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The ratio of the rate constants of the reactions H+NOz+OH+NO and H+02+M -tH02+M 
has been measured at 360°C from a study of the hydrogen+oxygen reaction sensitized by nitrogen 
dioxide. 

The addition of small quantities of nitrogen dioxide to mixtures of hydrogen 
and oxygen leads to the formation of water 1-3 at temperatures well below those 
at which the reaction occurs in the pure reactants.4 With initial pressures PO of 
nitrogen dioxide between lower and upper ignition limits (for example, between 
about 0.1 and 1 mm, in 100 rnm of 2H2+02 at 360°C) the water is formed ex- 
plosively at the end of induction periods characterized by the absence of pressure 
change. With PO below the lower ignition limit, or just above the upper, similar 
induction periods are followed by the slow formation of water; the rate of this 
reaction falls as PO moves away from either limit. When PO is considerably above 
the upper limit, the rates increase again as Po is increased; an account of this 
region has been given elsewhere.5 

During the induction periods, nitrogen dioxide is removed by the overall re- 
action NO2 + H2-)H20 + NO, and there is an abrupt increase in the rate of removal 
at the end of the induction periods. With Po within the ignition limits, this ac- 
celeration is rapidly followed by ignition; outside the limits, the increased rate of 
removal is not maintained and the nitrogen dioxide pressure reaches a low, constant 
value P,, although the overall pressure change continues. 

This paper describes an investigation of the factors affecting P,, and discusses 
critically the reactions controlling its value. The chosen mechanism leads to 
values of the ratios of the velocity constants of the reactions, 

H +  N02+OH+ NO, 
H + 0 2  + M+H02 + M, and 

with H2, 0 2 ,  H20, N2, He and CO2 as M. 

EXPERIMENTAL 

A conventional Pyrex vacuum system was used.3 The reactions were carried out in 
plane-ended, cylindrical, quartz vessels, heated in an electric furnace. Four vessels were 
used, all of 20 cm length and with diameters from 9 to 34 mm. The vessels were washed 
with concentrated nitric acid before use, followed by repeated rinsing with distilled water. 
Temperature measurement was by a calibrated thermocouple, accurate to f0*7"C, placed 
mid-way along the vessel. The furnace temperature did not vary by more than 3.0"C 
along the length of the vessel. 

Cylinder oxygen, hydrogen, nitrogen and carbon dioxide were used, in each case dried 
before admission to the vacuum line. Helium was supplied by the Mond Laboratory of 
this University. De-aerated, distilled water was used. Nitric oxide was prepared by the 
action of dilute sulphuric acid upon a saturated solution of sodium nitrite and was purified 
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by distillation. Nitrogen dioxide was prepared by allowing nitric oxide to react with an 
excess of oxygen. Reaction mixtures were prepared at room temperature, and were 
allowed to mix for not less than 15 min before admission to the reaction vessel. Pressure 
measurement was by Bourdon gauge between 0 and 50mm, and above that by mercury 
manometer. Sharing between known volumes was used to obtain low pressures of nitrogen 
dioxide. 

Nitrogen dioxide pressures in the reaction vessel were measured by a recording double- 
beam photometer,z. 3 calibrated directly at the operating temperature and sensitive to changes 
of 0.004 mm in the nitrogen dioxide pressure. Pressure changes were recorded automatically 
using a modified Bourdon spoon gauge.6 All the experiments reported were carried out 
at 360°C. 

When first using the quartz vessels, a systematic trend of results was apparent. In each 
case the induction period was observed to fall and the nitrogen dioxide pressure at the end 
of the induction period to increase slightly for perhaps the first twenty experiments. 
Thereafter the values were satisfactorily constant and, in one case, were reproduced when 
the vesszl was re-used after a period of over 1 year. No observations on the values of the 
stationary nitrogen dioxide pressure were made during this ageing process, and the experi- 
ments reported refer to aged vessels. In the few experiments with initial sensitizer pressures 
close to lower limit values, the pressure of nitrogen dioxide reached at the end of the in- 
duction period did not remain constant but increased slightly as the reaction proceeded. 
In these cases the minimum value of the nitrogen dioxide pressure is reported. With the 
higher 2H2+02 pressures used, there was no noticeable acceleration in the rate of removal 
of nitrogen dioxide before the stationary concentration was reached. 

For convenience, the initial sensitizer pressure and the stationary nitrogen dioxide 
pressure at the end of the induction period will subsequently be referred to as PO and Ps 
respectively. 

RESULTS 

The dependence of Pa upon the partial pressures of the components of the 
system was found in several series of experiments where only one of the variables 
was altered at  a time. The effects observed are described separately below. 

PS AND T H E  SURFACE TO V O L U M E  RATIO 

This was investigated by varying the vessel diameter between 9 and 34mm. 
Within this range there was no variation of P8 outside the range of the experimental 
scatter. The values of Ps for two reactant pressures, 150 and 300 mm, for the four 
vessels are given in table 1. As it was concluded that P8 was independent of the 
vessel diameter the subsequent experiments were carried 'out in one vessel, of 15 mm 
internal diameter. 

TABLE 1.-THE DEPENDENCE OF ps UPON THE VESSEL DIAMETER 
temp. 360°C 

Vessel dim. P2H2+02 =150 300 m 
(m) PJmm NO21 Ps 

9 *02 1 -so28 
15 .020-.028 
20 .022-.030 
34 .020-.026 

-083 
.075-*079 

-078 

Ps AND PNO 
In several studies using a constant pressure of 2H2+02, i t  was found that the 

values of Pd outside the two ignition limits were similar, although PO might have 
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varied ten-fold. Since at the upper limit pb was usually only about 10 % of Po, 
this similarity suggested that was not dependent upon the nitric oxide pressure. 
To confirm this a reactant pressure above a closed ignition region 1. 3 was chosen, 
and the nitric oxide pressure varied by altering Po in successive experiments. P8 
was found to be invariant within the experimental error with PO between 0.20 and 
0.70 mm (PNO between 0-03 and 0.53 mm), and only at higher values of PO was 
found to rise (fig. 1). In the experiments described below, PO did not exceed 0.70 111111. 

REACTION OF H W I T H  NO;! 

1 I I I I 
I *o 2.0 3.0 4.0 

Po ~lllll NO2 
FIG. 1 .-The variation of Ps with the initial sensitizer pressure, PO. 

450 mm 2H2+02; 15 mm quartz vessel; 360°C. 

pa A N D  Po, 
In a series of experiments where only the oxygen pressure was varied, Ps was found 

to increase as the oxygen pressure was raised. Expressing the results in the form 
P80cP& it was found that x Zay between 1 and 2. To distinguish between the 
chemical and inert gas effects of oxygen, another series of runs was carried out in 
which there was a constant total pressure of oxygen and nitrogen, but in which 
oxygen and nitrogen were interchanged. Assuming that oxygen and nitrogen are 
equivalent in their efficiencies in any three-body reactions occurring, this method 
enables the oxygen pressures to be varied whilst keeping the inert gas pressure 
constant. With a six-foid variation of the oxygen pressure there was a direct 
proportionality of p8 upon PO, (fig. 2). 

ps A N D  INERT GAS PRESSURES 

The dependence of Ps upon the partial pressures of hydrogen, oxygen, carbon 
dioxide, nitrogen, helium, water, and the reactant pressure, PR = P(2H, + 02), was 
found. Varying the reactant pressure from 150 to 600 mm showed that Ps was 
proportional to P i .  Auowing for the first-order dependence of P8 upon the oxygen 
pressure, there was a linear relationship between P8/P0, and PR (fig. 3). The part 
of this effect attributable to hydrogen was found in a separate series of experiments 
where the hydrogen pressure was varied over a 300mm range. In this case, as 
with the variation of P8/Po2 with the nitrogen, oxygen, carbon dioxide and helium 
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pressures over similar pressure ranges, the experimental results were satisfactorily 
represented by a linear relationship. When varying the water pressure a smaller 
range was used, from 0 to 47 mm. Although there was greater scatter than with 
other inert gases, the results could be represented by a straight line (fig. 4). The 

Po2 (mm) 
FIG. 2.-The variation of Ps with Po,. NZ adjusted to keep Poz  +PN* = 150 mm; 300 mm H2 ; 

0.70 mm NO2 initially ; 15 mm quartz veszel ; 360°C. 

X I 

1 I 1 I I I 1 
loo 200 3 0 0  0 0  xx3 a00 

p(2H2 + 0 2 )  

FIG. 3.-~s/po2 (corrected) against &H2 + 02) ; 0.70 mm NO2 initially ; 15-mm quartz vessel ; 
360°C. Estimated errors in Ps/Pos are shown. 

effectiveness of the various gases used was finally determined by plotting PS/Po2 
against PM (ie., the added gas pressure) for each series of experiments. The values 
of P,/Po, were corrected for any small variation of the pressure of components 
apart from that of PM, using the approximate values for the relative efficiencies of 
the gases found from uncorrected plots. 
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1112 REACTION OF H WITH N o 2  

Thus, under the conditions of this investigation, P8 may be described by the 
equation, 

The absolute values of the constants appearing in the above equation, and their 
relative value with respect to that of hydrogen, are given in table 2. 

P,  = P o 2 C k M P M .  

I I 1 
I I L 

2 0  30 40 50 10 

pH20 mm 
FIG. 4.-p~/po~ (corrected) a g h t  P H ~ o .  150 mm H2 ; 150 mm 0 2  ; 0 7 0  mm NO2 initially ; 

15 m quartz vessel ; 360°C. Estimated errors in P,/Po, are shown. 

TABLE 2.-EXPERIMENTAL VALUESIOF kM AT 360°C 

relative third-body 

(from ref. (4)) 

k z x  106 (mm-l) estimated-error of relative value to efficiency in 
k ~ x  lo6 (mm-') that of hydrogen H + 0 2 + M  

hydrogen 2.65 f0.28 1-00 1-00 
oxygen 0.88 0.1 1 0.33 0.35 
water 17.6 2.6 6.6 14.3 
nitrogen 1.45 0.23 0.55 0.43 
carbon dioxide 3.68 - 1.39 1 *47 
helium 1 -08 0.28 0.41 0.36 

DISCUSSION 

As a continuing pressure change is observed at Pa, it is apparent that the stationary 
nitrogen dioxide concentration reached is not the result of absence of reaction in 
the system. A more probable explanation is that a balance of reactions forming 
and removing nitrogen dioxide has been reached. The ability of any added gas 
to participate in the reactions controlling P8 suggests that one of the reactions is a 
t hree-body process, involving stabilization by a chemically unreactive molecule. 
Such a reaction is likely to involve an atom or radical. On this basis the kinetics 
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are most simply interpreted in terms of competing reactions for a radical (or atom) 
X, of the form, 

X + NO2- OX + NO, (1) 
X +  0 2  + M+X02+ M, (2) 

with a subsequent reaction of X02 leading to the reformation of N02; this may 
be represented by the reaction, 

X02+ a NOz. (3) 
Provided that a is constant, this sequence of reactions gives the required kinetics. 
Thus, with stationary-state concentrations for X02 and NO2, 

dpx02/dt = Ck2,&fPXp02Yh4- k3px02 = O, 
dPNo,/dt = ak3P,o2-k,P,P,o, = 0. 

(I? 
(II) 

Combining (I) and (11) gives the equation, 

Of the species present in a reacting H2+02+N02+NO system, including 0, H, 
HO2 and OH, only hydrogen and oxygen atoms as X lead to feasible reaction schemes 
of the type described above. 

Although there is no simple decisive test between these possibilities, there are a 
number of reasons for preferring hydrogen atoms. There can be little doubt that 
the reaction responsible for the removal of nitrogen dioxide during the induction 
period is 

H + NO2+ OH + NO 
as the observed rate closely parallels the rate of the H2+N02 reaction under similar 
conditions.2 Further, with the apparent exception of water, the third-body efficiencies 
measured for reaction (2) are in excellent agreement with those for the reaction, 

measured independently 4 (table 2). The anomaly in the case of water is removed 
by recent work of Baldwin.7 From a review of the previous experimental work, 
it was concluded7 that the relative efficiency of water was considerably less than 
the value of 14-3 found by Lewis and von Elbe.4 Further, an extensive reinvestiga- 
tion 7 of the effect of water on the second ignition limit of the hydrogen+oxygen 
ignition system led to a value of 6-4+0.7. Thus the measured relative efficiency 
of water found in this work is not merely compatible with X being a hydrogen atom, 
but provides strong evidence for this identification. In contrast to these arguments 
favouring the choice of hydrogen atoms, there are several difficulties in any reaction 
scheme involving oxygen atoms. Apart from the difficulty of proposing a reaction 
forming oxygen atoms, it is necessary to consider the kinetic consequences of 
reactions (6) and (7), 

C C Z ~ , , ~ P ~ , P ~  = klPN02, where PNo2 = Ps. 

(4) 

H + 0 2 +  M+H02+ M ( 5 )  

0 +NO +M+N02+ M, (6) 
0 + NO2 + M + NO3 + M. (7) 

It would be expected that reaction (7) would be followed by the fast reaction of NO3 
and NO to form nitrogen dioxide,g and so both reactions (6) and (7) can be considered 
to form N02, in addition to reaction (3). If a = 1, and neglecting any other 
possible reaction of oxygen atoms, the resulting kinetic equation is 

tPNOr = x k 2  , M P 0 2 P i U  + ck6,MpNOpM + k 7 , M P N 0 2 p h f .  (W 
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1114 REACTION OF H WITH NO2 
The rate constants of reaction (2),9 with oxygen atoms as X, and of reactions 

(6) 10 and (7) 11 have been measured at room temperature. Their values relative 
to that of reaction (1) are 11 k2,N2/k1 = 1.75 x 10-6, k6,&1 = 4.70 x 10-4, and 
k7,&1 = 2-5 x 10-3 (all in mm-1 at 300°K). Assuming (a) that these ratios are 
unchanged at 633"K, and (b) that the relative efficiencies of hydrogen, oxygen and 
nitrogen are the same for reactions (2), (6) and (7) and are equal to those determined 
experimentally (table 2), then the values of P8 can be calculated from eqn. (111) for 
various concentrations of reactants. Thus, when PH, = 3OOmm, and Po, = 
150 mm, would be 0.47 mm for PO = 0.70 mm, and 0.28 mm for PO = 0-20 mm. 
These figures are far greater than the experimental values. 

A value of P8 in better agreement with the observed value for PO = 0.20mm 
(PI = 0.16 mm) can be obtained if it is assumed that kl has a small activation 
energy (about 300 kcal/mole). However, the value of would then rise from 
0.16 mm at PO = 0.20 mm to 0.27 mm at PO = 0.70 mm, which is incompatible 
with observation (fig. 1) ; moreover, the line in fig. 2 would intercept the axis PO, = 0 
at about 0.18 mm NO2 instead of passing through the origin. 

The oxygen-atom scheme predicts a very small intercept in fig. 2 if a larger activ- 
ation energy is attributed to reaction (1). This reaction has been shown 12 to occur 
at not less than 1 in 100 collisions at 300"K, suggesting a maximum possible activ- 
ation energy of 2.8 kcal/mole. However, this activation energy leads to an intercept 
of 0.010 mm, which would be still detectable. It also leads to values of Pb which 
are absurdly low for the conditions of fig. 1 unless it is also assumed that reaction 
(2) has an activation energy of several kcal/mole. An activation energy of 4-3 
kcal/mole has been reported 13 for this reaction from work on the glow limits of 
phosphorus. However, this is so unusual for a recombination reaction, where a 
negative temperature coefficient is usually observed, as to require confirmation by 
methods which do not depend upon the mechanism assumed for the glow limits. 

Thus, the oxygen-atom scheme can only explain the results if unlikely activation 
energies are assumed for both of the reactions (1) and (2). In view of this and of 
the positive evidence in favour of hydrogen atoms, the choice of the latter can be 
made with some confidence. 

Identifying X02 as the radical H02, there are at least two possible paths by which 
reactions of HO2 could lead to the reformation of nitrogen dioxide, giving different 
values of a. The simplest path is by the reaction, 

HO2+ NO+OH +N02, (8) 

2HO24H202+02, (9) 
H202+NO+HNO2+OH, (10) 

(1 1) 

but a possible alternative is the sequence, 

2HN02+H20 +NO + N02. 
With reaction (S), 01 = 1, and with the sequence (9) to (ll), a = +. Reaction (9) 
and the overall reverse process of reaction (1 1) have been used to account for kinetic 
observations in other systems.14~ 15 

Although with the present knowledge of the rate constants of these reactions 
an unambiguous decision between the alternative paths is not possible, there are 
several reasons for preferring reaction (S), apart from its simplicity. As the experi- 
mental data require the absence of wall reactions, it is necessary to postulate that 
there is no appreciable heterogeneous decomposition of hydrogen peroxide if the 
sequence (9) to (11) is to be adopted. This is only conceivable if reaction (10) is 
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fast, as hydrogen peroxide decomposes by a predominantly heterogeneous process 
at this temperature.14 Also, since there is a loss of radicals in this sequence, the 
overall reaction and the related ignitions can only be explained by short, frequently- 
branched chains. This requires that a relatively fast branching process should 
occur compared with the normal branching reaction of the hydrogen + oxygen 
system, 

H + 02+OH + 0. (12) 
Apart from the difficulty of suggesting a suitable reaction, it has been shown 3 that 
a simpler long-chain process can explain the ignitions, although this does not imply 
that a short-chain process is necessarily incompatible with the experimental data. A 
more direct reason for preferring reaction (8) is that a preliminary investigation3 
of the reaction of hydrogen peroxide and nitric oxide at 300°C has yielded a kinetic 
form suggesting that reaction (8) is more important than reaction (9) with as little 
as 3 mm of nitric oxide. It is possible that direct evidence about the relative rate 
constants of reactions (8) and (9) will be obtained from the investigation of the 
hydrogen peroxide+nitric oxide system ; this study is being continued. On the 
basis of these arguments, reaction (8) is preferred to reactions (9)-(11). 

In suggesting the form of eqn. (I) and (11), an implicit assumption was made that 
the only reactions involving NO2 or XO2 are (l), (2) and (3). It is unlikely that 
there are alternative reactions to (5) that form HO2, and only wall or mutual 
termination, i.e., reaction (9), are probable reactions that could remove it. The 
arguments suggesting that reaction (8) is in fact faster than (9) under these conditions 
are presented above and it is conceivable that reaction (8) should predominate 
over wall removal of H02. In considering further reactions of N02, it is possible 
to neglect the initiation and termination reactions that might be expected to effect 
the nitrogen dioxide concentration, as previous studies of the hydrogen +nitrogen 
dioxide reaction in this temperature region suggest 16. that long chains will occur 
unless there is termination by HO2, a possibility dismissed above. The molecular 
reactions of nitrogeq dioxide, nitric oxide and oxygen are unimportant, as indicated 
by a comparison of their calculated rates and the observed rates of pressure change 
at Ps. The only other reaction of NO2 is 

0 + N02+NO + 0 2  

and the only certain source of oxygen atoms is by reaction (12). As the rate of 
reaction (12) never exceeded 2 % of the rate of reaction (5 )  under the conditions 
of this investigation, the rate of (13) cannot be more than 2 % of the alternative 
reaction removing N02, i.e., reaction (4). 

The formation and subsequent reaction of HNO is neglected as the rate con- 
stant 17 of its formation is approximately one-tenth of that of reaction (5), and as 
the ratio POJPNO was always greater than 25, and was usually greater than 100. 
It appears, therefore, that the assumptions required in the derivation of eqn. (I) and 
(11) are correct. 

It is now possible, subject to the acceptance of the arguments above, to identify 
the experimental constant kM with the ratio of rate constants, k s , ~ / k 4 .  Further, 
this ratio has the value 1-01 x 102+ 10 % cm3 mole-1 at 360°C with M = H2. As 
the rate constant of reaction (5)  has been determined, it is possible to estimate k4. 
Hoare and Walsh18 using experimental values of k 5 a  at 20" and 520°C suggest 
that reaction (5)  has a negative activation energy of 3 to 4 kcal/mole. On the basis 
of their data, k s , ~ ,  at 360°C is interpolated as 2.2 x 1016 cm6 mole-2 sec-1. How- 
ever, in a recent review of the available data on this reaction, Voevodsky and 
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1116 REACTION OF H WITH NO2 

Kondratiev 19 prefer a value of 5.5 x 1015 cm6 mole-2 sec-1 for the temperature 
range from 450 to 650°C with little, if any, variation with temperature. On the 
basis of these values, k4 is calculated to be 2.2 x 1014 or 5.5 x 1013 cm3 mole-1 sec-1 
respectively. The error in these values is 10 % from the experimental ratio of 
k5,~/k4, a maximum possible of 2 % from neglecting reaction (13), and the error 
involved in the determination of k5,M. 

There has been only one previous estimate of k4. From the relative rates of 
removal of NO2 and Cl2 in the system H2+ C12fN02, Rosser and Wise 20 found 
the rate constant of reaction (4) relative to that of the step, 

Using independently measured values of k14, their results gave a value for k4 of 
3-2 x 1013 cm3 mole-1 sec-1 between 227 and 267°C. No critical estimate was made 
of the possible error in this determination. The different values of k4 cannot be 
attributed to an activation energy for the reaction, as the high value of k4 implies 
that E4 is small or negligible. The most probable source of error lies in. the un- 
certainties of the absolute values of the rate constants k5.M and k14. 

H + C12+HCl+ C1. (14) 

* Dainton and Norrish, Proc. Roy. SOC. A, 1941,177, 393. 
2 Ashmore and Levitt, 7th Symp. Combustion (Sept. 1958) (Combustion Institute), p. 45. 
3 Tyler, Ph.D. Diss. (University of Cambridge, 1961). 
4 Lewis and von Elbe, Combustion, Flames and ExpIosions of Gases (Academic Press Inc., N.Y., 

5 Ashmore and Tyler, J. Catalysts, 1962, 1, 39. 
6Tyler, J. Sci. Instr., 1962, 39, 111. 
7 Baldwin, private communication. 
8 Schott and Davidson, J. Amer. Chem. SOC., 1958, 80, 1841. 
9Kaufman and Kelso, Int. Symp. Chemical Reactions in the Lower and Upper Atmosphere 

10 Ogryzlo and Schiff, Can. J. Chem., 1959,37, 1690. 
11 Ford and Endow, J. Chem. Physics, 1957,27, 11 56. 
12 Kistiakowsky and Kydd, J. Amer. Chem. SOC., 1957,79,4825. 
13 Dainton and Kimberley, Tram. Faraciby Soc., 1950, 46, 629. 
14 Hoare, Protheroe and Walsh, Trans. Farauizy SOC., 1959, 55, 548. 
15 Wayne and Yost, J. Chem. Physics, 1951, 19, 41. 
16 Ashmore and Levitt, Trans. Faraday SOC., 1957,53,945. 
17 Clyne and Thrush, Trans. Faraday Soc., 1961,57, 1305. 
18 Hoare and Walsh, Trans. Faraday SOC., 1957,53, 1102. 
19 Voevodsky and Kondratiev, Progress in Reaction Kinetics, vol. 1, ed. Porter (Pergamon Press, 

20 Rosser and Wise, J.  Physic. Chem., 1961,65, 532. 

1951). 

(San Francisco, 1961). 

1961), p. 47. 
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