, and acceleration in rate
of removal of nitrogen dioxide is observed
before P, is reached and the pressure
change begins. With higher initial sensitizer
pressures, e.g., above point A for the condi-
tions illustrated in Fig. 1, the nitrogen di-
oxide pressure falls off smoothly to P,.
The two regions thus delineated by low and
high initial sensitizer pressure are described
as sensitized and catalyzed, respectively.
The experimental distinction at the point
they merge (at A, Fig. 1) is not precise.
This paper describes some investigations
of the rate of pressure change and the
values of P, in the region of higher sensi-
tizer pressures where the formation of
water is catalyzed by the presence of nitric
oxide and nitrogen dioxide. Similar investi-
gations of the sensitized region, where
ignitions may occur, will be described else-
where. The data given refer to the final
state of a reaction mixture where P, and
the rate of pressure change alter only as
the result of consumption of reactants, and
no reference is made to the time taken for
this condition to be reached.

There have been two previous investiga-
tions of this catalyzed region. In the first
(4), only the rate of pressure change was
followed, whereas in the second (2), some
measurements of P, only were made. In
this work, both P, and the rate of pressure
change have been measured over a wider
range of the variables than in either of the
previous studies, and the temperatures
chosen permit the separate studies to be
correlated.

I1. EXPERIMENTAL PROCEDURE

The apparatus used was a conventional
vacuum system and has been described in
detail elsewhere (3). The reactions were
carried out in plane ended, cylindrical
vessels, usually 3.4 cm internal diameter,
heated in an electric furnace. A quartz ves-
sel was used in the experiments at both
360 and 419°C and also a KCl-coated
Pyrex vessel at the higher temperature.
Temperature measurement was by a ther-

mocouple with the hot junction placed
midway along the vessel. No part of the
vessel differed by more than 0.003 x T°C
from this measured temperature, which
was measured with an absolute accuracy of
+0.7°C.

Nitric oxide was prepared by the action
of cold dilute sulfuric acid upon a satu-
rated solution of sodium nitrite, and was
purified by distillation. Nitrogen dioxide
was prepared by reacting nitric oxide with
an excess of oxygen, separating the nitrogen
dioxide by passing the. products through
an acetone—dry ice cooled trap. Dried
cylinder hydrogen and oxygen were used.

A modified form of a double-beam pho-
tometer (3,5) was used to measure the
nitrogen dioxide concentration, and pres-
sure changes were recorded automatically
with a recording Bourdon spoon manom-
eter (3). The reaction mixtures, consisting
of hydrogen, oxygen, and nitrogen dioxide,
were premixed at room temperature.

III. ResuLts AND Discussion

a. Experiments at 360°C. With low sen-
sitizer pressures there is little dependence
of P, on the initial sensitizer pressure
(P,) until P, is about 1 mm. This is illus-
trated in Fig. 2, for a high reactant pres-
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Fia. 2. Plot of P, vs. Py, 450 mm 2H. + O,,
360°C, 20-mm diameter quartz reaction vessel.
Key: Broken line shows value of P. calculated
on the basis of Eq. (1); (O) experimental.

sure (450 mm) lying above the closed
ignition region. Further increase in P, pro-
duces a rapid increase in P, initially ap-
proximating to a cubic form as shown
earlier (2), but finally producing a more
nearly linear dependence (see Table 1).
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This catalyzed region was investigated
with 50-300 mm of a 2H, 4 O, mixture
and with up to 16 mm of sensitizer. The
rates in the catalyzed region increase with
P, as shown in Fig. 1.

Under conditions where the hydrogen
pressure was constant and the nitric oxide
pressure nearly so, both the rate and
P, rose linearly with an increase in the
oxygen pressure, Fig. 3. At all the initial
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Fie. 3. Plot of —dp/dt vs. Po,, 400 mm H,, 10
mm NO. initially, 360°C. Key: (O) experi-
mental. Figures give P, in mm NO: for each
experiment.

sensitizer pressures in the catalyzed region,
the rate rose as the reactant pressure was
increased, but the effect on P, depended on
the value of P,. With P, < 10 mm, there
was a small decrease in the value of P, as
Pyy,0, rose, but with P, above 10 mm,
P; rose slightly.

The previous investigators (2) of P,
suggested that a steady concentration of
nitrogen dioxide was reached as the result
of the competitive reactions,

H; + NO; — H:0 + NO I
2NO + 0; — 2NO; an

Reaction (1) is a chain reaction of known
kinetic form (6-8). From the balance of
these reactions and the rate expressions
for reactions (I) and (IT}, the relation-
ship P, o« P,® is predicted for conditions
where Pyo =~ P,. With the more extensive
data now available, it is apparent that this
does not describe accurately the variation
of P, at low P, (Fig. 2) nor at high values
of P, where P, itself is high (Table 1).

At high P, it is not sufficient merely to al-

TABLE 1
Varves oF P,, CALcULATED AND OBSERVED,
AT 360°C, witH 50 AND 200 MM 2H, + O,
Using ks = 3.70 X 10~* MM~2 sEC™!

P,(mm NO2)
50 mm 2Ha 4 O2 200 mm 2H, + Os

Cale Calce Calec.

Py from from from
(mm NO;) Obs. Eq. (1) Obs. Eq.(1) P, P

16.0 6.80 8.1 7.85 7.83 —

12.0 4.6 5.2 4.90 4.90 —
8.0 2.40 2.8 2.05 1.94 4.46
6.0 1.30 1.72 1.01 1.00 1.88
4.0 0.53 0.72 0.40 0.44 0.56
2.0 0.07 0.11 0.10 0.07 0.07
1.0 0.014 0.016 0.057 0.009 0.009

low for the divergence between Pyo and
P,, but the effect of the back reaction
(IIT) must be considered, i.e.,

2NO; — 2NO + 0. 11

must also be included in the scheme. The
modified equation is

dPxo. 2
d_l;o=k2'PN0"P01"‘k3'PNO:2
_ ki Proy- Puilt

Pyno + Pxo,

where the last term of Eq. (1) represents
the most satisfactory form (8) of the rate
expression for reaction (I), k, having the
value 10™73 exp (—44,000/RT) (cc/mole)®*
sec™. At Pyo, = P,, dPxo,/dt =0, and Eq.
(1) may be solved numerically for P, for
each individual value of P,. The calculated
and observed values of P, are given for
two reactant pressures in Table 1. Apart
from the lowest values of P,, there is ex-
cellent agreement of the predieted and
observed values of P,, although the rate
constants for the three reactions were
measured independently (3,8) and in the
absence of the other reactants.

The variation of P, with the oxygen and
the reactant pressures can also be ac-
counted for on the basis of this scheme.
The variation with P,, at constant Pyo
was measured under conditions of low P,,
where reaction (III) can be neglected, and
so from Eq. (1) a linear dependence is
predicted, as is observed. The effect of

(1
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increasing the reactant pressure depends
on the relative magnitude of the terms 2
and 3 of Eq. (1). When the second term is
dominant, P, will increase with Pag,.os
whereas when the third term is more im-
portant, P, will fall. This sequence cor-
responds with the experimental observa-
tions; the change oceurs when P, is at
about 10 mm, with P, values at which the
second term is significant.

Further tests of the theory are possible
by considering the form of the predicted
rate of pressure change. Since only reac-
tions (II) and (III) involve a pressure
change, then

dp/dt = (ks - Pno? — k2 * Pno®+ Po) (2)
Combining Eqgs. (1) and (2), the expected
result is obtained,

—dp/dt = ydPu,0/dt
_ 3 -ki* Pxo » Pt

~ Pno+ Pro, ®)

Equation (2) may be rearranged to give
—dp/dt + ks - Pxo? = 3ks - Pno?: Por (4)

A plot- of the function (—dp/dt4 Lk,
+Pxo?) against Pyo? is shown in Fig. 4
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Fia. 4. Plot of (—dp/dt + %ka*Pxo) vs.

Pxo®, 360°C; lines show values of 4k.» Pno?

* Po, for each reactant pressure. Kev: (©) 300

mm 2H: 4 0:; (O) 150 mm 2H. 4+ O.; (D) 50
mm 2H3 + O:-

for reactant pressures from 50 to 300 mm,
and the predicted value, }k,*Pyo®*P,,

is also shown. The only divergence apart
from that at the low sensitizer pressures,
near the ignition region, is with 300 mm
of reactants, where the observed values are
consistently high. Further, where reaction
(I1I) is negligible, a first-order dependence
of the rate on P, is predicted. The experi-
mental values of the rate (Fig. 3), corrected
for the small variation of Pyo between
experiments, gave an order of 1.20 =+ 0.18.

Thus it is possible at this temperature
to account for the kinetics of P, and the
rate of pressure change in terms of reac-
tions (I), (II), and (III) for initial nitro-
gen dioxide pressures in the catalyzed
region, Further, with up to the highest
reactant pressure investigated, i.e., 300
mm, both P, and the rate of pressure
change may be calculated accurately by
use of rate constants measured separately
for the individual homogeneous reactions.

With lower sensitizer pressures this
simple system is inadequate, as indicated
by the large difference between the ex-
perimental and calculated values of P,
(Fig. 2) and the large rates found in these
conditions (Fig. 1). To explain these
features as well as the occurrence of igni-
tions, it is necessary to postulate a
branched chain reaction. Under these con-
ditions the reaction resulting in the re-
formation of nitrogen dioxide and so
controlling the value of P,, is no longer
reaction (IT). Instead, it is replaced by
the sequence of reactions,

H+0.+M->HO,+M av)
HO; + NO — OH + NO, )

with reaction (IV) as the rate determining
step. The main reaction for removing
nitrogen dioxide is still reaction (I), but
the controlling step is more conveniently
considered to be one of the propagation
steps of the H,—NO, chain reaction,

H + NO. — OH + NO (VD)
with the further propagation step
OH+ H:—-»>HO+H (VII)

These reactions account completely for the
kinetics of P, in the sensitized region (3)
and, with the addition of certain initiation,
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branching, and termination reactions, form
a kinetic scheme that is compatible with
extensive observations on events before
ignitions as well as the rates of pressure
change observed outside the ignition limits
(3). We intend to publish full details of
the observations on P, in this region
separately.

b. Experiments at 419°C. The effect of
hydrogen on the rate of pressure change
and on P, was investigated independently
from that of oxygen at this temperature.
The value of P, was reduced by increasing
the hydrogen pressure but it rose rapidly

TABLE 2
VaLuEs oF P,, CALCULATED AND OBSERVED,
AT 419°C, witH 90 MM O, 80 anp 380 MM H,,
Using ke = 3.20 X 107% MmmMm~2 sEC™!

P,(mm NOy)
80 mm H 380 mm H:

Obs.

Py Obs. Obs. (KCl-
(mm NO;) (quartz) Cale. (quartz) Pyrex) Cale.

5.0 0.10 0.13 0.12 0.14 0.014

10.0 0.48 0.8 0.17 0.26 0.11
15.0 1.6 2.4 0.33 0.55 0.37
20.0 3.7 4.5 0.60 0.95 0.83
25.0 6.2 7.0 0.88 1.95 1.56

as P, rose at each hydrogen pressure
(Table 2). The rates fell at the lowest
values of P, to reach a minimum at an

s
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Fie. 5. Plot of (—dp/dt 4 %ksePro®) vs.
Pxo®, 90 mm 0., 419°C. Key: (O) 380 mm H.,
quartz vessel; (@) 380 mm H., KCl-Pyrex ves-
sel; () 80 mm H,, quartz vessel; solid line
shows value of k. Pxo’* Po,.

initial nitrogen dioxide pressure of between
6 and 12 mm, depending on the hydrogen
pressure (Fig. 5). Increasing the oxygen
pressure, as at the lower temperature, pro-
duced a linear increase in both P, and
the rate of pressure change.

The substitution of a KCl-coated Pyrex
vessel for the quartz reaction vessel low-
ered the rate of reaction (Fig. 5) but re-
sulted in an increase in P, (Table 2). The
effect of water was investigated at this
temperature by taking mixtures with a
constant initial sensitizer pressure, but with
increasing reactant pressures, and by
measuring the rates and P, after an in-
creasing fraction of reaction so that at.the
point of measurement P,y.0, Was un-
changed from experiment to experiment,
but Py, had increased. With 300 mm of
hydrogen, 100 mm of oxygen, and an in-
itial nitrogen dioxide pressure of 5.0 mm,
P, doubled and the rate rose by 50% as a
result of the addition of 100 mm of water.

When the tests that were successful at
the lowér temperature are applied to the
data obtained at 419°C, a considerable
disparity is apparent. Thus by using from
Eq. (4) the function (—dp/dt+ 1ks
* Pyo,?) and plotting against Pyo? (Fig. 5),
a linear relationship is predicted, with the
function having the value, 1k, Pyo?* Po,.
This is only approached when P, reaches a
high value, the result of a high P, or of a
low hydrogen pressure. Similarly the cal-
culated values of P, are only accurate to
within a factor of two (Table 2) unless
P, is large. A common feature of the re-
sults obtained at the two temperatures is
that the divergences in the predicted and
experimental rates are most significant at
low values of P;, and at both temperatures
the values approach when P, rises above
1-2 mm. The divergence is of greater im-
portance at 419°C since, for the same re-
actant and sensitizer pressures, P, is much
lower than at 360°C, e.g., with 300 mm of
reactants and 20 mm nitrogen dioxide in-
itially, P, was 1.25 mm at 419°C, 11.0 mm
at 360°C. As the rapid rates observed at
low P, (Fig. 5) merge with the ignition
region found at still lower sensitizer pres-
sures, an explanation for these fast rates
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is sought in terms of the reactions produc-
ing the ignitions.

On the basis of the kinetic scheme ap-
plied to the ignition region, the only other
important reaction affecting the rate and
P, is reaction (IV), followed by reaction
(V). If this is included, Eq. (1) and (2)
may be rewritten

dPxoy/dt = ks Pxo®« Po, — ks + Pnos?
— k¢ Pr - Pnor + ks Pa+ Po.» Pu  (5)

dp/dt = 3(k; + Pxo? — k2 Pno®+ Poy)
— ky- Py Po,- Py (6)

Equation (6) may be rearranged to give

—dp/dt + 3k; - Pno? — ke Pno® - Po.
=ki-Pyg-Po-Pu (7)

The left-hand side of Eq. (7) is termed
the “additional rate” (A.R.), i.e., in excess
of the rate predicted on the theory in-
volving reactions (I), (II), and (III) only.
As at P,, dPyo,/dt =0, Eqs. (5) and (7)
may be solved to eliminate Py,

s+ Pno?» Po- — ks - Pxos?

144 AR

_ kG'PN01
=% Po- Py O

Thus a plot of the function on the left-
hand side of Eq. (8) should show a linear
dependence on Py, An example of such
a plot is shown (Fig. 6) for the data ob-

050

0251

Pg (mmNO, }

05 1.0 15 20
ax 107 {mm)

Fic. 6. Plot of Pno,(P,) vs. &, where

. 2. — . 2
s

Quartz vessel; 380 mm H; 90 mm O.; 419°C.
Key: ((O) experimental.

tained with 380 mm hydrogen and 90 mm
of oxygen (Fig. 5), using k, =3.20 X 10
mm-3sec™, a value measured at this tem-
perature (3). The value of Py was also in-
corporated into the function as there was
an appreciable variation in its value be-
tween the experiments. The values of k,/
k; obtained from four sets of data are
given in Table 3, and the constancy of the
values supports this interpretation. Fur-
ther, from an accurate measurement (3) of
k./ke¢ at 360°C, the value at 419°C is esti-
mated to be 2.0+10% X 10°*mm™, in
good agreement with the measured values.

However, the same explanation does not
account for the inaccuracy in the calcula-
tion of P,, since the introduction of reac-

TABLE 3
VALUES OF ki/ke, IN UNITS OF
MM~ X 108, aT 419°C

Pre(mm) Vessel ki/ke
80 Quartz 2.00
180 Quartz 1.49
380 Quartz 1.94
380 KCl-Pyrex 1.52

tions (IV) and (V) requires that the cal-
culated values of P, [which neglect the
effect of reaction (IV)] should be lower
than the observed values. It is more prob-
able that the error is introduced by using
the rate expression for reaction (I) under
conditions where it no longer applies with
great accuracy. It has been shown (8) that,
although this expression describes accur-
ately the initial rates of reaction of hy-
drogen-nitrogen dioxide mixtures, it does
not necessarily apply at later stages of the
reaction. Thus in certain vessels, in par-
ticular, in an aged quartz vessel, it was
found (8) that the rate of reaction during
a run was more nearly zero order with re-
spect to nitrogen dioxide than first order,
as predicted by the equation. Thus the
rates during an experiment may be greater
than predicted by the rate expression, al-
though the initial rate was correct. This
effect is favored by high hydrogen-to-
nitrogen dioxide ratios. In this work the
main divergences between the experimental
and calculated values of P, are found
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where there has been a high fraction of
reaction of the initial nitrogen dioxide,
typically between 85 and 98%. Thus it is
feasible that the rate of the hydrogen-
nitrogen dioxide reaction is proceeding at
a greater rate than predicted, producing a
lower value of P, than was calculated.
There is further support for this interpre-
tation in that, if the additional rate is
caiculated (3) from the rate expression for
reaction (I), the values obtained are be-
tween one-half and one-third of the ob-
served values, again suggesting a greater
experimental rate for reaction (I) than is
predicted. At neither temperature has the
effect of oxygen and water on the rate of
reaction (I} been estimated, as no quanti-
tative data are available. However, the
effect of either gas is normally small (8)
and, as the effects are in opposite direc-
tions in the later stages of reaction, the
error introduced is likely to be small.

The linear effect of oxygen upon the
additional rate is as predicted by this
scheme (3), taking into account the simul-
taneous variation of P,. Also the lower
rates and higher values of P, found in the
KCl-coated vessel are as expected if there
is additional chain termination on this
more effective surface coating. The effect of
water was determined under conditions
where the rate cannot be calculated with
great accuracy (3), so no precise test is
possible with respect to this variable, but
the observed trend is not incompatible
with the predictions of the kinetic scheme.

Thus at this higher temperature, P, and
the rates of pressure change can only be
calculated with reasonable accuracy when
P, is greater than 2 mm, and is also an
appreciable fraction of P, preferably
greater than 25%. With a low value of P,,
an allowance must be made in calculating
the rate for the occurence of reaction (IV).
Under these circumstances the rate may be
caleulated from Eq. (8) if P, is known.
However, P, cannot be calculated with the
necessary accuracy from Eq. (1), even al-
lowing for reaction (IV), because of the
uncertainty in the accuracy of the rate
equation for reaction (I) at high percent-
age reaction.

In the light of this investigation it is
possible to reconsider the data and the
conclusion of Crist and Wertz (4). Work-
ing in a temperature range from 384 to
444°C and with high hydrogen-to-nitrogen
dioxide ratios, they found the rate of reac-
tion to show a first-order dependence on
the nitric oxide pressure and on the oxygen
pressure from 15 to 25 mm of nitric oxide
in the presence of 25 mm of oxygen and
500 mm of hydrogen. The order with re-
spect to oxygen was demonstrated by ex-
amination of the variation of the rate with-
in each run. The data were interpreted as
resulting from a rate determining step,

NO + 03 —» NO;

with a rapid reaction of the NO; so formed
with hydrogen to give water. It is possible
to reproduce both of these experimental
findings. A first-order dependence of the
rate upon the oxygen pressure has been
found at both temperatures used in this
work (Fig. 3). Also if the data for the
highest hydrogen pressure used at 419°C
are replotted against Pyo rather than Puyo?
as was done in Fig. 5, then the experi-
mental points lie on a reasonably straight
line for the nitric oxide pressure range in-
vestigated by Crist and Wertz. More di-
rectly, repeating experiments using their
method of analysis gave a first-order de-
pendence on P,, within a run, and within
the considerable experimental error, a first-
order dependence on Py between runs,
again, with 15-25 mm of nitric oxide. How-
ever, it would appear to be fortuitous that
this simple order with respect to nitric
oxide was found, mainly the result of the
limited range of sensitizer pressure investi-
gated and the high hydrogen pressure. As
has been shown, with lower hydrogen pres-
sures, and more particularly, at lower
temperatures, there is a linear dependence
of the rate on Pyo?, taking into account
the contribution to the pressure change
from reaction (III). As the reaction scheme
of Crist and Wertz cannot account for the
more extensive data of this work and is
not. easily modified, it is to be rejected as
an explanation of the reactions occurring
here.
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IV. SuMMARY

For the reactant pressures investigated
at 360°C, the values of P, and the rate of
pressure change are accurately described
by the combination of reactions (I), (II),
and (III) provided P, is in excess of about
1.5 mm. Under these conditions P, and the
rate of pressure change can be calculated
from the individually measured rate con-
stants of the three reactions. At 419°C, re-
actions (IV) and (V) significantly affect
the rate of pressure change over much of
the region investigated. However, Egs. (1)
and (2) are still valid provided P; is
greater than 2 mm, and so both P, and the
rate of pressure change can be calculated
under these conditions. At lower values of
P, the rate of pressure change may be
calculated from Eq. (8) if P, is known.
The calculated values of P, below 2 mm
are in error because of the uncertainty in
the rate constant of reaction (I) at these

high percentage conversions of the nitrogen
dioxide to nitric oxide.
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