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Abstract

A kinetic study has been made of the reactions:

0+ 0, +M—>0, +M (M =0,,C0,,He,Ar) 1.1

0+ SO2 + M-———?SO3 +M (M = SO

and the rate constants determined at different temperatures.

99 Nz,He,Ar) 2.1

An improved discharge flow apparatus was designed and used for the
work; the first order decay of oxygen atoms waé followed by
chemiluminescence techniques. Rate constants for surface reactions were
measured by an extension of the technique;‘this permitted the measurement
ofxsurface recombination efficiencies in the presence and absence of

0 Recombination coefficients for each third body were determined

9
and the corresponding recombination efficiencies were evaluated.

For reaction 1.1, the rate of reaction decreased with increasing
temperature. The Arrhenius plots in the presence of all third bodies,
except C02, were non-linear; this was indicative of the presence of
different reactions each with its own energy of activation. A possible
mechanism for the reaction is advanced. The high surface recombination
efficiency depended on the ambiené gas, decreasing in the order Af>He>COz.
This suggests that physical adsorption reduces the catalytic efficiency;
this could explain the large range of values of the catalytic efficiency
reported in the literature.

The rate of reactions 2.1 increased with increase of temperature;

the energy of activation (M = 802), determined for the first time, is

compared with literature values using other third bodies. The importance



of the complete exclusion of water from the apparatus and reagents was
essential. Unless great precautions are taken, an oily film,

possibly of HZSO4, is formed on the walls of the-reactor; this has a
pronounced catalytic effect 6n the reaction. The mechanism of this
reaction is discussed in terﬁs of the attainment of a steady state

concentration of SO3.
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CHAPTER 1

INTRODUCTION

Studies of many gas-phase chemical reactions show that they proceed
by a complex procesé rather than by a simple one-step process. One of
‘the criteria and symptoms of such complex reactions is the existence of
regctive atoms and free radicals as transitory intermediates. These
transitory intermediates are known to play important roles in many gaseous
reactions such as oxidations, explosions and in flames etc. The study
of the reactions initiated by these intermediates is important for two
reasons. First, as the reactions are complex, it is essential to study
the reactions of the intermediates involved in other simple systems under
more easily controlled conditions. Secondly, experimental data on
elementary reactions is needed for comparison Qith theoretical predictions.
In the last decade, thereforé, the emphasis on reaction kinetics has
shifted to measurement of the rate of elementary reactions and study of the
energy distributions énd products.

Atomic reactions were of interest to chémists from the early part of
the present century. In 1911,‘Strtitt1 produced oxygen and ﬁitfogén atoms
by using a high frequency electrical discharge. Wood,2 in 1920, éroduced
high concentrations of hydrogen afoms by a low frequency dischargé. During
this period Langmuir showed that hydrogen could be dissociated on a heated
tungsten filament at very high temperatures. It was first shown by WOod3
" that hydrogen atoms could be pumped out of a glow discharge and carried for
a considerable distance before they recombine. Steacie4 has reviewed the
work on atomic and free radical reactions éarried 5ut in the period up to

1953. More recent reviewers have dealt exclusively with 0 atoms5 and



6 . . ' R
with H atoms, 7 although in the first two cases the emphasis is on
reactions with a simple inorganic molecules.

This thesis describes an experimental study of the kinetics and

decay rate of oxygen atoms by the thrée—body processes:

0+ 02 + M = 03 + M 1.1
and
0 + SO2 + M= SO3 + M ) 2.1

Chapters 5 énd 6 describe experimental results obtained for wvarious
third bodies M for reactions 1 and 2 respectively. Rate constants for
these reactions have been measured in a conventional type of discharge
flow system and oxygeﬁ atom concentrations were measured by a
chemiluminescence technique. The ¥ate constants have been determined
over a range of temperatures'betweén 196 - 500 K. A full description and
discussion of the discharge apparatus, flow system, photomultiplier and other
essential parts of the apparatus is given in chapter 2.

Before discussion of some earlier work on these two atomic combination
reactions, some salient featﬁres of the kinetics of atomic recombination

reactions will be discussed.

1.1. Combinations of Atoms and Radicals .

Atoms and radical recombinations are the reverse of unimolecular
dissociation reactions and show siﬁilar pressure dependent kinefiés.
When two atoms A and B (whefe B may be the same atom as A or different)
recombine to form a stable molecule, they do so along a Morse type potential
energy curve (Fig. 1). For a head-on collision between two atoms A and B,.
the distance of closest approach depends on their relative velocity. The
total energy is conserved in a collision, and it .can be fepresenged by the

horizontal line XZ. The relative kinetic energy AE is the difference
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between the potential energy curve and XZ. As the atoms approach they
attract one another and the kinetic energy increases, until the repulsive
1limb is reached, when the kinetic energy decreases and reaches zero at
X. At this point, the atoms reverse their relative motion and move away
from one another unless energy in excess of AE is removed during the.
collision. Collision of AB* with a third body M, generally provides the
most efficient means of removing this energy, the excess energy being
channelled into relative motion of AB* and M, or into the internal degrees
of freedom of M. The overall combination reaction:
A+B+M_>AB+M‘ ' : 3

can usually be considered to involve three basic reactions, Viz.:

A+B—>AB* 4
AB* — > A + B ' : -4
AB* + M ——> AB + M 5

where AB* is a complex which possesses all the energy liberated by the
two particles A and B. Applying the steady state approximation to AB*

gives:
k, [A] [B]

[AB*] = +—= K, ]

-4
The rate of formation, P of AB is k5 [AB*] [M], and so
k5 k4 [A] [B] [M]

k_, + ko [M]

P =

It follows that at sufficiently low pressures of M, ie. k5 [M] << k 4

the overall reaction is third order with a rate constant ks k4/k_4 while

at sufficiently high pressures, the overall reaction is of second order
and independent of the concentration M; it has a rate constant equal to k4.
The mechanism of the reaction 3 discussed above is known as "Energy transfer"

mechanism (ET).
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The reverse reaction of 3 viz. the unimolecular decomposition of AB

has long been considered to involve the basic reactions:

AB + M ——> AB* + M 6
AB* ——> A + B 7
AB* + M ——> AB + M 8

and to have the complete rate expression:
~d_[AB] ke Xk [AB] [

dt k7 + k8 [M]

It follows that provided AB* in the two sets of basic reactions means
the same thing, a termolecular reaction of type 3 will be the second or
third order when the reverse unimolecular reaction is first or second
order respectively.

The change from the third to second order in thé case of combination
of atoms, generally occurs only at very high pressures. This pressure
depends on the lifetime of AB* if the energy transfer mechanism is operative.
For HZ’ 02, N2 and I2 a very high pressure is necessary. For 03* the
. pressure has been calculated to be about 60 atmospheres.
Third order rate constants have been obtained for the combinations of

-16 17,18

hydrogen,8 bromine9 and iodinelo atoms and of methyl and other

radicals. Many of the reactions have small negative activation energies.
The third order rate constants for atom combination reactions fall into
two classes: with the inert gases and certain simple molecules (such as

hydrogen) the values at ordinary temperatures are about

3 x 1015cm6 mol—z s—l while with more complex molecules much higher values

are observed. The recombination of atoms in the presence of benzene,

mesitylene or 12 molecules (but not of the inert gases, hydrogen, nitrogen,

Coiobon dioxide )
oxygen and carbordioxdide), the overall rate constant is considerably

1 6 - -

greater than 10 > cm mol 2 s l. In such cases, the equations 4-5 must be
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replaced by the following mechanism:

A+ M —> AM* - .9
AMF ——> A + M ' -9
AMX + B ———> AB + M ‘ 10

This mechanism is known as Radical-molecule-complex mechanism

‘ . . 19
(RMC). The radical molecule complex theory was suggested by Rabinowitch,

and since then has been consideraBly refined%o—22’14’15

Applying a steady state treatments for [AM]*, gives:

d[AM]* _ ‘ e e

dt
, kg [A] [M]
and the stationary concentration of [AM]* = k_g T klO [B]
‘ k., . k., [A] [B] [M]
. d [AB] _ * __10 9
Thus: —-dt = klO [AM] [B]

k_9 + klO (B]

d [AB] _

If k_g >> kg [B] then T K9 klo [A] [B] [M];

-9
where K9= kglk_9 is the equilibrium constant for the formation AM* from
A and M. The bond dissociation energy, Do (A - M) is usually taken to be

in the range D (A - M) = 3500 + 1500 cal mol-l. k., is considered to be

10
near the gas collision frequency. The measured third order recombination

rate constant k (M) comes from:

d [AB]

880y pa) (8] [
k =Ky ko

K, - -0G/RT _ AS/R _-AB/RT

k =k %R o (43500 + 1500 /RT

10 ©
There is some temperature dependence in klO because of the collision

1, : ’ '
frequency a T*. Qualitatively this expression accounts for the negative

activation energy observed experimentally.



14

To compare theories with experiment several criteria may be considered.
A good theory shoﬁld predict three parameters (a) the absolute value of the
rate constant; (b) its variation with temperature and (c) its variation
with the nature of the third body. Most theoretical studies have aimed
at these objectives.

Porter23 believes that energy transfer is less successfui in pre-
dicting temperature coefficients for iodine recombination in the presence
of twelve chaperons and concluded that the radical-molecule-complex theory
predicts both the absolute fate and the dependence on chaperon. The main
objection which can be raised to the complex theory concerns the nature of
the AM complex. Léidlerzé has questioned whether the binding energy can be
great enough when the foreign gas is inert and has concluded that the
energy transfer mechanism applies in such cases. The interaction between A
and M is unspecific, since even iodine itself, the most efficient chaperon,
fits the correlation with boiling point, ionization potential and similar
properties found by Russell and Simons.lO Attempts to interpret recombi-
nation rates in terms of van der Waals14 forces were not, however, successful
since these forces are too small, and show too little variation between
chaperon molecules, to account for either temperature céefficients or
relative rates. This difficulty is removed in the charge-transfer complex
theory of Porter and Smith.25 Evidence has been provided for this theory
by the direct observation of the absorption spectra of the charge transfer

26,27 In case of free radical

complexes in flash photolysis experiments.

recombinations i.e. when A and B is free radical rather than atoms, the
* .

life-time of AB* (or A2) is usually sufficiently 1long for the ET

mechanism to be more important. Atom combinations in the presence

of poly-atomic and particularly of chemically reactive foreign molecules,

occurs largely by the RMC mechanism, the reason is that the.AM*, because of
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its complexity has a long life and is readily deactivated to give the more
stable species AM which brings about the recombination species. The:
greater the energy released in the conversion of AM* into AM the greater
the rate for the combination process. However, the situation is not so
clear-cut for the combination of éfoms in the presence of simple foreign
molecules such as inert gas, hydrogen and oxygen. The question of the
binding between A and M and of the possible energy levels of the complex
AM, is important in deciding whether the RMC mechanism plays a role in
these reactions. This question has been theoretically examined by Eusuf
and Laidler.24 They estimated thg binding energies between iodine atoms
and various chaperon mélecules taking dispersion forces and charge transfer
into account. The binding energies obtained for certain simple molecules
inéluding inert gas are less than Lhe average thermal energy. These
complexes AM*, therefore, cannot be deactivated to AM and play no role in
atom recombinations. With n-~butane, beﬁzene and molecular iodine as

chaperons, however, complex formation plays a role in the reaction.

1.2 Reactions of Excited Species.

From the discussion in the previous section it is apparent that an
excited product can result whenever the elementary processes involve
atoms and radicals. The excess energy of the excifed species instead of
being removed by a third body may be emitted as electromagnetic radiation.
A chemical reaction which emits light is called a chemiluminescence
reaction. Visible and ultraviolet chemiluminescence results from the
production of electronically excited species whereas infrared chemiluminescence
arises from vibrationally excited species. Electronically excited species
have in a limited number of cases been established.28 Most of thesé reactions

; . . X . 29,30
involve atoms or free radicals, eg. the recombination of nitrogen atoms™ ~’
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31,32

or the combination of oxygen atoms with nitric oxide. The infrared

chemiluminescence from reaction 1.1 has been reported by Rosenberg and
Trairlor:.g's--35 Thomas and Thrush36 also measured infrared emission by the
vibrationally excited H20 molecules produced in the quenchigg of O2 (12g+).
The formation of electronically excited species in the reactions of stable
molecules is unusual and the only examples appear to be the reactions of
ozone with nitric oxide37 and sulphur monoxide.3

A chemiluminescent reaction can be divided into two stages: the
fo?mation of an electronically excited molecule and its subsequent radiation
or quenching. The absolute intensity of radiation is'thus the product of
the absolute rate of formation of the electronically excited molecules and
their probability of radiation or fluorescence efficiency.

Chemiluminescence emitted from a combination reaction may be a two body

or three body process.

1.3 Three Body Combination Reactions.

Three body chemiluminescence emanates from levels immediately below
the dissociation threshold as these are the levels corresponding to newly
stabilized molecules. It rarely comes from a state which correlates with
ground state atoms so that several electronic states are usgally involved.

The general mechanism requirés the atoms to gpproach each other on a
stable potential energy curve and make a collision induced crossing to
the emitting state.

Lk
Population: A + B + M = AB + .M ' 3.1

radiation: AB* AB + hy 3.2
quenching: AB* + M = AB + M 3.3

Where AB” is either a ground or vibrationally excited state.
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The intensity of radiation I may be represented by

= e ' ] 3.5
I k3.2 [AB*] _ }

Applying the steady state treatment for [AB*] gives

d[AB*] _ _ — =
S =k [A] [B] M) - Ky, [AB*] - k, 5 [AB*] [M] = O

ky ; [A] [3] [M]
ky o + kg 5 (M)

[AB*] =

Therefore equation 3.5 gives
I= k3.1 k 3.2 (] [B] [M]
k [M]

3.2 T K33
Many three body chemiluminescence reactions are'represented by this
scheme, in particular the yellow nitrogen afterflow from:
N+N+M-= N: + M . | . 3.4
and the grey-green air afterglow from:
O+NO+ M= Noz + M
If the quenching parameterslslB/k3'2are known, the effective rate constant

for the combination into the emitting statekB].Canbe calculated from the

absolute intensity of the chemiluminescence.

1.4 Two Body Combination Reactions.

The associalton of two atoms into a state with thich they do not
correlate is the inverse of predissociation. For two body emission then,
the atoms must approach on a‘non—repulsive potential curve and cross to the

emitting state and this states is confined to levels immediately above the

* dissociation threshold.

The most important types of reactions of excited atoms and molecules
other than chemiluminescence are:

(i) spontaneous dissociation:

AB¥* ———> A + B
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(ii) spontaneous isomerizétion:
AB* —> BA
(iid) physical quenching, if the electronic energy of the excited
molecule is removed without chemical reaction:
A* + B—> A + B
(iv) transfer of electronic energy to the colliding molecule:
A% + B ——> A + B*
this can lead to sensitized fluorescence;
(v) quenching accompanied by dissociation of colliding molecule:
! A* + BC—> A +B+C
this is the process of sensitized dissociation;
(vi)  chemical quenching:
A* + BC —> AB + C
(vii) quenching accompanied by dissociation of excited molecule:
AB* + C ——> A + B+ C
(viii) quenching accompanied by isomerization of the excited molecule:
'AB* +C——>BA+C
(ix) association between the excited molecule and a colliding
molecule in the presence of a third body:

A* + B (4M) ——> AB (4M)

1.5 The Early Work on the Recombination of Atoms.

Considerable interest has been shown recently in the reactions of
oxygen atoms with molecular dxygen. The recombination of oxygen atoms
in the presence of molecular oxygen in gas phase may be represented

by the following‘processes:
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o+02+M———>03+ﬁ : 1.1
03+M———-> 0+0, +M 1.2
0 + 03 _— 202 1.3
0+0+M—>0, +M 1.4

where 'M represents a third body.

Reaction 1.1 is one of the fundamental reactions in the upper
atmosphere which predominantly governs the O and O3 concentrations in the
stratosphere40 and polluted air.41 Rate equations derived from studies of
the Egzziz;s of both the phol;ochemicalAZn44 and the tl’u=:rrnal45_47
decompositions of ozone indicate that reaction 1.1 is third order at
pressureé up to at least i atmosphere.

Until 1956 one could do'little more than guess at the rate of this
1.1 reaction, and estimates by different investigators varied by ﬁore than
three order of magnitudes. Benson and Axworthy45 had, by this tiﬁe,
experimentally investigated the pyrolysis of ozone in an effort té discover
its mechanism. The analysis of their results was based on ghe long
recognised fact that, except at high temperatures}or high ozone concentrations,
the kinetics of the thermal decomposition of ozoné are capable of explanation
by a first step consisting of the reverse reaction i.2.

This is then followed by competition between molecular oxygeﬁ and ozone
for oxygen atoms ie. reactions 1.1 and 1.3.

Tpey inferred that reaction 1.3 which prodﬁces two oxygen molecules
/with the liberation of 93.7 k cal of excess energy does not prdduce more
than one e%cited electronic state of oxygen and these hot O2 molecules are
not very efficient in execiting ozone to decomposition. This indicates that

high quantum yields found in the photolysis of ozone at short wave-lengths
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1 .
probably are attributable to metastable 0 atoms (D) produced in the
Q‘ .
primary process which can generate chain.

From the value of the rate constant of the reaction 1.2 and the
knowledge of the equilibrium constant of the same reaction, Benson and
Axworthy calculated the rate constantlﬁrlforreaction 1.1. From the

tempe»_cuﬁ*’nﬁ vesuallio,
pQEitiﬁe:expenentofli 1 they concluded that it has an apparent negative
activation energy. Eucken48 also found that the rate of photochemical
ozone formation from oxygen at very low pressures has a negative
temperature coefficient. In this case, reaction 1.1 may be supposed to
occur in steps:
a *
0+ 02-—————9 03
b

*
O3 —> 0 + 02

*
03+M—°——903+M

It seems that when oxygen atoms combines with 02,‘excited ozone
forms by process (a) which again may dissociate to its original state by
process (b). Finally, the excited ozone moleculg‘can dissipate iys excess
~energy to a third body M andvthen form a ground state ozone.

. 49 , : . .
Herron and Klein determined the rate constant ka by the isotopic

exchange of 018 atoms with 0216'16 and suggested the formation of an
. * o, . 16 16.16
excited intermediate 03 in the course of the reaction O and O2 H

similar results were also found by Brenner and Niki.50

The Benéon—Axworthy mechanism does not correspond to a chain reaction
as there are no chain propgéating steps. To explain the higher decomposition
rate of ozone at high pressures or temperature, Ritchié51 proposed a
thermal chain involving a reaction between ozone molecules and energy rich

oxygen molecules from reaction 1.3. A chain reaction was suggested by
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Glissman and Schumacher46 and discﬁssed again by Schumacher,52 it
involves exéited oxygen molecules thch are supposed to be involved in
the following chain propgéating steps:

0+ O3 2 O2 + OZ |

0y + 0, ——>20, +0

On the basis of the critical examination of the problem, Benson and
Axworthy53 concluded that chain reaction is unimportant and the excess
rate is due to thermal gradients within the reaction vessel. By
considering the potential emergy surfaces for the reaction, McKenney and
Laidler54 also reached a similar conclusion. A similar conciusion has
also been drawn by Kaufman.55

The photochemical decomposition of ozone has also been studied in
considerable detail. The decomposition isbrought about by red light
and also by radiation of higher frequency, such as uv. radiation. It
appears that the reaction brought about by red light does not involve
energy chains, like the thermal decomposition, but the reaction in uv.
does involve energy chains. Both in the thermal decomposition and
decomposition iﬁ red light'the atoms produced are in their ground'caﬂj(ép)
state, and do not have enough energy to give rise to excited O2 molecules
that are sufficiently energetic to prop%éate a chain. In uv., on the
other hand, O* (1D) atoms are produced and these undergo the reaction:

0" oy + 0, —> 0, + 0} Crg") |

The 0; (BZ—g) molecules produced in this then propgéate the chain
as follows:

3 1
O2 (Cz g) + O3 _— 202 + 0 (D)

As the Benson and Axworthy's value of kl is dependent ¢ on the

1

thermal data for the equilibrium constant Keq’ any uncertainty in this
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constant will be reflected in kl 1 Two years later, direct investigations
of the rate of the reaction 1.1 appeared in the literature. The

experimentally determined values of k, -~ reported by Kaufman57 and Elias58

1.1

are in agreement with the values obtained indirectly by Benson and
Axworthy (calculated from the decomposition rate constant of ozone, k1.2
and the equilibrium constant of reaction 1.2). Kaufman produced oxygen
atoms by a microwave discharge in a flow system; a small amount of nitric
oxide was introduced into the system and the disappearance of 0 atoms was
monitored at varying distances down the flow tube by measﬁring the
intensity due to chemiluminescence reaction:

0+ NO ——> NO2 + hv

The NO., in the system was regenerated by the fast'reaEtion:

O+N02——}NO+O2
By use of this reaction, the concentration of 0 atoms was titrated, the
end-point was indicated by the complete extinction of fhe glow along the
tube. With a knowledge of the velocity of flow down the tube, rate
constants are obtained for the first order disappearance of 0 atoms by this
method, with |

k = (2.3/txy) loglO (Ix/Iy). where IX and Iy are the luminescent
intensities at positions x and y, and tXy is the flow time between the
positions. From a consideration of some of the limitations of the system
suéh as the effects pf viscous pressure drop along the tube (which is
particularly large at high pressure and high flow rate), wall effects and
the effect of recombination on the flow, Kaufman obtained a value of

14 6 -2 -
kl.l =4 x107 cm mol T s . for M = 0,. Since 0 atoms compete to

combine by two other processes 1.3 and 1.4 the actual value of kl 1 would
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be less than this. Since the observed decay rate in the presence of

added nitrogen and argon was entirely explained by the pressure drop
correction and wall effects, and the observation that, with varying

reactant concentrations, the rate constants calculated on the basis of

0+ O2 + M remained nearly constant while those calculated on)the basis

0+ 0+ M did not, it was concluded that their contribution of recombination
reaction is unimportant. On the other hand, the reaction of oxygen atoms
with ozone is important and Kaufman estimates that allowance for this

reaction would reduce the value of k to a value in the range

2 -4 x 1014 cm6 mol—-2 s_l.

1.1

Elius,Ogryz]o,andSrhirf58 produced oxygen atoms by passing molecular
oxygen through an electrodeless discharge in the pressure range 0.1 -
3 mmHg. The concentration of oxygen atoms was measured as a function of
time in a flow system by means of a movable atom detector which consisted
of a platinum Qire coated with a suitable catalyst for atom recombination.

4 cm6 mol-2 s_l were obtained for the

Values of 7.7 x 10> and 1.0 x 101
recombination coefficient (y) on pyrex and for the termolecular reaction
kl.l respectively. Elias et al. compared the concentration of oxygen

atoms measured by their wire detector with those measured by a wrede gauze,
and by the NO2 titration method of Kaufman. The wfede gauze gave
concentrations about 10% lower and NO2 titration gave values about 25% lower
than those obtained by the wire detector. The authors concluded that the
difference between the NO2 titration and the wire detector was due to the
presence of excited O2 molecules, possibiy in the lAg state in the gas
stream. Foner and Hudson,59 (1956) using mass spectrometry, also found

. 1 . .
the excited “Ag oxygen in fairly large concentrations. Kaufman60 (1964) in

his experiments with discharge-flow system showed the presence of some
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metastab}e species capable of dissociating 03 and of generating additional
0 atoms downstream of the discharge. He provided evidence for the
presence of these metastable species by adding.O3 to discha;ged oxygen.

He found no metastable species when 0 atoms were produced by thermal
decomposition of ozone and suggested that heat of formation of ozone
AHf(03) must be changed so as to change equilibrium constant for agreement
A value of 34.5 k cal mol-l for heat of formatiop of ozomne

1.1°
61

at 0 K was recommended in this case. Clyne, Thrush and Wayne ~ reported

with k

the spectroscopic evidence for the existence of such species and identified

them with 02 (lftﬁ

3

for the large amount of O3 decomposition and 0 atom generation. Again,

). However, their concentration was too small to account

62 .
by mass spectrometric studies Herron and Schiff found large concentrations

(10% - 20%) of Oz(lAw). Oxygen molecules in the lZj.f)state react with

3 g

ozone regenerating oxygen atoms.

1.4+ 3 3o
03+02( Zg)——%o(p)+202( Zg)

AH = ~12 k cal mol“l
and similar process can also occur with higher excited states of 02. The
reaction of more abundant (lAg) state:
1 .
O2 ( Ag) + 03-—————5 202 + 0 . 1.5
is endothermic (AH = 3 k cal mol—l) and does not éppear to occur readily.

However, the earliest studies of electronically excited 0, suggested

2

the occurence of reaction 1.5 might explain the anomalous rates for the

reaction

+0, +
0 O2 02 —_—> O3 + 02

measured in discharge flow systems.
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63,64,65

Reaction 1.5 has been studied by different groups using

different techniques such as photoionization technique, optical
1, 3
“emission, etc. to detect O2 ( Ag).
Another important effect which can also lead to a large spread

in the reported values of k .was: reported by Larkin and Thrush.

1.1
They found that even small amounts of hydrogen through the discharge

catalyses the removal of atomic oxygen by the reaction sequence:

H+02+M—>H02+M

0 +HO2 f—-—)OH‘+ 0

0 +0H —>H +'02

2

Mathias and Schiff67 obtained reproducible results only when molecular
oxygen was passed through traps cooled in liquid air which they suggested
prevented catalylic decomposition by hydrogeneous impurities. The

considerable discrepancies of the rate constant k apprearing in the

1.1
literature before 1964 was, therefore, due to the presence of impurities
suéh as hydrogen and electronically excited O2 which are known to affect
the reaction significantly.

- Kaufman and Kelso6o eliminated these species, hydrogen atoms and
electronically excited oxygen molecules, by generating the atoms by
pyrolysis of ozone in a quartz tubé at 1000°C.- They obtainedfbalue of

14 2 -1 0

2.7 x 10 cm6 mol © s for k 2

‘ 1.1° Clyne, McKenney and Thrush,68 on

the other hand retained the discharge and relied upon rigorous
purification of the gases and the great dilution of the oxygen with argon
passing through the discharge to eliminate unwanted species. They obtained

a value of
Ar

kl 1 =1.9 x lO14 cm6 mol—2 s-1 at 290 K.
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Benson and Axworthy69 in 1964 reconsidered the rate constant
obtained from the thermal decomposition of ozone and reported that
values obtained for the efficiencies of various third bodies calculated
on the basis of pyrolysis data (of Glissman46 and Schumacher) are in
exact agreement with the values of Castellano70 and Schumacher.

Kaufman and Kelso71 determined the efficicienéies of 9 third bodies
in the reaction 0 + 0, + M ——> 03 + M by producing O atoms thermally

2

in a flow system. The values of kM

1.1 showed the dependence on the nature

of M increasing with molecular complexity and increasing more strongly
with the dipolar interaction in the case of M = HZO' By considering the
- efficiencies for O

He, Ar, N, and COZ’ they found a good agreement with

2’ 2

those of pyrolysis and photolysis.

Mulcahy and Williams72 ?sing a stirred-flow reactor studied the rate
constant of reaction 1.1 at éotal pressures from 1 to 8 torr, generating
oxygen atoms by pyrolysis oféozone at 1300 K. The rate constant obtained

in the temperature range 213f- 386 K when M = Ar and M = CO, can be

2
represented by k?rl = (1.7 +0.2) x 1013exp §ﬁéfi;§9- cm6 mol—2 s—l
- CO ) +
ky i = (8.4 +1.1) x 1017 exs M‘—S— en® mo17? 71,

i

The values obtained forﬁk are greater than those calculated from

1.1
previous investigations of the kinetics of pyrolysis of ozone, even

allowing for the accepted error in the equilibrium constant for reactiom
2 Ar and 002 also differ from those

derived from earlier work on the pyrolysis and photolysis of ozone.

1.1 - The relative efficiencies of 0

-A few measurements of the rate constant kl l'in the static system

also appeared in the literature after 1965. Sauer73 et al. used the
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method of pulse radiolysis to study the kinetics of ozone formation in
gaseous argon-oxygen systéms; The value of kl.l was determined by a
fast reaction method in which the reaction was initiated by a short-lived
perturbation of the system. Ozone formation was monitored optically at
2600°A using a photomultiplier. In another experiment Sauer74 used the
same method to determine the rate constant of the reaction 1.1 in which
different molecules were used as sources of oxygen atomé and in which
the effects of different third bodies were determined. He concluded
that the rate constant of the third body (Ar) controlled reaction of
oxygen atomé with molecular oxygen is independent of whether the oxygen
atom originates from 02, CO2 or NOZ' The third body efficiencies of

He, CO2 and N20 relative to an Ar efficiency of 1.0 have been determined
by them as 0.8, 5 and 5 respéctively.

The techniques of pulsed-radiolysis, with spectroscopic detection
of transients, have also been used by Meaburn75 et al. to study some
gas phase reactions of atoﬁic oxygen produced in electron-irradiated
C02, NZO’ and CO at pressures of about one atmosphere. In fhe presence
of small amounts of added 02, oxygen atoms were féund to be removed from
these systems mainly by reaction 1.1. The formation éflozone followed

pseudo-first order kinetics with rate constant k? 1

4 6 -2 -
cm mol 2 s 1 for M = COZ’ NZO and CO respectively. Kinetic

analysis of their results indicated the occurence of two parallel

= 3.7, 3.2 and

1.6 x lO1

reactions in the system:

0 (triplet) + 0, + 0, —> 0y +0 o 1.1

2 2
0 (singlet) + O2 ———> 0 (triplet) + 02

76
Hochanadel = et al. using the same technique found that the absorption
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spectrum of ozone immediately after the pulse is éonsiderably greater
and the peak is a longer wave-length (~ 2860 Z) than that of ground

state ozone (~ 2560 A). The initial absorption was characterised by
*

3°

‘Their results show that overall third order reaction 1.1 occurs by a

them as a vibrationally excited ozone produced by 0O + 05;:::23 0

sequence of steps.

Recently, the kinetics of ozone formation by 1.1 was studied by
Bevan and Johnson:77 Atoms were produced by irradiating molecular O2
with a high dose-rate electron pulse and monitored by optical absorption.
They interpreted their.results in terms of three kinetically
distinguishable, consecutive reactions.

The resonance fluorescence technique has been used by Slanger
photodissociation

2
° . Ar 14 6
at 1470 A. They determined the rate constant k =1.69 x 107 cm

1.1
-2 -1 .
mol s for argon as third body.

and Black78 in which O(BP) atoms were produced by O

Stuhl and Niki79 determined the rate constants for a number of
termolecular reactions of O - atoms at 300 K, producing 0 - atoms by

pulsed vacuum - uv. photolysis of NO, O CO2 and NZO and monitoring the

2’
* * .
2 or CO2 chemiluminescent emission. Their values for

. . 8
kl 1 are in good agreement with the recommended 3 values at room temperature.

0(3P) atoms by NO

The flash photolysis-resonance fluorescence technique was used by

. . 80 '
Huie, Herron and Davis to measure the absolute rate constant for kl 1°

_The temperature range covered was 200 - 346 K and the total pressure was
varied from 50 - 500 Torr. Over the indicated temperature range, they
represented their data by an Arrhenius expression k?r

T .1
13 510.6 * 23.16 6 I
exp T cm mol o

= (2.38 + 0.21)

x 10
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In some earlier work such as the thermal decomposition of ozone the
reaction was studied by conventional manometric methods81 in the
temperature range 388 - 403 K, and in a shock tube82 from 769 - 910 K.

Although different methods have been used to avoid contaminants the
are still considerably greater than

1.1

the estimated experimental errors of 10 to 257% and these must be

discrepancies in the values of k

attributed to unknown sources of systematic error. Moreover, the
temperature dependence of the reaction measured by flow system in some
" cases differ by a factor of 2 or 3 with that determined by static8O methods
and this discrepancy could lead to errors of nearly a factor of 2 in
estimates of the rate of stratospheric ozone production. Since reaction
1.1 is of such importance in stratoépheric chemistry and since its
rate constant must be well established at temperatures and pressures
corresponding to stratospheric condition, a re-examinétion of the
temperatureﬂcoefficient is important.

| Following the development of a new discharge93 flow technique in this
laboratory, Ba1185 carried forward investigation of the reaction 1.1 in

two flow systems - system A (movable detector) and system B (fixed
M
kl.l’

constant in the absence of 02) and'kw (surface rate constant in the

A . *
detector). He measured the rate constants kW (surface rate

presence of 02) in system A at 295 K for M = He, Ar, NZ’ 0
M
kl.l

A and B provided a check on each method. Although an attempt was made

27 co aqd COZ'

The room temperature correspondence between determined in systems
to elucidate the temperature coefficients for some of the third bodies,
the development of the flow technique in system B was not completed.

In the sense of extending the range of reaction conditions adopting the
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correct technique, and the Qolume of experimental work, the present
study may be considered a continua;ion of the earlier work by Ball.
The main object of this work was to investigate the iﬁportancé of
reference measurements in system B‘and to show that the surface rate
constant can be measured by the system B.

A very unsteady surface rate constant: was observed‘by Ball for
M= CO2 whichrhe suspected to be due to the back diffusion of CO2 into
the discharge producing various species which might attack on the
surface. Difficulties of tﬁis sort were treated in'this study using an
improved technique. The errall object of this present work w;s to
report reliable temperature coefficientsf?bur third bodiéslover
a wide range of temperature at the same time eliminating surfage and

other background reactions. Many interesting problems arose during

this work, these are discussed in the appropriate chapter.

1.6 The Early Work on the Reaction: O + SO2 + M~—--——-—>SO3 + M.

The rate of the termolecular reaction:

0 +50, + M ———>5S0, + M ' , ’ 2.1

is of great importance in the combustion of sulphur containing compounds
and in the polluted atmosphgre. This reaction was first examined by
Geib and Harteck84 who measured tﬁe extent of conversion of sulphur
dioxide at liquid air temperatures.

32
Kaufman™ " studied the decay of oxygen atoms in the presence of SO2

in a linear discharge flow system and obtained a value of

16 6 -2 -
3 x 10 cm mol 2 s 1. He also found that SO3 changes the surface

recombination efficiency of the glass tube. Although a very small

addition of SO3 had little effect, larger amounts made the flow die out
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slowly all along the tube and reappear slowly when the SO3 flow was
shut off quickly. In order to understand reaction 2.1 clearly, it

is important to know the part 803 plays in the reaction system.
In&estigation of the gas phase reaction between oﬁygen atoms and
sulphur trioxide is made difficult by the heterogenous effect. Sulphur
trioxide is strongly adsorbed on giass surfaces where it exerts a
remarkable catalytic effect on the recombination of the atomic oxygen.
Determination of the disappearance of oxygen atoms in the gas phase by
reaction with SO2 is further complicated by the strong affinity of the
adsorbed sulphur trioxide for traces of water. Howevgr, from some
preliminary flow tube experiments Kaufman concluded that oxygen atoms

do not react rapidly with SO, in the gas phase at room temperature. On

3

the other hand, studies86 of the rate of production of oxygen in the

radiolysis of liquid SO, have been interpreted to indicate that the

2

reaction:
0 + SQ3 —_—> 02 + SO2 - 2.2

is 10 times faster than the reaction:

0+ SO2 +M—> SO3 + M at 256 K
87

Jacob and Winkler reported a gas phase bimolecular rate constant. of
7 3 -1 - :
2.2 3.01 x 10 ecm” mol T s 1 at 300 K from results of a discharge flow
experiment with low temperature trapping of products; this value also
indicates a very slow reaction. These authors noted SO4 as being a
" probable intermediate.
. 88
Fenimore and Jones concluded that a stationary concentration of
803 is reached when SO2 is oxidized in flame gases. They suggested that

SO3 is formed by 2.1 but is destréyed as fast as formed by a faster

reaction, than the reverse of 2.1.
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89
Recently, Westenberg " "and de Haas measured the rate of the reaction

between O,ASO and M under pseudo-first order conditions in a discharge

3

flow reaction with ESR detection. They found this reaction is a fast

third order process at pressures up to 7 torr. For M = He, they
17 6 -2 -1
reported a value of kgez =(7.3+0.2) x 100" cm mol " s .
"7 g0 ,
Halstead  and Thrush using a flow-technique reported a value

kérl = (4.7 +0.8) x 1015 for the reaction:
O + 802 + Ar —> SO3 + Ar
91

Mulcahy, Steven and Ward using a stirred flow and ESR technique

determined values for kM when M = 0 Ar and SO,. Ihird order rate

2.1 2’ 2
constants for k? 1= (2.7 £ 0.5) x 10l? (2.4 + 0.15) x 1015 and
15 6 -2 -1 .
(10 + 4) x 10 cm mol s ~ when M = 02, Ar and 802 respectively.
92 .
Mulcahy et al. later measured the kinetics of each SO, reaction at

2
300 K using both ESR spectrometry and chemiluminescence from the O + NO

reaction to monitor the concentration of atomic oxygen. It was shown

that O atoms disappear principally by the reactions:

0 + 50, + M ——> 50, + M _ ‘ 2.1
and 0 s 30, | | o W

‘However, adsorption of SO, on the wall increases the rate of reaction

3

2.1 which therefore varies with the concentration of SO, in the gas

3

phase. The increase in kw as reaction proceeds causes the apparent
value of k2 1 to be too high and to depend on the concentrations of 0

atoms present. Nevertheless, by extrapolation to zero concentration of

oxygen atoms it was shown that the true value kAr is 1.4 x lO15 cm6 mol

2.1
15

2

-1 ' -2 -
s © (by spectrometry) and 1 x 10 cm6 mol 2 s 1 (by the afterglow

method). Furthermore, experiments92 using ESR spectrometry have given
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S0 _
the value of k2 1 as 6.6 x 1015 cm6 mol 2 s l.
The rate of the reaction 2.1 has also been determined by Jaffe

94
and Klein who produced oxygen atoms by the -photolysis of nitrogen

dioxide

NO2 + hy—> NO + 0

In the presence of sulphur dioxide, there is competition between

the reaction 0 + NO2 and reaction 2.1. From the extent of the reduction

of quantum yield for the disappearance of nitrogen dioxide (2 in the

absence of sulphur dioxide) it was possible to obtain a value for

kM =1.4 x 1016 cm6 mol_2 s_l when M is NO or SO..
2.1 95 2

Timmons et al. studied the rate of reaction 2.1 using a linear
discharge flow method in which the concentration of oxygen atoms was

followed by ESR technique. The value of the rate constant for the

reaction 2.1 was found to be 4.1 x 1016 cm6 mol_2 s—l.

The flash-photolysis resonance fluorescence technique has been

. 96 .
used by Davis’, he reported a lower value for k in comparison with

2.1

97 :
other work. Atkinson and Pitts determined rate constants for the
reaction:

0+ SO2 + N20 —_—> SO3

over the temperature range 299 - 392 K using a modulation technique.

+ NZQ

The Arrhenius expression:

N
0 2 -1 16 (1007.1 + 201.43)

k 2 cm mol “ s = 3.32 x 10 exp
2.1 - T

This temperature dependence is in good agreement with that obtained

from flash photolysis resonance fluorescence measurements using N2

as the third body.
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Very recently, Westenberg and de Haaénztudied reaction 2.1 over
the temperature range 248 = 415 K for M = He. They found that SO2 is
. about 10 times as efficient as He as third body; during the course of
the reaction SO3 reachesf%teady state concentration and reacts witﬁ

0 atoms forming SO, and 02.

2

The values of the rate constant for reaction 2.1 obtained by the
various workers are listed in Table 1 for comparison. Ihe témperature
dependence was measured in four of these studies, it was established
that the reaction has a positive activation energy. There is a large
measure of disagreement between the resglts of different workers. The
rate constant measured at room temperature with an inert gas as a third
body varies over a factor of 40. Extremely high third body efficiency
has been attributed to SO2 itself by some authors who reported a
factor of 10 - 130 over rare gas efficiencies. It is clear from the
above review that the 0 + SO2 reaction should not be fegarded as well-
established.

In the present investigation it is intended to examine the rate of
the reaction 2.1 by the newiy developed discharge flow technique. It

is proposed to measure rate constant, for M = SO, over the temperature

2

range 240 - 500 K and for M = He, N, and Ar at 298 K.

2
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TABLE 1

Summary of results for the reaction: 0 + §0, + M _— > SO3 + M

N20 - NO glow

10_14'x kM cm6 mc»l-2 s“l
2.1
Third
298 + 2 K
Workers Method Ref. Body at 298 +
Halstead Discharge 90 Ar 47 + 8
and flow chemi-
Thrush luminescence
technique
Timmons Linear 95 He 8
et al. discharge Ar 10
flow - ESR 802 410
Mulcahy Homogeneous 92 Ar 11 +3
et al. discharge
flow 802 66
ESR - NO
glow
‘Westenberg Linear 98 He 3+0.2
and discharge Ny 7.2 + 0.3
de Haas flow - ESR SO2 29 + 8
Davis Flash photo- 96 He 1.3
lysis - reso- Ar 2.5
nance fluores- No 2.9
cence 802 174
Atkinson Modulated 97 N,0 11.5 +'1.5
and Hg - photo- S09 <60
Pitts sensitized
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CHAPTER 2

THE EXPERIMENTAL APPARATUS

2.1 Introduction.

The experimental apparatus and techniques which were used during
the course of experimental work are described in this chapter. The
techniques used for the preparation of reagents and the use of
vacuum lines etc., are well documented in standard laboratory text

books.gg-lOl

2.2 The Reaction System.

The apparatus is of conventional design in which discharge flow
technique was used to study the progress of reactions 1.1 and 2.1.
Fig. 2 and 3 shows the essential parts of the flow system which
consisted of a discharge tube, reaction tube and a photomultiplier.
The reaction tube is made of pyrex glass of uniform bore (radius
1.25 cm) which has five multiple hole inlet jets at a distance of
15 cm from each other. Thesg j'ets.(Jl to JS) can be used for the
introdﬁction of reactatns at diffgrent positions of the reaction system
- with rapid mixing. There is another inlet jet at position D for addition
of third bodies M. Nitric oxide may be added, if'required, through the
jet J6 to facilitate oxygen atom detection. The whole system is
connected to a vacuum pump, V,(E S 200 Edwards Vacuum Components Ltd.)
of capacity 190 dm3 min-l which kept the reacfion system within a low
pressure range 5 X 10-3 to 3 x 10_l torr. A large stainless steel valve
located between the photomultiplier and vacuum pump, was used to control

the flow; beyond the valve the gas passed through a large diameter trap
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Fig. 2. Top: left hand side, bottom: right hand side of the apparatus.
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Fig.3
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which was used to collect the reaction products at 77 K. A 16 dm3
bulb was situated between the trap and pump to smooth the flow pattern
and minimize pressure fluctuations. The reaction gases were pumped
through the reaction system; the reaction time was varied by changing
either the length of the reaction zone or the gas velocity. This
reaction time was determined by dividing the length of the reaction
zone by the linear flow velocity on the assumption that laminar (plug)
flow prevailed and that there was rapid radial diffusion with
negligible back diffusion. The conditions under which these assumptions
are valid are discussed in greater dgtail in Chapter 3.

Oxygen atoms were generated by passing an inert carrier gas
(Ar: 100 - 200 u mol s_l) containing < 500 ppm O2 and < 5 ppm N2
through an electrodeless discharge. The discharges were produced in
a microwave cavity by a large C. W. magnetron 2450 - 3,000 Mé:'s_l (up
. t§ 200 Watts microwave power). The molecular oxygen/argon mixture flowed
through the cavity enroute to the reaction zone. The cavity had two
screw controlswhich enabled .t to be "tuned" to utilize the maximum
amount of incident energy in' the discharge and to produce the maximum
amount of oxygen atoms for ;'determined total pressure. The position
of the quartz discharge was:of some impértance as the highly ionized
species produced by the disciarge had t§ be allowed to decay to leave
the mixture of uncharged até%s and molecules. If placéd too close to
the inlet jet of the flow tﬁ%e the glass surrounding the inlet became
hot, this created problems éf definition of reaction temperature. The
quartz discharge region was cooled by an internal air cooler since a

cooled discharge gave a higher and more stable concentration of atoms
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than when an uncooled discharge was used. A tesla coil was used to
initiate the discharge.

The whole reaction tube was of U-tube design so that it could
be immersed in a Dewar vessel. The Dewar vessel contaihed oil for
experiments at or above room temperatures. Acetone-solid CO2 mixtures
were used'to obtain temperatures iﬁ the range 196 - 240 K. A heating
coii with a Variac and a thermometer was used in the oil to maintain
the desired temperatures manually (298 - 500 K). For measurements at
low temperatures an electronic platinum resistance‘thermometer was
used to record the temperature, the temperatureé were measured to
+ 1 K. Reactor pressures during and between runs were measured by a
silicone o0il manometer. The reaction vessel and associated glass

ware were washed with dilute phosphoric acid solution before assembly

to reduce surface recombination.

2.3 The Discharge.

The dissociation of molecular gases in discharge'is mainly due
to the result of inelastic collisions between energetic electrons and
molecules., Thebenergy is supplied to the molecules by acceierating
electrons under the influence of applied electric field. The high
velocity electrons collide with molecules leading to dissociation
either by excitation to an unstable electronic state or by a mechanism
involving ions. Except in highly ionised plasmas, processes involving
ions contribute little to the overall decomposition. The success of a
discharge system in producing efficient and large amounts of
dissociation thus depends on securing a large number of electron-molecule

102-104 2,3

collisions in the discharge region. Oxygen and hydrogen have
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traditionally been dissociated by the application of high voltages
of either D.C. or A.C. between two large electrodes épaced about a
‘metre or more apart in the low pressure gas. More recently, it has
been found to be easier to dissociate these gases’ at low pressures
using power of a higher frequency, such as radio frequency105 and
microwave power.106 A review of the possible methods of producing
free atoms in the gas phase‘has been given by Jennings107 and by
electrical discharge in particular by Shaw.108

Electrical discharges provide the most convenient method of
producing a steady supply of atoms at relatively high concentration
in a fast flow system. Low frequency electrode discharges have often
been used but these suffer from the risk of contamination by electrode
materials. Thus Linnett and Marsden,109 have shown that, with O2 at
aluminum electrodes, aluminium oxide was entrained in the gas stream.
This type of gross contamination undoubtedly has a pronounced effect
on the rate of heterogeneous recombination of atoms in the system.
Electrodeless radiofrequency discharges operation at few MHz do not,
of course, give rise to contamination, but show a tendency to spread,
and cannot be sustained at pressures above a few torr. It is also
extremely difficult to screen sensitive electronic équipment satisfactorily
from the effects of stray radiofrequency fields. A discharge operated
at microwave érequencies suffers from none of thése disadvantages, and
was the method chosen for this work. Another advantage for this type
of discharge is that microwave power caﬁ be coupled through a suitable
glass without being significantly absorbed. To prevent stray light from
the discharge reaching the reaction zone, a pair of woods horn light
traps, coated with matt black paint were inserted between the discharge

tube and the reaction vessel.
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2.4 TFlowmeters and Calibration.

The simple type of flowmeter consisted of a glass capillary tube
which was attached by a cone and socket arrangement so that it could
be reédily removed or exchanged. The flow rates of gases paséing
through the capillaries were controlled by needle valves (Edwards)
which were situated downstream from the flowmeters. The gas flows
" were measured with calibrated capillary flow-meters in which silicone
0il was the manometric fluid. The calibration of fiowmeters was
accomplished in either of two distinct ways, which depend on the
amount of gas passing through them.

For small flow rates, it is more accurate to calibrate the
capillaries by measuring the rate of fall of pressure (-dp/dt) of a gas
in a bulb of volume V and pressure p, for various valves of Ap, with
the bulb situated upstream from the flowmeter. For small flow rates
where the total change of p was small -dp/dt was obtained from a plot

of p = against t and the flow rates calculated from the relation:

dm/dt = v dp

RT dt

" This equation is valid over a wide range of pressure, but for
large flow rates deviations may be observed because of turbulence.
Since large flow rates were used in the present experimental systém,
it was convenient to adopt the following procedure for calibration.

All flow gases were calibrated with a capillary flowmeter by
passing directly to a gas meter (Alexander Wright and Co. Westminister
Ltd.). The inlet of a gas meter was connected to a éapillary flow
meter and the outlet Was connected to the flow line with a piece of

rubber tubing. The meter was levelled by means of the levelling screws
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in conjunction with spirit level. As soon as the gas passed through
it, the gas meter indicator began to revolve. The time required for
a given number of revolutions (one complete revolution = 250 cc) was

: : . 3 .- .
measured. The flow rates in cm” min =~ were calculated corresponding
to a pressure in the U-tube which recorded as cm of oil. Several such
measurements were taken and the pressure was plotted against the flow

rate (cm3 min_l).

2.5 Purification System.

High purity gases (BOC) were used during all the experiments. All
gases were paésed through molecular sieve traps packéd with finely
divided silica gel or glass wool af 196 K or 77 K with preésures
variable in the range 0 - 1 atmosphere. This prevented condensation
while ensuring maximum residence times. Hydrogeneous impurities in
the discharge gasses was redﬁced to <1 ppm by a caﬁalytic oxidation
unit (Deoxo unit). |

A rare gas purifier was also used in some caées which reduged
impurities in coﬁmercial grales of rare gases‘to a level of less than
1 part in 107ﬁ It is most cgmmonly useé to purify argon or helium. The
‘purification éystem consists,of titanium granules at 973 K.to remove
nitrogen and Sxygen, a Coppé; oxide furnace to take out hydrocarbons,
hydrogen and éarbon monoxideAand finally a molecular siéve to remove
moisture and carbon dioxide.?

The gases which were used in the experimenté had the following
purity levels according to the manufacturer:

High purity Ar > 99.998%; He > 99.9997%; 02‘3 99.98%;

CO, > 99.9996%; N, > 99.9992%; SO, > 98.98%.
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2.6 Detection of 0 Atoms.

The chemiluminescence techniqﬁe was used to monitor the decay
of 0 atoms. This technique consisted of measuring intensities of the
air afterglow emission spectrum which is produced by the indicator
molecule, NO, which in turn is generated by dissociation of N2
impurities in the discharge. Some pure NO was added to the reaction
tube just before the detector during the study of reaction 2.1 to
facilitate the detection of low concentrations of oxygen atoms. The
reaction of atomic oxygen with nitric oxide is accompanied by a visible
emission known as the air afterglow. The afterglow is a continuum
extending from 388 nm into the infrared, with a maximum intensity at

about 650 nm.llo The emission results both from a bimolecular and a

termolecular reaction.lll

0+NO——>N02+hu‘

0+ NO +M——>NO, + M+ hy

A concurrent non—radiative termolecular reaction also results in
the loss of NC: O + NO + M —————>~N02 f M.» These reactions are
relatively slew at the low pressures employed in discharge-flow systems
) and are follo&ed by the very rapid reaction:

0+N02{F—>N0+02;

If a Very small amount ;f NO is added to a flowing gas containing
atomic oxygen; the amount of atomic oxygen lost is negligible and there
is no net loss of NO. Thereéore, since the intensity of the
chemiluminescence is propof&ional to the product of [NO] and [0], at

constant [NO] the intensity is proportional to [0]. The decay of O-atoms

caused by the introduction of 02 or SO2 was then determined by measuring
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the relative intensity of emitted light with a photometer. A quantum
photometer 9511 (Brookdeal Electronics Ltd.) with 5032 detector head
was used for the purpose. The out-put of this instrument was
monitored by a digital voltmeter. An RCA 931A photomultiplier with D.C.
detection was also used in some earlier experiments to measure the
light intehsity.

The intensity of the afterglow may be calibrated by titration with
NOZ’ i.e. by measuring the amount of N02 required to consume all the
atomic oxygen. This then permits absolute atom concentration to be
calculated. The basic assumptions in the use of the NO chemiluminescence
technique are that NO does not perturb the reacting s&stem and that the
concentration of NO remains constant. These assumptions could be
invalid if were NO or NO2 to react with other species, such as reaction
products. This could result in a decrease in the NO concentration
leading to a greater rate of decréase in the emission intensity, which
in’ turn would lead to a rate constant that was too large. In the
chemiluminescence technique, uﬁlike resonance fluoresence, there is no
need for the continuous illumination of the system to obtain a
flﬁorescence signal and there is, therefore, no scattered light seen by
the photodetector. This may lead to a greater ultimate sensitivity.
A possible complication may arise if the reaction under study itself
emits raéiation and if these emissions are monitored by the photodetector,
the apparent concentration of oxygen atoms would be in error. 1In the
present investigation, no such visible light was observed when reactants
were introduced into the reaction system, and a Wratten filter 61 was

©
used in the detector to eliminate the unwanted light below 6000 A.
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2.7 The Quantum Photometer.

Photon counting by a quantum photometer is essentially a technique
for measuring low levels of radiation. The systems of photon counting
consist of five basic components, viz.: the'photomultiplier, the
photomultiplier anode load, a fast amplifier, a pulse height
discriminator and a frequenc§ meter. The basic advantages of this
technique over the D.C.' current measuring and analog lock-in techniques
are:

(a) sensitivity to very low levels of radiation;

(b) improvement in tﬁe signal to noise ratio at low signal levelé;

(c) direct digital processing of inherently discrete spectral
information;

(d) drift-free long-term signal integration and reduced sensitivity
to changes in voltage, temperature and photomultiplier gain;

(e) decrease of effective dark current from the photomﬁltiplier.

A photomultiplier consists of a photoemissive cathode and a
secondary emission multiplier which ahplifies the signal before it
leaves the tube. Photons falling on the photocathode cause the
emission of photoeleétrons with a'probability, Q, the quantum
efficiency. The photoelectrons are then accelerated through a potential
gradient to the first dynode which causes the emission of secondary
electrons. The multiplication factor for the first stage is normally
in the range of 35-50 and for subsequent stages is of the order 3-6.

A much highervmultiplication factor for the first stage compared to
later stages is desirable as the first stage has the gréatest influence

on the signal-to-noise ratio. The multiplication along the dynode

chain results in an output signal which is a current pulse.

-
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The photomultiplier tube is not an ideal detector because the
tube itself emits pulses in the absence of light. This is known as
the dark current, and arises from the following sources.

(1) Thermionic emission from the photocathode. With most
photocathodes this type of emission represents the largest component
of dafk current. These pulses have a pulse height diétribution almost
identical to that of single photoelectrons. Thermionic emission is
dependent on temperature, and one method of overcoming this is by
cooling the photomultiplier tube.
(ii) Pulses from radioactive sources; these include photon puises
due to cosmic radioaction, known as Cerenkov photons. These pulses
will have much larger amplitudes than single photoelectrons. In some
photomultipliers pulses may result from radioactive emission from the
OK isotope present in the glass.
(iii) Cold field emission; pulses arise from this source when the
photomultiplier is operated at voltages higher than recommended.
(iv) Ohmic leakage gives rise ta small unpulsed D.C. currents which
are always present in photomultiplier tubes.
. ano.log%

One great advantage of photon counting over the amaleg techniques
is the distinction which can be made between signal and noise pulses
through pulse-height discrimination. The discriminator in the system
is set such that only pulses with a larger amplitude than this fixed
value are counted by the frequency meter. The discriminator‘level is
idw enough to include all the photon pulses. Thus each photon pulse,
regardless of amplitude, is counted as one unit in the register.

Basically, there are two main sources of error in photon counting.

Firstly, there is a condition known as pulse pile-up, which occurs at
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very high levels of radiation. Pulse pile-up involves two or more
pulses which are not resolved and hence are counted incorrectly.
Secondly, at very low levels of radiation, e.g. 1 photon per minute;
there will be a statistical error in the'register when two low-amplitude
background ﬁulses arrive so closely together that they cannot be
resolved. These will add together to form a resultant background
pulse with an amplitude which exceeds the discrimination level, and
hence is counted.

The 9511 Quantum photometer, used in this work, provides both
- photon cdunting and electrometer facilities in one instrument. In
phbton counting mode the 9511 gives both logarithmic and linear
response in the range 10 - lO6 cs—l. In electrometer mode the 9511
gives a linear response from 10 nA-1 mA. The zero suppress is operative
in both photon counting and electrometer modes. To bfiﬁg the zero
suppfess into operation, the grey button marked ON was depressed. The
variable ZERO SUPPRESS control was turned until thé desired offset
had been achieved; up to 103 cs_l (photon counting) or 1 uA (electrometer)

may be suppressed. Thus, the dark current signal can be eliminated in

this instrument.

2.8 Surface Reactions.

Earlier workersloz’ 112, 113 recognized the facét that wall

reaction is an important factor in the study of recombination reaction

. 112 ,

in flow systems. Smallwood observed that the surface reaction
dominated the homogeneous reaction. To eliminate or minimize this
problem, it is necessary to find experimental conditions under which the

"rate of the wall reaction is small compared with that of the homogeneous
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reaction. Various kinds of surface poison have been recommended,
usually they are substances containing Sulphate or phosphate groups;
metaphosphoric acid, orthophosphoric acid, a mixture of phosphorous
pentoxide and orthophosphoric acid, sulphuric acid, potassium
chloride and water vapour have all been used as surface poisons for
'preventing the recombination of atoms on glass. Phosphoric acid
coatings are most commonly used and are put on in the form of a hot
syrupy liquid which is cooled and degassed in a vacuum. These
poisons reduce the amount of surface recombination of atoms. Even so,
surface recombination remained an imporﬁant factor in flow experiments
and workers were obliged to take due consideration when estimating
homogenous rate constants.

1097 114-117 on the recombination of 0

The work of Linnett et al.
atoms on glass surfaces, and several subsequent studies on various
surfaces, showed that these reactions are first order. Several mechanisms
. . . ¢ 118 T
for the first order recombination have been proposed, Johnson's /xﬁggﬂi*ch
obseswatien that atoms can be tightly packed on a glass surface without
recombining, and Langmuir's 119 demonstration that surfaces are in general
O Lz e ley .
completely covered with a layer of atoms, is strong evidence for a first
order reaction in which a gas phase atom reacts with a surface atom.
Linnett proposed a mechanism for recombination on glass or-silica in
which gas phase O-atoms recombine with loosely bound O-atoms from the
SiO2 surface and these are then rapidly replenished from the gas phase.
Surface - 0 + 0 —> surface + 02
Surface - + 0 ~£§§£§ surface - 0

where 0 represents loosely bound 0O atoms.
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Surface recombination is usually measured in terms of surface

recombination coefficient which may be expressed as follows:
2r k '
Y = w

c

where y is the fraction of total number of collisions with
_sufface leading to recombination, r‘the radius of the tgge, kw the
surface rate constant and ¢ the mean kinetic velocity of atoms.

Kaufman's unpublished work shows that y for vycor glass (96% SiOz)
increases less rapidly than those of Linnett et al. between temperature
range 294 - 1073 K. The recombination coefficient often varies by a
factor of five within the work of one laboratory, and by factors of 10 -
100 between different groups. Thus, for pyrex-glass, Ka;fmanlzo found

21 7.7 x 10_5, Harteck, Reeves and

Yy =2X 10—5, Herron and Schiff1
M’annella122 estimated Yy between 10_6 to 10_7 for Pyrex glass .coated

with orthophosphoric acid. In our system, the surfaces of the quartz
discharge region and cylindrical flow tube were poisoned with syrupy
phosphoric acid and pumped until the residual flow oé volatile species
was negligible in comparison with the total flow under.typical
experimental conditions. Experiments performed over‘a'period of several
years showed the wall loss to be. small and easily controllable. Only

infrequent recoating was required; the catalytic efficiency of the newly

coated wall could be reduced through continued exposure to 0/02 flows.
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CHAPTER 3

GAS FLOW AND LIMITATIONS OF FLOW SYSTEM

Gas flow in vacuum systems can be divided into three distinct
types: turbulent, viscous, and molecular. At high pressures and flow
rates the flow is usualiy turbulent; as the pressure is reduced it
merges into viscous flow; and finally at rather low pressures, it
become molecular.

Turbulent flow is characterized by its complexity and lack of
order; the gas swirls and eddies, and individual particles of the gas
may have velocities and directions which are quite different from the
average velocity and direction of the aggregate.

Viscous flow is much simpler than turbulent flow. It is smooth
and orderly; every particle passing a point follows theAsame.path as
the preceeding particles that passed that point. ?he mean free path
of ;he molecules is small compared to the dimensions of the tube during
this type of flow, so that coilisions between molecules will occur more
frequently than collisions of molecules with tube walls. As a consequence,
intermolecular collisions are predominant in determining the characteristics
of flow, and flow rates will he -affected by the viscosity of the gas.

Molecular flow is characterized by molecular collisions with the tube
walls rather than with other gas molecules. As the pressure in the system
is reduced, the mean free path of the gas molecules increases. The
dependence of flow rate on viscosity begins to decrease because collisions
between molecules are becoming less frequent. At pressures sufféciently
low for the mean free path to be several times greater than the diameter

of the containing vessel or tube, molecules migrate through a system

freely and independently of each other.
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It is clear from the above distinctions that turbulent flow and
molecular flow are undesirable phenomena when kinetics is studied in a
flow system. In gas phase reactions, the experimental conditions are
most frequently those under which viscous flow occurs. The exact
mathematical descfiption of such flpws becomes extremely complicated,
however, if the effects of surface reactions, radial and axial diffusion,
and the viséous,flow are taken into account. In certain cases numerical

123, 124 as in the case of

analysis of the flow pattern have been made
second order volume fecombination and first order surface recombination
(neglecting the viscous pressure and axial diffusion). For simple
interpretation, conditions are normally employed which give minimum
viscous pressure drop, axial diffusion and wall reaction, and maximum
radial diffusion. Such conditions are discussed in some detail by
Kaufman5 and a treatment essentiaily the same is given here. If these
limitations are not taken into account the measured rate constants can
be subject to serious systematic errors.

For laminar flow in the reaction tube, the viscous pressure drop
can be calculated from the Poiseuille flow:

P 2 _ P 2 _ 16FLnRT

2 1
Tr

where F is the flow rate of gas, L the length of the reaction
tube, r the tube radius and n the coefficient of viscosity. For small
pressure differences, AP, the fractional change in pressure due to

viscous flow is given by:
8 v Ln
r P

AP/P =

where v is the mean linear flow velocity. When P is expressed in

mmig, n= 2 x lO-4 g em s-l for oxygen, the above expression may be

written as:
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_ 1.2 x107° %L

2
r.

AP

The most serious cases of pressure drop during experiments
occurred in argon/oxygen mixtures, where for L = 48.8 cm, r = 1.25 cm
and P = 3 mmHg, the'pressure drop exceeds 1% if v > 800 cm s—l.

It thus seems that low flow rates are desirable because of the
ﬂegligible pressure drop and rapid radial diffusion, but this may cause
large axial concentration gradients and increased back diffusion. If
radial convection and diffusion effects afe negleéted, the equation

describing the flow assuming the first order decay of 0 atoms is,
. : 2 .
v de ke - p4E = 0
dx 2
dx

where D is the diffusion coefficient of 0 atoms into the gas, c

is the concentration and x is the reaction distance. If the diffusion

term is fairly small, the first order rate constant is given by

k=k'{1+l_‘g
A\'4

where k” is the observed, uncorrected rate constant, i.e.

= dlnc _ d lnc
—v -— -

k” = dx dc

The condition for negligible back diffusion is therefore
Dk’/\—r2 << 1.

The assumption of no radial concentration gradients is only valid
if diffusion is sufficiently rapid to wipe out the gradients caused by
viscous flow and surface recombination. For low flow rates, radial
concentration gradients should be small if r02/4D << 2 rofyz since
then the diffusional process has the shortest relaxation time. Kaufman
has made an approximate estimate of concentration gradients assuming a

parabolic radial velocity distribution. For first order volume



recombination, the stationary state equation for this case is:

2 2
v (1 - (5-)2) 6([50] + k [0] - D<6 [g] + 3 [g] + L GEO} 0
° o x Z\Gx Sr r r

where r is the radius of the reaction tube and vo is the flow

velocity at r = o. For the boundary conditions:

d(0]
dr

dfo] _ -ks r[O]S

=0 atr =0, and
dr oD

at r = ro (where 0S is the concentration of 0 atoms at the surface) the

solution takes the form

[0] = [Ol(r) e"']-lx With u =(k. + kS)[_ (k— + kS) ].3]
- =2
v v

for small D and radial variation [0](r). Integration of equation
21 then leads to an approximate radial concentration gradient given by

o1 - to1, £ [u
— A

(0]

where [6] is the mean radial concentration. For second order

2
+ k;J: o (k + 3k_)
8D

<

volume recombination k is replaced by kz[O]. In the worst cases of
radial gradients i.e. for high atomic concentrations and in argon
carriers (D * 1.0 cm2 s_l at 1 atmos.) at high pressures (5 mmig), the

concentration variation is between 1 and 27, generally they were < 0.5%.

21
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CHAPTER 4

KINETICS AND RATE MEASUREMENTS IN THE FLOW SYSTEM

4,1 Introduction.

This chapter is concerned with the mathematical form by which the
kinetics of a reaction can be best discussed from a mechanistic and
theoretical standpoint. The experimental data are records of
concentrations of reactants or.products at various times at constant
temperature. On the other hand, theoretical expressions for reaction
rates as functions of concentrations of reactants, and sometimes of
products, are differential equations of the general form:

dcl
T - £ (cl, Cos wevsers Cp)

where, ¢ is concentration of the particular product or reactant
which is being followed to measure the rate of reaction. Before
comparison of theory with experimental data, it is necessary either to
integrate the rate equation or to differentiate the experimental
concentration-time curve.

Many reactions can be explained in thelform:

- Rate = chAa cg

where kR is the rate constant for the reactants A, B, ......
For this type of expression o, B ...... are the orders of the reaction
with respect to A, B, ......'

In the present experimental system, when 02 is added to a stream

of 0 atoms in a carrier gas M, the possible reactions are:
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4 . .
0 + wall s 5 02 + wall w
0 + 02 + M . O3 + M ' ‘ 1.1
0+ NO+M : N02 + M
12
0 + N02 5 NO + O2 .
0+0+M S 02 + M | 1.4

When the mixtures of inert gas—oxigen mixture contained less than
0.5% atoms, the rates of recombination were in accordance with the
equation:

~d 0] g, =k, [0] + 2 le.ll[O] (0,1 [M] + 2 k , [0] [NO] [M] -

4.2 Adjustment of Experimental Conditions.

If the experimental conditions are suitably adjusted the kinetics
of recombination can be dominated by any one of the terms in the rate
equation, for example, the condition for kinetic domination by the
second term is,

kw + 2 k12 [0] [NO] [M]

f‘Ile'l [01 [0,] [a]

<< 1

This condition is approximately satisfied during the present
recombinégion experiments by reducing y by coating the walls of the
reaction tube with phosphoric acid. The contribution by
2 k12 [0] [NO] [M] is also negligible (see Chapter 2). In some experiments,
however, y was still too high to neglect surface recombination.

In mostvekperiments the éxact values of the rate constant were
unknown and the required kinetic conditions had to be obtained by trial

and error methods.
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4.3 The Determination of Rate Constants.

Rate constants are most easily obtained from the integrated form
of the rate equations. All éf the possible reactions that might take
place in the reaction system should be considered to develop an
~ integrated rate equation.

Under the present experimentél conditions, reaction 1.4 can be
neglected since kl.& [0] << kl.l [02]. All the other reactions steps

are first order in O atom concentrations. Therefore, the rate equation

is,

-d [0] _ M

a4 - kw [0] + k 1.1 [0] [02] [M] + 2 kl2 [0] [NO] [M]
or,

-d 1n {0] _ M

4t - kw + k 1.1 [02] [M] + 2 k12 [NO] [M]

If at t = 0, [0] = [0]° and at t = t, [0] = [O]t, then on integration the
above equation becomes:

[0]°
Uk

in

|-

=k + kM1.1 [0,] [M] + 2 k, [NO] m] ‘ 14

The linear velocity of flow in the reaction tube is. given by:

5 Fi RT

nrz P

v =

' -1 . .
where I Fi is the total flow rate (mol s ~) of all gases i, r the radius
of the tube and P the total pressure in the system.

If some point x, in the reaction tube is taken at t = o and some
Ax

other point (xé) corresponds to a reaction time t, then t = s where

Ax = (x2 - Xl) is the reaction distance. Also the concentration of a=»

species i in the reaction tube is given by:
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(1] = _

- 2
v Tr

- 2, .
where V = v 7r” is the reaction volume swept out

in 1 second.

. . Ax . F
Substituting t = —, and [i] = ﬁi-'for each gas in the mixtures, .

v
in equation 14 gives:
3
\Y [0]° 2 M
= lpn —— = +
VR n [O]t v kw 'k 1.1 F (OZ)F(M) + 2 k12 F (NO) F (M) 15

2, ~
where VR = Axmr  is the reaction volume swept out in time t and Fi is
the flow rate of species i. Equation 15 may be written in a more

generalized way as,

3 o
Voa 192 _ 2 g i lF(oz)F(M)+2sz'

F (NO)F (M)
Ve [O]t W -1, " 1.2_

M

Since [0] is proportional to intensity I (see Chapter 2) the equation

therefore becomes: -

3
Yy, =vie +z ! Fo)Fa +1%2 F)l+
v 142 w 1.1 " Y F 2
R M 1.1
25 KL F (NO) F (M) +2k02F (¥0) F (0.) 16
12 12 2

M

A differential kinetic method is used to cope with the unwanted
reaction taking place in the present investigation. The net rates of
recombination are measured under two different sets of flow conditions and
tﬁese are subtracted from each other. In this way the resultant net
recombination can be made independent of reactions w and 12. This picture
will be more clear from the decay diagram described in Fig. 4. The decay
of 0 atoms is measured by a fixed detector (observation point). Il and I2
are the measured intensities when 02 is introduced at position xl (inlet

’ * *
jet J5 and X, (inlet jet J1) respectively (Fig. 3). Similarly I 1 and I 2
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are measured under the same conditions when an equivalent flow of inert

gas, replacing oxygen, is introduced at positions X and X, respectively.

*
Since the pressure along the reaction tube is constant so that V = V

¢

then it is necessary that:
* * o
FM+F (02) =F (M) +F (02)
In all experiments the flow of NO, F(NO), is maintained constant and
hence this effects the kinetics to a negligible extent. Intensities Il
and 12 are measured for series of sets of flow conditionms. ~ If one set is

made the reference set and indicated by an asterisk, then equation 16

can be written:’

0
GO - R e 02 4 il F0,) Fuw) +
v, /T T Vg g B vy T (0 F O
0
2 L * +21 0 ooy FToof 17
kjp FONO) F(0) + 2K, F(0) B 0f) a

For any other of the N sets, equation 16 becomes:

—V—3—1 L/I =v2 k +k02 F )2 +1T. F ) F M) +
Vo Rl i N w  C1.1 2 1.1 2
0 ' -
2 _x M _% . 17b
2 k5 F (NO) F (0)) +2 Kk, F (NO) F ()

If equation 17a is sub#tracted from equation 17b the differential

equation becomes: .
3 ' 0

) * * 2 2 * 2
-“j—- In 1,/1, - 3 1n 12/1;’ e k- (v y2 Ko+ k2§ 1F(0,)1% = [F1(0,)]
R VR ,
M* - *« * .
+kl.lF(02)F(M)—F(02)F M)

02 * * 0
+2k12 F (NO)F(OZ)-F (2)

+ 2 klg F* (NO) iF ) - F* (M’)}
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% % *
Since V =V, F (02) =0, and F (NO) = F (NO), this equation becomes

3 I, I 2 0
\'/ 1 723_ v * 2 M .
F (OZ)VR ln< *)‘ (k- k) +k" F@O)+IKk F (M)

) 1 1 » l-l
I2 Il F (02) M
0 ,—~,
2 M
+ 2 F (NO) klZ - k 12 : 18

where M ™ is the reference gas.

V3 I. I

The rate constant is determined from a plot of ———v——
F (02) VR

against F (02).

The rate constant kT 1 as third body is determined from a plot of
3 I I*. |
— 1n L i against F (M)
V, F (0,)
R 2 L, L

* .
4.4 Derivation of Surface Rate Equation for kW in Flow System.

Assuming constant pressure along the reaction tube, the oxygen atom
decay diagram in flow system B is shown in Fig. 4.

The equation for gas flowing downstream Jl - J5 is

3
%
Y omm B r2r o)zl F @ | 19a
v I \ 12
R . M
-and the equation for upstream flow from Jl - J5:
3 .
\ u
%
Mo B o Cr2r o s T 19b
A I u w 12
R M
where Vu = ;u ﬂrz for flow upstream from inlet jets Jl - J5

V=v nrz for flow downstream from inlet jets Jl - J5
AV = (V - Vu)

subtracting 19b - 19a gives:
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*
L.l 1, T (____)
v 17 Vv *

l

+2F(NO)[Zk

This may be rewritten:

\V X % k(Y
v 1n IZ/Il_kw(V —l)
R u
v
+2 F (o) KT
- 12| =3
\"
u
M _ .M Ar
where X1, —klz/k 12
Hence:
* % *
Y miyr =k &

VR 2°71 qu

3
Ar 1 \Y
2F (NO) klZ —i[(ﬂ
A u

which on rearranging becomes

u

M

gl o I

vV
u * *
R lnI/Il—kw+
R
2F(N0)ki‘;zg_l__v_3
AV 2t\V
v u

since V—=ZF(P)

v u AV = (V= V)

o O 600

M

3

M ' M
,FM Ik,
3 M
v v
u
M M
leF(M)—le2
M
M M
xle(M)—E»xl2
M
u .
ZlezF(M)—Zx
M M

F (M)
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d
AV _IF M
v M
u
u
L F (M)
M

it follows that

d
where I F (M) is sum over all gasges not added of upstream from
M
%
Jl - J5. Equation 20 was used to calculate kw since the of graph of

v A\ 3 u

u V X . 1 u v M M

Vv 1n IZ/I against 7 v (_V ) T X 12 F (M - x 12 F (Mg
R 1 u/ M M

%*
gave kw as intercept and 2 F (NO) kAr as slope.

12

4.5 The reliability of rate constant measurements.

Despite the most stringent precautions to eliminate and reduce
errors, however good the design of the experﬁneﬁt, experimental errors
will always remaig in determination of experimental values of the rate
constant. The reliability of such values can be assessed in a
quantitative manner by estimatiﬁg the total errors associated with them.
Two types of érfors are usually associated with an observation mainly
systematic and random errors. Systematié errors which cause all results
to. be incorrect by approximately the same amount in the same direétién.
Random errors are those whose magnitude can vary in a random fashion.

The precision or reproducibility of a measurement deﬁends upoﬁ the
randomierrors involved, whereas the accuracy depends on the systematic
errors or the deviation of a weighed mean of results from a defined
"true" value.

In general if the quantity y is a function of n variables, Xys Xgs o o

c e s o die. y=f (xl, Xys eeee X )} then dy = QX_) dxl
n éxl
Xpy Kossose
‘ 2 3
+ 6x2 dx2 .o

Xl, X3. . e



64

and small errors in y are given by

' ﬁl_
by = ( Xys Kyeees AX1+ ) ) 21

If it is assumed that the errors made in measuring each of the
quantities Xys> X5y ... etc are independent of each other then the

expected resultant error in y is given by125 the sum of the independent

component vectors, i.e.

2
(Ay) (8 - x Ax +( x sz
Xy 5 oo X5 cee

For systematic errors it is more convenient to consider the relative

errors Ay/y, Ax/x etc rather than the absolute error in each variable.
. A 2 . . s s

If each term is divided by y~ and then by multiplying and dividing each

term by the square of the independent variable this equation becomes:

2 2
(_X) x 87Y ARG ITAY )
Y Gx Koese *1 y 6X2 xl, x3... Xy

¥2> 3 -
: 2 2
(omyN? () fsiny) i A N
d 1n x X, §1ln x ‘ x
1 Xys x3... 1 2 xl, x3... 2

The total error in the rate measurements obtainedlin the present
work was estimated by estimating all the random and systematic erfors
associated with each of the measurements and applying equations 21 and
22,

The estimated systematic and random errors in each of the individual
measurements are:

(a) Reaction distance. The position of the inlet jet in the reaction
tube was measured with a standard metre rule to + 0.5 mm. The total

€error associated with the measurement of reaction distances was estimated

to be: dx/x = 0.05 (x/cm)
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(b) Pressure: The total expected error in the pressure readings
was estimated to be: dp/p = 0.05/12.7 (P/cm Hg)

(é) Temperature: The temperature of the reaction tube was kept to
within + 1 K by a Dewar flask containing either heated oil or
acetone-solid mixtures. Estimated total errérs dT/T were

<5 x 10,

(d) Radius of the reaction tubes. The voléme of a measured length
of the tubes was determined, and the radius estimated to within
1%.
There is also possibility of systemétic errors arising from secondary
recombination reactions or from the effects of diffusion and viscous
flow. The former type of errors were avoided as far as possible by
suitably adjusting the experimental conditions (page 56). The effects
of diffusion and viscous contributed a total error of not more than 10%
to the measured rate constant. The total error estimated in the rate

constant was found to be about 15%. This can be compared with the 157 -

25% error reported by Kaufman and Kelso71 for reaction 1.1.
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CHAPTER 5

A STUDY OF THE REACTION 0 + 02 + Mﬁ——f>03 + M

5.1 Introduction.

The work described in this chapter consists of measurements of
the rate of the reaction:

0+ 02 + M — 03 + M- ' 1.1
atltemperatures between 196-500K. Rates of recombination were measured
for three different third bodies, Qiz; M= 02, Ar, CO2 and He. The
results of these experiments showed that there was no significant
recombination by the reaction

0O04+0+M— O2 + M 1.4
at the highest atomic concentrations used (0.5%). The rates of
recombination were always found from equétion 18.

The work described is a continuation of the earlier flow experiments
made in this department (Ballss) but now using the improved flow technique
and the controlled flow conditions. This enabled a more direct determi-
nation of recombination rate to be made.

Before presentation and discussion of experimental results, it is

appropriate to describe and discuss the common procedures adopted in

all of the measurements.

5.2 Experimental Procedure.

Measurements of the rate of recombination can be in error if there
is a leak in the system. Atmospheric gases usually find their way into
the system through such a leak and these interfere with the reaction
under investigation. This interference is more prominent if there are

some reactive atoms in the system. During this work many such problems
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arose from leaks in the apparatus,- A leak-free system is, therefore,
essential in order to achieve reproducibility and reliability of the
results. The whole flow system was evacuated to about 10—2— lO—-3

torr before testing for leaks. The whole flow line was checked very
carefully with a testa éoil to aséertaih whether there was any leak.
When the discharge from the testa coil was applied to a fracture or
site of a leak, there was a bright white light from that pocint.

Another way of checking the leak was to close the whole system by
turning off the stainless steel stopcock and observing the pressure

in the system; a steady pressure indicated a leak-free system. A

leak detected in the apparatus was remedied either by glass-blowing

or by a leak sealant spray, MS silicone vacuum leak sealant was used

to seal leaks at metal joints. The leak sealant dries at room
temperature to give a tough, flexible, non-melting film which retains
its properties from sub-zero temperatures to 523K. Before applying

the sealant, any dust or dirt from the area of the leak'was removed

and the area cleaned with solvent to remove oil and grease.

The suéface of the pyrex reaction tube was poisoned with syrupy
phosphoric acid (2.8). The photomultiplier was fittend perpendicularly
to the reaction tube and‘the glass surféce nearby was blackened with
matte black paint. Black cloth was also used to cover the detector
since this prevented stray light from the room falling on the
detector. The quantum photometer 9511 was set for operation at the
required line voltage (240V) and connected to the HV Discriminator
input (9511)/Discriminator output (5032). The instrument was connected

to the line supply and the power button switched on. The HV and linear
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photon countiﬁg buttons were depressed and the voltage on the tube was
checked. This voltage was displayed (in EV) on the bottom scale of
the panel meter. .The above progedure was also repeated by depressing
electrometer button. Adjustments to the HV were made using the rear
mounted 10-turn adjustable potentiometers. Mode selection was made by
depressing the appropriate front panel button. The appropriate
sensitivity scale was selected by means of the range switch,
calibrated in 1, 3, and 10 steps. The zero suppress control was switched
i on by depressing the front panel ON push button. For measurements of
small changes in signal ievel, the zero suppress control may be used
to suppress the output upto 103 H& for photon counting mode. In the
electrometer mode, the zero suppress provides offset up to 1pA.

Argon, at a flowrate of 173.61 u mol §l, in presence of traces of
02 (less than 5 p.p.m.) was passed through the discharge. The
purification of the gases is one of the most important factors in
obtaining reliable data. Earlier workers66 observed that a small
trace of hydrogen or water v}pour in the discharge can initiate a
series of chain reactions. &he decay of O atoms in the presence of
thgse impurities would inval;date the present investigétionsf‘ For these

. o
reasons, the gases were puriiied very carefully. Hydrogeneous

impurities in the mixtures of argon and oxygen were réduced to <1 p.p.m.
by a catalytic oxidation unit (deoxo unit). In addition the gases

were passed through molecular sieve traps at 77K. Similar molecular
sieve traps were also placed in the flow line of inlet and third body
inlet jets. Oxygen was purified by passing through a molecular sieve
trap at 196K. The pressure in these traps was usually varied from

0 - 1 atmosphere. This prevented condensation while ensuring maximum

residence time.

v
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The Microton-200 generator was connected to the mains and to the
discharge cavity. The generator took about five minutes to warm up;
the green light button, POWER ON, in the generator was then pressed on
and the discharge in the cavity was initiated by a testa coil. A
luminous glow was observed in the discharge region, this was undoubtedly
due to recombination of obpositely charged ions. Two screw controls in
the cavity were adjusted to utilize the maximum amount of incident
energy. This was confirmed by a minimum deflection of the reflected
power indicator (by pressing on the reflected power button). The
discharge cavity was kept cold by passing compressed air across it,
stable and higher atom concentrations can only be achieved if the
discharge is cold. The production of 0 atoms increased slowly and this
was followed from the digital voltmeter. A visible grey-green afterglow
also showed the existence of O atéms in the flow tube. 0 atom production
was controlled either by: (a) varying the flow of molecular oxygen in
the discharge gas, or (b) varying the microwave powef in the.discharge.
It took about one hour to achieve a stable concentfation of atoms at the
required level. It was important to ensure that the intensity signal
was stable before proceeding further with the experiment.

Let us consider the table associated with Fig. 5 t§ describe a
typical run. F1 and F3 are the flow rates of oxygen in.cm3 min-l admitted
through the inlet jets. FZ is the flow rate of argon through the
discharge which was kept constant at 200 cm3 min—1 in all successive
measurements. When all the requirements for flow experiments had been
established, 50 cm3 min“l of molecular oxygen was admitted through the

inlet jet JS (Fig. 3) and the pressure in the reaction tube was adjusted
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to 3.215 cm of silicone oil so that the flow velocity can be maintained
at about 206.6 cm s-l. The intensity signal Il i.e. 16.8 due to the
decay of 0 atoms from inlet jet J5 to the observation point B was
recorded. The inteﬁsity was measured at point B by a Quantum photometer
(see 2.6 and 2.7). The flow of oxygen was then diverted through the
inlet jet J2 and the inlet J5 was closed, the intensity 12 i.e. 12.6
detected at point B was recorded af the identical pressure. The
intensity I2 here is due to the decay of 0 atoms from inlet jet J2 to
observation point B. The distance between J5-J2 is 48.8 cm which is
denoted by D on the top of the table associated with Fig. 5. For a
distance of 48.8 cm, the intensity due to 0 atoms decreased from 16.8 to
12.6. The flow rate of oxygen was changed to 70 cm3 min—l and the flow
velocity in the reaction tube was increased to 247.4 cm s—1 by adjusting

the pressure in the silicone o0il marometer. Intensities I, and I,, both

1 2’
detected at point B, were noted. Similarly, successive variations of
02 up to 150 cm3 min_1 at inlet jets J5 and J2 were made and the

respective I. and 12 signals were noted.

1
The reference heasurements were accomplished in the same way as
above, the only difference was that argon was passed through J5 and J2
in place of oxygen. The 6xygen flow in the flow line was shut off and
replaced by flow of argon. Accordingly, Fl and F3 are now the flow
‘rates of argon through éhe inlet jets and F2 (200 cm min—l) is the flow
rate of argon through the discharge. 50 cm? min-l of argon was passed

through inlet jet J The pressure was adjusted to 3.215 cm of silicome-

5
0il to achieve a flow velocity of 206.6 cm s-l. Intensity signal IOl

* . *
(i.e. Il ) was measured at point B. Similarly IO2 (i.e. 12 ) was noted
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when the same flow of argon was diverted through jet J2. Successive
me;surements of I01 and IO2 were recorded by varying the fiow rate of
argon up to 150 cm3 m:’Ln-l while the flow rate of argon through the
discharge was kept constant. The pressure was also adjusted in each
case to‘that shown in Table 5 associated with Fig. 5.

In table associated with Fig. 11, F, is the flow rate of oxygen,

1
(FZ—F3) is the flow rate of argon through the discharge and F3 is the
flow rate of third body M. I, and I I01 and I02 were measured

1 2

adopting the same procedure as above.

The data obtained in this way for I I01 and 102 was inserted

l’ Iz,
in equation 18 to calculate the various wvalues of the ‘term

I 10
F(O )V I IO which was plotted against the flow rate (F ) of
the third body M. The rate constant kl 1 vas calculated from the slope

*
of the straight line. The values of (kW - kw) were found from intercepts.

Similarly, the plot of the terms on the L.H.S of equation 20 against

u .
M M *
AV VZII:V;) T X)) F M - ﬁ X9 F(M)l gave the value of the kw from the

intercept and 2F (NO) kig from the slope.

5.3 Experimental Results for the Reaction:

0+02+M—-},03+M

‘The system used to measure the rates of this reaction was similar
to that described in chapter 2. The first experiments were conducted
with a cylinder of ordinary grade angon. This was purified from
hydrogen by passing through a "deoxo" unit and then dried by passing
through molecular sieve traps at 77K. Experimental flow rates for

argon ranged from 150-200 p mol s-l, but in most cases, a constant flow
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of 173.6 u mol s-l was passed through the discharge. Molecular

oxygen (at a flow rate in the range 20.8-104.2 p mol s-l) was introduced
into the reaction system through the inlet jet. Approximatel& 30 watts
of microwave power was coupled into the argon-oxygen mixture passing
through the discharge tube.

On the first occasgion when the discharge was switched on, atoms
could scarcely be detected by observation at point B (Fig. 3) situated
at about 120 cm from the discharge. When the microwave power was
increased slowly, the atomic concentration began to rise. The observations
indicated that there was either a very small amount 6f dissociation or a
serious loss of atoms on the walls of the reaction tube. In this case
the former possibility was suspected and the power in the discharge was
increased. This procedure raised the atomic concentrations some 5 to 10
times and_enabled atomic concentration profiles to be measured.

A series of experiments were made in which relative atomic
concentrations at two positions along the reaction tube were measured.
Similarly, reference measurements were made by replacing molecular oxygen
by an equivalent flow of argon. These initial experimental ''runs'" were

in general far from reproducible. Some adjustment of the flow conditions
‘ 2

Vv
F(Oz)

also replaced ty high purity argon. Experiments made after this

was then made whereby was kept constant. The ordinary argon was
adjustment weré now more reproducible. During the course of this work
some 18 experimental runs were made at temperatures between 196 and
500K. The iowér temperatures were obtained with acetone-solid CO2
_mixtures and were achieved and controlled by the following way.

The required temperatures in the Dewar flask was regulated by a
lauda ultra thermostat which is maiﬁtained by an electronic temperature

controller. The thermostat has both inlet and outlet tubes by which
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fluid can be circulated quickly to the Dewar and back to the thermostat.
This enabled temperature equilibrium in both the Dewar and thermostat

to be established rapidly. The temperature in the thermostat is
monitored by a thermocouple wiich is connected to the electronic
controller. The required tem;erature was set on the controller. If
the temperature in the Dewaréglask'was higher than that set on the scale,
then cooling occurred automatically to achieve the required temperature.
Some pieces of solid CO2 Weré put in thé Dewar flask containing solid
COj-acetone mixture until thé} temperature dropped below the temperature
.set on the scale when this hé;pened the Eooling ceaséd (i.e. light
switched off) and heating sté?ted automatically. Again, when the Dewar

: and -
flask warmed up slowly . cooling light came on,a few pieces of solid

}

CO2 were added. It was more convenient to control the temperature by

putting the thermocouple in t?e Dewar without using the thermostat.
Higher temperatures were oﬁtained with an oilvbath. A heatingvcoil
connected to a variac was used for heating purpose. The desired
temperature was controlled mé;ually and maintained by changing the
resistance in the variac until the temperature is within + 1K. A
mercury thermorieter was qsed'io note the temperature in the Dewar.

3 I, I02
. : v .
Typical gtaphs of ngiaz) 1“[E;’TEI] against F(Oz) are shown in
Figs. 5-9 at temperatures in»%he range 196-500K. The plots are

reasonably stréight line and %his suggests that recombination by
‘ 0

f 2
reaction 1.1 is dominant in the system. The rate constants kl 1 for

02 as third body were obtained from the slopes and the rate constants

A

k and (kw - k*) were calculated from the intercepts. The data I01
W .

r
1.1
and 102 in tables associated with Figs. 5-9 were put in equation 20

* . .
to obtain the values of kw. One of the typical plots is shown in
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Figs. 5-9
*
V3 I1 12
Graphs of In % Trepresented by Y
VR F(OZ) 12 Il

against F(Oz) represented by X (equation 18) for the reaction

0 + O2 + 02 = 03 + 02 1.1

In the tabulated data at the head of each graph:’

T-is the temperature (K);

D the distance (cm);

F1 the flow rate of oxygen ﬂcm3 min—l);

F2 the flow rate of argon (9m3 min_l);

F3 the flow rate of oxygen écm3 min_l);

I01 (computer notation for ¥:) the intensity when argon was passed
through jet J5;

I1 the intensity when molecglar oxygen was passed through jét J5;

I02 (computer notation for l;) the inténsity when argon was
passed through jet J2; ;

12 the intensity when molec#lar oxygen was passed'through jet J2;

VBAR is the flow velocity (ém s_l);

P the pressure (cm-oil).

196k

Fig. 5. M =0, T-=

Fig. 6. M =0, T-= 246K
Fig. 7. M =0, T= 295K

Fig. 8. M=0,, T-= 400K

Fig. 9 M =0,, T = 500K

2’
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Fig.5
T D
.8
195&? 4er F3 101 §1 182 12 P
50.0 250.0 £0.0 13.6 16.8 18.4 12.6 3.215
0.0 250.0 70.0 18.7 22.1 26.1 17.2 2.€63
g0.0 250.0 90.0 19.8 20.9 23.0 16.0 2.731
110.0 250.0 110.0  20.7 18.5 28.8 14.3 2.595
130.0 250.0 130.0  20.1 17.8 28.4 13.5  2.510
150.0 250.0 150.0  18.8 16.4 26.8 12.4 2.468

VALUES OF Y= .8008E+11 .8831E+11 -1000E+12  .1094E+12  ,1273E+12  .1380E+12

VALUES BF X==  .3440E-04 .4816E-04 .6182E-04 ,7568E-04 .B944E-04 .1032E-03

VALUES OF VBAR= .2068E+03 .24-74E+03 : .2756540:} «3071E403  .3352E+03 - 35886403
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Fig. 6
T D
296.0 48.89
F1 F2 F3 I01 Il I02 I2 P
50.0 £50.0 50.0 12.8 15.8 13.4 12.2 4.C58
70.0 250.0 73.0 14.5 17.9 13.0 14.6 3.7C0
0.0 250.0 £0.0 15.4 15.3 13.3 13.7 3.5C0
110.0 250.0 110.0 15.4 14.9 18.7 12.8 3.2C0
120.0 0.0 120.0 14.8 14.0 19.0 11.8 3.2C0
150.0 250.0 150.0 14.3 13.3 18.2 11.3 3.100

VALUES CGF Y= LE0S5E+11  .B307E+11 L E582E411 . 7904E+11 JB214E+11  .BT772E+11
VALUES OF X== .344CE-04 .461BE-04 .BIB2E-(4 .75E8E-04 .BE4E-04 1032203

VALUES OF VBARe 20556403  .2902E+03  .2666E+03  .3031E403  .330CE+03 .3595E+00

SLOPE=  .4184E+15
STANDARD CEVIATIONS  .4380E+14
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T D
267.0 64.4

F1 F2 F3 I04 I1 102 I2 P
30.0 200.0 30.0 2.9 16.5 i12.1 10.1 5.713
50.0 209.0 50.0 12.1 28.7 14.5 20.0 4.6€87
70.0 200.0 70.0 13.5 34.3 15.7 24.3 4.419
80.0 200.0 80.0 11.8 37.1 14.2 27.2 4.166
110.0 200.0 §10.0 10.7 37.6 i2.8 27.8 4.074
130.0 200.0 130.0 8.7 8.8 i1.8 28.9 3.860
150.0 200.0 150.0 8.7 38.7 10.6 28.7 3.864

VALLES OF Y= «3040E+11 .2833E+11 .3266E+11 '.3637E+114 .3828E+11 «4370E+11 «4815E+114
VALUES OF X==  ,20649€-04 .3440E-04 .4816E-04 .6182E-04 .756BE-04 .G94<4E-04 .1032€-03
WALUES OF VBAR=  ,1351E+03  .1716E+03  .2050E403  .2324E403 .2553E+03 .2782E+03 20646403
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STANDARD DEVIATIGN=  .2081E+14
INTERCEPT=  .2357E+11
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Fig.8

T D
0.0 64.4

1 F2 F3 Ie1 I I02 I2 P
30.0 200.0 30.0 18.7 15.0 20.7 12.8 7.683
50,0 2C0.0 50.0  35.5 20.3 43.5 25.1 6.548
70.0 209.0 70.0 41.3 33.5 50.1 33.8 5.944
€0.0 =200.0 B80.0 41.3 40.7 43.5 35.0 5.621
110.0 200.0 110.0 37.1 41.7 5.1 35.4 5.438
130.0 200.0 130.0  35.7 42.3 43.1 37.8 5.35
150.0 200.0 150.0  31.5 5.7 33.7 40.3 5.276
VALLES OF Y= «1642E+11 «1837E+14 «2177E+11 . 2268E+11 «2658E+11 - 268BE+{ 1 «31BEE+11

VALUES OF X==  .20649E-04 .3440E-04 .4816E-04 .6182E-04 .756BE-D4 .B844E-04 .1032E-03
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. T D
502.0 64.4
1 F2 F3 101 1 102 12 P

30.0 200.0 39.0 17.6 22.8 18.8 18.2 9.700
50.0 200.0 50.0 36.6 35.7 39.8 29.6 8.050
70.0 200.0 70.0  38.8 34.5 42,7 - 28.5 7.450
0.0 200.0 ©0.0  238.2 31.3 42.5 26.5 7.000
110.0 200.0 110.0  34.7 27.4 33.0 22.9 6.€00
130.0  =200.0 130.0 32.4  24.0 35.0 20.3 6.550
150.0 200.0 150.0  25.7 20.4  27.8 17.5 6.600

VALLES CF Y= «1438E+11 « 1565E+11 «1716F+18 «1807E+11 227254114 2396E+11  .2250E+11
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Fig. 10. The experimental points are on a reasonably good straight
* .
lines and kw was obtained from the intercept. The slope of the straight

r . :
2 from which values of XNO were

calculated using a literature value128 for ki; (= 3.27 + 0.42 x lOl

exp Egﬁ%:iﬁi} cm6 mol_2 s—l) and

line gave the value for 2 F(NO) ki
5

- F_(NO)
XNO F (NO) + F (Ar) discharge

It seems that reference measurements might give some information
about the rate of the reaction:

0 + NO + Ar —> NO2 + Ar ’ 12

This will be discussed again in chapter 7.

The values of the surface recombination efficiency were calculated

*
2
from y* = rkw and the values of (y-vy*) were calculated from the

(]
*
values of(kw - kw). Values of all these constants at different

temperatures are tabulated (Table 2).

5.4 Experimental Results for the Reaction.

0+0 +c02—>o'3+co

2 2

Previous85 work at 298K showed that fér M= C02, the surface
rate constant is not constant. This may be due to the back diffusion

of CO2 into the discharge to produce various species which are attacked

on the surface (e.g. C203) or to adsorption of CO2 onto surface. To

avoid these difficulties, CO2 was added as far downstream from the

discharge as possible. The principle of the modification was to add
CO2 (0 - 173.6 4 mol s—l) and 02 (34.4 1 mol s_l) through the inlet

jets J2 and J5 and to record I2 and I1 respectively. The flow line

of CO2 was joined with the 02 flow line for this purpose. Both CO2

.



81

Legend for Fig. 10

*
Typical graph of _\AL\L;- V—V In IZ/I* represented by Y
R 1
3
Lo 1 Vaf (v M _ M
against —5 AV[(V ) IF M X1y IF M xl;}
\Y ] u M M

represented by X (equation 20)
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TABLE 2
: 0, : * *x :
Values of kl.l’ (kW - kw) and kw for the reaction: O + 02 + M= 03 + M
at Different Temperatures (M = 02)
k02 /1014
1.1 %, -1 * -1
T/K cm6 m.ol_2 s—1 (kw B kw)/S kw/S
196 | 8.162 + 2.24 - - 1.11 + 0.85
196 9.475 + 1.27 0.857 + 0.295 | 1.11 + 0.34
196 8.570 + 0.464 -0.028 + 0.117 0.796 + 0.14
196 : 8.650 + 0.865 -0.199 + 0.210 -0.03 + 0.49
Mean 8.71 + 1.36 0.210 + 0.567 -.75 + 0.45
246 ‘3.440 + 0.501 0.292 + 0.13 0.416 + 0.462
246 4.184 + 0.439 0.312 + 0.11 0.540 + 0.234
Mean 3.81 + 0.47 0.302 + 0.018 0.48 + 0.35
297 2.43 % 0.55 0.077 + 0.131 0.227 + 0.17
297 2.144 + 0.208 0.166 + 0.025 0.129 + 0.13
297 2.374 + 0.395 - | -
" Mean 2.31 + 0.41 0.122 + 0.063 0.18 + 0.15
%406 2.13 + 0.112  -0.017 + 0.036 0.111 + 0.066
400 1.801 + 0.101 -0.013 + 0.032 -0.061 + 0.079
400 | 1.72 + 0.136 -0.008 + 0.044 0.081 + 0.049
Mean 1.76 + 0.12 -0.013 + 0.013 0.044 + 0.065
500 1.133 + 0.166 0.145 + 0.054 -O.él + 0.10
© 500 1.152 + 0.205 0.036 + 0.042 -0.11 + 0.05
Mean 1.14 + 0.19 0.090 + 0.077 -0.16 + 0.08

*Rate constant is not included in the mean value because difference in

temperature.
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TABLE 2 (Continued)

ki*flllolz‘ X K, /100 .

T/XK cm6 Inol—2 s_l (y - Y*) Y* xlO5 cm6 mol_2 s_l XNO x 10
196  2.56 + 0.95 - 5.42 + 4.16  3.95 + 0.36

196  2.52 + 0.37 -0.97 + 1.03 0.146 + 2.39  4.98 + 0.44

196  4.67 + 0.62  4.19 + 1.44 5.42 + 1.66  3.54 + 0.36

196  2.81 + 0.20 =0.14 + 0.57 3.89 + 0.68  4.36 + 0.13
‘Mean 3.14 + 0.61  1.03 + 2.77 3.67 + 2.2 4,21 + 0.45  6.22 + 0.66
246 2.49 +0.21  1.27 + 0.566 1.8 + 2,014  3.04 + 0.42

246 2.52 +0.19  1.36 + 0.48 2.46 + 1.02  3.08 + 0.21

Mean 2.51 + 0.20  1.31 + 0.078 2.13 + 1.52 . 3.06 + 0.32  8.36 + 0.87
295 - - - 2.01 + 0.18

295  1.62 + 0.27  0.306 + 0.522  0.904 + 0.67 1.21 + 0.10

295 - 0.661 + 0.099  0.514 + 0.518 -

295  1.51 + 0.04 - - -

Mean 1.57.+ 0.20  0.486 + 0.251  0.71 + 0.59  1.61 + 0.14  6.57 + 0.57
406 - -0.058 + 0.12  0.38 + 0.22  0.703 + 0.052

400  0.94 + 0.05 -0.044 + 0.11  -0.21 + 0.27  1.34 + 0.06

400  0.948+ 0.067 =-0.027 + 0.15 0.277 + 0.17 1.36 + 0.04

Mean 0.944 + 0.059 -0.044 + 0.044  0.150 + 0.222 1.13 +0.05  7.85 + 0.35
500 0.899 + 0.082 0.44 + 0.17 -0.64 + 0.31  0.821 + 0.079

500  0.768 + 0.101 0.11 + 0.13 -0.336 + 0.15 1.15 + 0.064

500 - - - 0.89 + 0.48

500 - - - 0.661 + 0.303

Mean 0.834 + 0.092 0.275 + 0.236 -0.49 + 0.245 0.881 + 0.071 8.23 + 0.66
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and 02 were purified in separate molecular sieve traps at 196K before
mixing and entering into the flow system. The other requirements were
essentially the same as those in the previous experiment. The first

measurements of Il and 12 were made when 02 (34.4 p mol s_l) with no

CO2 was passed through a stream of 0 atoms in the reaction tube. The
flow ratesof 02 in the subsequent experiments were kept constant while

the flow rate of CO2 was varied. During the experiments the flow

velocity v was kept constant and the pressures in the system was-

adjusted accordingly, since v = LF4RT .

2
mr P
L. * %
Similarly, reference measurements were made to record Il and I2

replacing flow of oxygen by argon (34.4 u mol s—l) and keeping all the
other conditions the same. The data so collected at different
temperatures were plotted as previously using equation 18 (Figures 11 -

14).
Co
1.1

*
various plots, values of (kw - kw) were calculated from the intercepts.

The rate constants k were calculated from the slopes of the

The graphs were linear in contrast to those obtained previously where
85

the points were found to lie on a curve ~. Further the surface rate

constant calculated by Ball was not constant. He suspected that some

molecules of CO., might find their way into the discharge by back

2
diffusion to produce various species which are attacked on the surface
(e.g.~C2 03) or some CO2 itself might adsorb onto the surface. The
conditions of the present experiments were adjusted so that CO2

molecules could not find their way into the discharge by back diffusion.

The reference measurements were used with equation 20 to evaluate values
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Figs. 11-14
*
V3 Il I2
Graphs of In represented by Y
v, F (0,) *
R 2 I2 Il

against F(COZ) represented by X (equation 18) for the reaction:

0+ 02 + CO2 = O3 + CO2 1.1

In the tabulated data at the head of each graph T, D, I 101,

1 o

IOZ’ F.s VBAR and P represent usual meaning as for figs. 5-9 (P. 74 )
F2 and F3 represent flow rate of argon + F3 and flow rate of CG&

respectively.

Fig. 11. M = CO,, T = 196K
Fig. 12. M = CO,, T = 295K
Fig. 13. M = CO,, T = 400K
Fig. 14 M= CO T = 500K
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T DO :

196.0 46.8

F1  F2 F3 101 n 182 12 P

50.0 300.0 50.0 56.5 56.5 57.9 32.8  2.600

50.0 350.0 100.0  45.0 %6.5 47.0 25.4 2.900

50.0 400.0 150.0 36.4 38.8 39.2 20.2 3.200

50.0 425.0 175.0 33.4 38.9 36.6 19.3 3.400

50.0 450.0 200.0  30.3 37.8 33.8 18.0 3.600

50.0 475.0 225.0 27.8 36.0 31.6 16.4 3.800

50.0 500.0 250.0  25.2 32.6 29.6 14.4 4.000

VALUES'GF Y=  ,2125E+12 .2608E+12  .3099E+12  .3312E+12  .3496E+12  .3697E+12  .3890E+12
VALUES OF X==  .3440E-04 .68B0E-04  .1032E-03  .1204E-03 .1376E-03  .1548E-03  .1720E-03

VALUES GF VBAR= .2980E+03 .3054E+03 -3113E+03 . 3093E+03 .3075E+03 .3059E+03 .3044£403

SLBPE= .1287E+16

STANDARD DEVIATIBN= -3226E+14
INTERCEPT= .1721E+12

STRNDR&D DEVIATIGN= .3923E+10

DATA FOR B+02+C02=B3+C02

tw s e -y cwemm w o - — -
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. x :
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. X :
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JI0IE+12 + .
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28Iz - .
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. x .
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298E+12 + .
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.230E412 + .

. + 2136412
2136412 +X Foresaann R4

T Feeans B Y S O oens cees
344(»:.-6;3“““4.‘” Eioeioa G946 04 1176203 144E -0 .172E-03

. 482604 L757E-04 .103E-03 131603 . 158603
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T D
295.0 48.8

F1 F2 F3 101 I1 102
50.0 300.0 50.0  21.2 21.5 21.5
50.0 350.0 100.0 17.7 18.6 18.1
50.0 400.0 150.0 14.4 16.3 15.0
50.0 425.0 175.0 13.1 16.2 13.7
50.0 450.0 200.0 11.8 16.2 12.6
50.0 475.0 225.0 10.7 15.2 11.4
50.0 500.0 250.0 3.7 14.6 10.5
VALUES OF Y= .BAG1E+11 .1176E+12 .1372E+12
VALUES OF X== .34490E-04 .6880E-04 . 103203

VALUES OF VBAR= . 3068E+H13 .3028E+03 . 3060E+03

SLOPE= .6280E+15

STANDARD DEVIATIGN= .2361E+14

INTERCEPT= <7117E+11

STANDARD DEVIATIGN=  .2872E+10

DATA FOR B+32+C02=03+C02
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+ ..
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12 P
17.5 3.800
14.1 4,400
12.1 4.900
11.7 5.200
11.3 5.600
10.6 5.800
10.1 6.000
.1475E+12 .1584E+12
.1204£-03 .1376E-03
.3044€E403 .2975E403
X
X
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T D
400.0 46.8
[ F2 F3 101 . I 102 12 P
50.0 350.0 100.0 74.1 62.5 74.8 53.6 6.000
50.0 400.0 150.0 53.9 49,1 60.7 40.8 6.700
50.0 425.0 175.0 54.1 43.5 55.1 35.3 7.200
50.0 450.0 200.0 48.0 38.2 49.1 31.8e . 7.500
50.0 47%5.0 225.0 13.7 35.1 5.1 28.0 7.900
50.0 500.0 250.0 39.7 31.9 41.2 25.5 8.200
50.0 550.0 300.0 32.7 25.7 34.5 20.2 9.000
VALUES OF Y= .6284E+11 .7835E+11 .B8501E+11 .B952E+11 .9849E+11 .1026E+12 L1137E+12
VALUES OF X== .68B0E-04 . 103203 .1204£-03 .1376E-03 .1548E£-03 .1720E-03 .2064£-03

VRLUEé OF VBAR= .3012E+03 .3035E+03 .2981E+03 .3012E+03 .3003E+03 .3030E+03 .3012E403

.

SLBPE= .366BE+15

STANDARD DEVIATIGN= .146B8E+14

INTERCEPT= .3862E+11

STANDRRD DEVIATICN= .2113E+10

DATA FOR B+32+CB2=03+C02

¢...++++++§++¢

«J19E412

+ + 114412
. X .

J08E412 + + 1086412
104412 + + .104€412
. x N
984E+11 + X + .884E+11
9396441 + ) + .834E+11
. x .

.883E41) + + .88IE+11
- . x .

.B32E411 + + 8326413
S782E 411 + x + 7826411
JI31E+11 + + TMEHL
580€E+13 + ;- +B80E+1}
6296411 +X v + 6286411
..... ceseticcnsrnnetirnsnscssPessrnreceteranrsanee Feeseeneaat, sesasrestecsnssae i tienniieentioennans ot
.688E-04 “863E-04 S124€203 L151E-03 +1796-03 L 206€-03

.B26E-04 . 110E-03 +138E-03 +1656-03 - 193E-03
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T D
500.0 48.8
F1 F2 F3 101 11 102 . 12 ]
50.0 300.0 50.0 102.1 g2.1 102.4 85.0 6.500
£0.0 350.0 100.0 81.2 71.7 82.0 64. 1 7.500
50.0 400.0 150.0 63.0 56.6 63.8 49.9 8.400
50.0 425.0 175.0 55.3 52.2 56.3 45.5 8.900
50.0 450.0 200.0 48.3 48.6 43,7 42.7 g.300
50.0 .475.0 225.0 42.9 45.3 44.1 . 40.5 9.800
£0.0 500.0 250.0 37.9 52.8 39.2 45,1 10.300
VALUES OF Y= .3304E+11  .4705E+11  .5424E+11  .600B8E+11  .6249E+11 - .B3I7E+11  .7415E+11
VALUES OF X==  .3440E-04 .68B0E-04 .1032E-03  .1204E-03  .1376E-03  .1548E-03  .1720E-03

VALUES BF VBAR= .3041E403 .3012E403 .3026E+03 .3014E403 .3036E+03 .3C2BE+03 .3016E+03

SLOPE= .2676E+15

STANDARD DEVIATICGN= .2327E+14
INTERCEPT= .2607E+11

STANDARD 6EVIQTION= .2830E+10

DATA FOR 0+02+C02=034CC2

T N R TS B T T T R e LI T

JTOCH) . . JTA2Ee1
. x .

LI00E+13 + + .700E+11
(658E411 + + .E59E+1]
. x .

JBIBE+1) + X + .61BE+11
. x :

ST7E+11 + + .BTTEHL
JSIEE+11 + x + .536E+11
.A5E+11 + + .495E+11
. b 4 .

SBAELLL + + .454E+11
4136411 + + .413E411
IT2E411 4 + 3726418
J330E+11 +X + .330E411
toorrieraarteiiiansans S S T L RN S R S S ER ] ebicoeens .ot
344604 (619E-04 -694E-04 1176203 " l1asE-03 T1726-03

.487E-04 .757E-04 .1036-03 L1316-03 . 150E-03
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*
for kW and XNO' The surface poisoning effect of COZ’ the importance
: co

of reference measurements and values of the rate constant kl 1 are

tabulated (Table 3).

5.5 Experimental Results for the Reaction.

0+ 02 + He —> 03 + He
These experiments were undertaken to measure the rate constant
k??l over the temperature range 196 - 500K at total pressures 1.56 -
9.36 torr. 0(3P) atoms were generated by passing an inert carrier
gas (106.2 - 173.6 y mol s—l) containing less than 1000 p.p.m. Ozand

less than 5 p.p.m. N, through the microwave discharge. The flow gases

2

were carefully dried as before, and in this case helium was passed

through a liquid N, trap at 0-1 atmosphere pressure. The first

2
experimental runs at 295K were made under the same conditions as for

‘co Linear plots of 0 atom decay rates agéinst F(He) were obtained in

9°
four runs. The rate constant obtained using this procedure was

-2 -1 . s ) , ,
4 cm6 mol s , this is about twice the literature

approximately 2.3 x 10l
value. The introduction of He, as .the third body through the inlét
jets was then abandoned.

A new method of adaing variable amounts of He gas into ﬁhe reaction
system was devised. Helium, at different flow rates, was passed through
the diécharge at the same time ensuring a constant trace of O2 in the
discharge. Although the validity of this procedure is questionable,

the plots of 0 atom decay rates against F(He) were linear, the rate

constants were again twice the literature value.
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TABLE 3
COZ * *
Values of kl.l’ (kW - kw) and kw f?r the reaction: 0 + O2 + CO2 = O3 + CO2
at Different Temperatures
ki(.)i/loll‘ .
T/K 6 -2 -1 (k- kst /st
cm mol s W \4 W
196 10.605 + 1.047 1.605 + 0.197 0.20 + 0.044
196 14.41 + 0.3485 1.014 + 0.066 0.10 + 0.088
196 12.87 + 0.3226 1.44 + 0.061 0.093 + 0.045
196 13.72 + 0.7526 1.961 + 0.142 0.11 + 0.065
Mean 12.90 + 0.687 1.505 + 0.393 - 0.126 + 0.061
295 6.318 + 0.1845 0.614 + 0.035 0.0134 + 0.064
295 4.513 + 0.763 0.753 + 0.090 : 0.0203 + 0.028
295 6.280 + 0.2361 0.588 + 0.045 0.0784 + 0.045
295 4.366 + 0.6973 0.888 + 0.166 0.0686 + 0.048
295 6.318 + 0.18 0.616 + 0.057 .
Mean 5.559 + 0.416 0.692 + 0.121 0.035 + 0.046
406 2.643 + 0.791 0.404 + 0.153 0.0611 + 0.04
400 3.668 + 0.1468 "0.277 + 0.034 ' 0.0162 + 0.022
400 3.459 + 0.5253 0.583 + 0.102 0.0659 + 0.072
400 4.056 + 0.2111 0.470 + 0.041 -0.0856 + 0.016
Mean 3.456 + 0.492 0.434 + 0.128 0.014 + 0.038
500 2.562 + 1.074 0.221 + 0.202 -0.011 + 0.023
500 2.443 + 0.1707 0.187 + 0.037 ~0.0134 + 0.015
500 2.676 + 0.2327 0.166 + 0.045 -0.0248 + 0.034
500 3.164 + 0.5572 0.237 + 0.108 -0.359 + 0.021
500 2.841 + 0.2774 0.234 + 0.054 ~0.0511 + 0.027
Mean 2.737 + 0.55 0.209 + 0.031 -0.027 + 0.024
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TABLE 3 (Continued)

0.64 + 0.095

o510 )
T/K (vy- y*) X lO5 y* X 105 cm6 rnol-_2 s_l XNO x 10
196 7.838 + 0.96 0.978 + 0.215 6.55-+ 0.30
196 4.96 + 0.323 0.489 + 0.43 7.49 + 0.60
196 7.04 + 0.298 0.455 + 0.22 6.37 + 0.031
196 9.59 + 0.69 0.538 + 0.318 6.51 + 0.45 ‘
Mean  7.36 + 1.92 0.62 + 0.030 6.73 + 0.35 0.99 + 0.06
1295 2.446 + 0.14 0.053 + 0.26 3.09 + 0.42
295 3.000 + 0.358  -0.0809 + 0.11 3.33 + 0.16
295 2.34 + 0.179 0.312 + 0.179 2.52 + 0.30
295 3.538 + 0.662 0.273 + 0.19 2.80 + 0.28
295 2.455 + 0.277 - -
Mean  2.76 + 0.48 0..4 + 0.18 2.93 + 0.29 1.20 + 0.12
400 1.38 + 0.523 0.209 + 0.137 0.822 + 0.267
400 0.95 + 0.116 0.(55 + 0.075 1.70 + 0.128
400 1.994 + 0.349 - 0.325 + 0.246 1.01 + 0.48
400 1.607 + 0.14 -0.293 + 0.055 2.10 + 0.11
Mean  1.48 + 0.436 o.és + 0.13 1.41 + 0.25 0.98 + 0.17
500 0.676 + 0.618  -0.(34 + 0.07 1.36 + 0.15
500 0.572 + 0.113 ~0.041 + 0.046 1.26 + 0.095
500 0.508 + 0.138 = -0.076 + 0.104 1.61 + 0.224
500 0.725 + 0.33 . =0.11 + 0.064 1.25 + 0.14
500 0.716 + 0.165  =0.156 + 0.08 1.455 + 0.178
Mean -0.08 + 0.07 1.39 + 0.16

1.30 + 0.15
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A convenient way of adding variable amounts of He was through the
third bddy inlets jets D (Fig. 3). . The experiments were commenced
by adding a constant flow of oxygen (34.7 u mol s—l) to a stream of
0 (3P) atoms. The flow of helium was then admitted at varying flow
rates (0 - 208.3 p moles s-l) through the third body inlet jets in
successive measurements; either by adjusting the total pressure or the
flow velocities. In all runs, the measured decay rates were a linear
function of the concentration of added He. This indicated that
equation 18 was obeyed and rate constants were derived accordingly from
‘the slopes of graphs of the decay rate against the helium flow, F(He).
The rate constants under all conditions at room temperature was about
2.3 x lO14 cm6 mol"2 s—l.

There are two possibilities which could account for the obsefved
higher rate constant, as comp;red with the laterature value; either
there are some impurities in %he discharge or there is some wall loss.
In consequence the reaction tébe was dismantled, cleaned and washed
with surface active agents. %his reaction system was then fitted to
the other parts of the flow tube and checked carefully .to ensure there
were no leaks. The discharge inert gases were purified by a rare gas
purifier which reduced impuri;ies to a 1¢§e1 of less than 1 part in 107.
Measurements uﬂder these imp?&ved conditions (in the temperature range
196-500K) yielded rate constéﬁts of the same value as before.-

To test the system, two runs were made at 295K with argon as the
third body keeping all the other conditions exactly the same as for
helium. The value of the rate constant kﬁfl, 1.5 x 1014 cm6 mol s—l,

was in agreement with the literature value and the value obtained
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previously in this work (Table 2). ., Further experiments were commenced

. -1 :
by passing an excess of oxygen (69.4 u mol s ~) into the stream of
oxygen atoms. The flow velocities were then decreased about 200 cm s—l
to increase the residence time. The rate constant obtained under
these conditions were now comparable to the literature value. The

14 6 -2 -1

measured rate constant was 1.1 x 107 cm mol s ~. These results
L . . . 127 .
implied that some excited ozone, most likely triplet , might approach
steady state concentration during the reaction 1.1. Previous tests
ruled out the possibility of ground state ozone reaching steady state,
therefore it is most probably an excited state which approaches a

steady state value. 1In this case reaction 1.1 will be followed by two

competitive reactions

3
*

0+0, —>20 , 1.3b
3 2 |

*3 1

0, + M—> 0;+ M ' 1.5

In presence of the less efficient quenching agent helium,
process 1.5 can be neglected, and with the fast reaction 1.3b following

3
*
1.1, a steady state concentration of O3 would be quickly set up leading

to:
~a[0)/de = 215 [0,] [0] [M]
‘ 1.1 2
as the gas phase rate equation for O atom decay. Thus the measured rate

constant should be identified with 2k and this was done in deriving

1.1
the values summarized in Table 4. Since the rate of reaction 1.1
decreases and that of 1.3 increases with the rise of temperature,
reaction 1.3 presumably becomes more important at higher temperatures.
The curvature observed at higher temperatures in the Arrhenius plot

He .
might explain this behaviour. However, the plot of log kl.l against
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log T is reasonably linear and its slope is similar to that obtained
using argon as third body.
Typical results for the reaction 1.1 in which helium is the third

body (Figures 15-19) are summarized in Table 4.
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Figs. 15-19
*
v L L = |
Graphs of ———F——= 1n represented by Y
vV, F (0,) *
R 2 12 Il

against F(He) represented by X (equation 18) for the reaction:

0+ 0, +He = 0, + He ‘ 1.1 \

In the tabulated data at the head of each graph T, D, I 101, IO

1’ Iz’ 2’

F., VBAR and P represent usual meaning as for figs. 5-9 (P. 74 ).

l,

For figs 15-18, F2 and F3 represent flow rate of argon + F3 and flow

rate of Helium (cm3 min—l) respectively. For fig. 19, F2 and F3

represent flow rate of Helium (cm3 min-l).

Fig. 15. M =He, T = 196K
Fig. 16. M =He, T = 300K
Fig. 17. M =He, T = 293K
Fig. 18. M =He, T = 400K
Fig. 19. M =He, T = 500K
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T 0o
186.0 48.8

Fi F2 F3 101 I1 102 12 P
50.0 250.0 0.0 19.2 29.8 18.6 19.4 2.650
50.0 300.0 50.0 14.5 33.0 14.8 20.5 3.100
50.0 350.0 100.0 12.0 42.5 12.4 25.2 3.500
50.0 400.0 150.0 11.0 53.1 11.3 28.2 4.000
50.0 425.0 175.0 10.5 55.7 10.7 29.7 4.200
50.0 450.0 200.0 9.9 64.2 10.1 . 33.4 4.400
50.0 475.0 225.0 9.2 63.5 8.4 32.6 4.600
50.0 500.0 250.0 8.9 62.6 9.1 29.6 4.900
VALUES OF Y= .1001E+12 .1110E+12 J1271E+12 .1364E+12 .1436E+12 .1515E+12 .1568E+12 .1672E+12
VALUES BF X== 0. +3440E-04 .6880E-04 .1032E-03 .1204E-03 .1376E-03 . 1548E-03 «1720E-03

VALUES CGF VBAR= .2506E+03 .2500E+03 .2530E+03 .2431E+03 .2504E+03 .2516E403 .2527€+03 .2485E403

SLOPE= .3B13E+15

STANDARD DEVIATION= .1130E+14

INTERCEPT= .8902E+11

STANOARD DEVIATIOGN= . 12686E+10

DATA FGR DO+324HE=B3+HE

$ocaoanan PR PR R seeterecscesaticcnccnsstiincnanas FionsonsssstecncresccPessorssscPiccssrcceTicscrcnce?

+I6TE+12 + x + J1B67E+12

JB0E412 + + .I60E412
. x .

5442 + + J5€EN2
. X .

JATEHI2 + + .147E412
. x .

140E412 + + 1406412
. x .

134412 + + 434412

127E412 + x + 276412

1206412 + + 206412

1136412 + + 113602
: x .

107E412 + - + .107E412
; + .100E412

+100E412 X —— T P SRR BT ST B S, J S

o RS ¥y 2] .668E-04 103E-03 138603 J1726-03

.1725-04. .516E-04 .8605-04‘ «120€-03 < 155E-03
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T o]
300.0 48.8
F1 F2 F3 10! Il I02 I2 . P
50.0 250.0 0.0 100.0 107.7 100.0 86.8 4.100
0.0 300.0 50.0 100.0 101.4 100.0 78.2 4.700
50.0 350.0 100.0 100.0 89.5 100.0 75.2 5.300
50.0. 400.0 150.0 100.0 98.4 100.0 70.0 6.100
50.0 425.0 175.0 100.0 87.5% 100.0 68.0 6.400
50.0 450.0 200.0 100.0 . 95.8 100.0 66.7 6.700
50.0 475.0 225.0 100.0 | 85.2 100.0 64.7 7.000 -
0.0 500.0 250.0 100.0 86.6 100.0 62.2 7.500 :

VALUES OF Y= «96496E+11 .5610E+11 6617E+11 .7516E+11 .BO9YE+11 .B296E+11 .B8957E+11 .85449€+11
VALUES BF X== 0. .3440E-04 .6880E-04 .1032E-03 .1204€-03 .1376E-03 .1548E-03 .1720E-03

WALUES OF VBAR= .24978E+03 .2523E+03 .2557E+03 .2500E403 2515403 .2523E+403 .2541E403 «24985E+403

SLOPE= .2789E+15

STANDARD DEVIATION= .6125E+13
INTERCEPT= .4653E+11

STANDARD DEVIATION= .6969E+09

DATA FOR O+32+HE=03+HE

FeorereerateiicicncctiiiitciceticstecccctirnsecnratiossrascateseccecistroscessssProccorosstersrasessd

JBAEHL + - = 23T
L .
- .
.SO05E411 + + .905€+338
. x .
. o
. .
BSEE+1L 4 + emeces
. .
. x .
JBO7E41L & x + 80718
. - .
. -
TSEEML + . + .76y
. x .
. -
JTI0EHIL 4 * TXCess
LBBIEH1] + x + SmsFern
8126411 + + AxEeny
SEIE+H1 + + ST ell
. X
.
. :
S14E41 - + s1wend
. N
. .
JAOSE+1] +X . -c
®erevsennePrancsersatiiinvrrerPocosneser®iiiniseesPirnnncasitiiianesssPerisaceriPiinnnccsePennnanancd - o
0. 1103203 J1%e-:m unem

IME-O4 .
1726-04 .8516E-04 - BOOE-04 +120€-03 «1932-03
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Fig.17
T D g
293.0 64.4
Fl F2 F3 101 I1 182 12 P
100.0 350.0 100.0 54.2 47.5 61.8 24.5 6.000
100.0 400.0 150.0 41.7 39.2 50.4 20.8 6.600
100.0 425.0 175.0 35.5 36.0 44.3 - 19.0 . 6.900
100.0 450.0 200.0 30.6 32.9 33.9 17.5 7.300
100.0 475.0 225.0 26.4 31.9 36.2 17.3 7.600
100.0 500.0 250.0 22.6 31.4 32.3 17.4 8.000
VALUES GF Y= .B494E+11 .6945E+11 .7355E+11 .7941E4+11 .7795E+11 . 7756E+11
VALUES OGF X== .6880E-04 . 103203 . 1204E-03 .1376E-03 .1548E-03 .1720E-D03
VQLUES BF VBAR= .2482E+03 .2507E+03 .2518E+03 .24993E+03 .2504E+03 .2482E +03
SLBPE=  .1315E+15
STQNbﬁRD DEVIATION= .1452E+14
INTERCEPT= .5638E+11
STRNDRQD DEVIATION= .1897E+10
------------------ PeveovsscetesccsasosPenssssasePiossnsosePaavscorsatacacscscsPeccaccssctirccrenes?
ML 4 * x ! \TE0EH
X .
. + 7665411
JTEEEH1L 4 .
JTS3E+1E ; + J753E+1L
. X + 7406411
J740E413 + .
N x
. + .727E411
JTRTE+LL + .
. + 714411
L1441 4 .
. + 7016413
J70IE4IT + .
x .
. + .608C+11
.688E+411 +
. + .6TSE+11
J6TSE+HIL 4 .
. + .B6ZE+11
662E+11 + .
. + .649E+11
-B49E+11 ": . P, Froerasens L I R B I TR 2T TR i;ég-ﬂ}
.................................. ey it 15103
.688E-04 791:-04'89*: caE-04 1 03 141
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Fig.18

T 0
400.0 48.8

Fi F2 F3 101 I1 182 I2 P
50.0 -+ 250.0 0.0 100.0 72.3 100.0 59.6 5.400
50.0 300.0 50.0 100.0 59.8 100.0 48.6 6.300
50.0 350.0 . 100.0 100.0 51.6 100.0 41.1 7.100
50.0 €00.0 150.0 100.0 45,1 100.0 34.7 8.100
50.0 425.0 175.0 100.0 42,3 100.0 32.2 8.600
50.0 450.0 200.0 100.0 39.9 100.0 28.9 9.000
50.0 475.0 225.0 100.0 37.9 100.0 28.2 9.400
50.0 500.0 250.0 100.0 35.0 100.0 25.6 10.000

VALUES OF Y= .4316E+11 .4671E+11 .5301E+11 .5657E+11 .5930E+11 .6447E+11 .6711E+11 6781E+11
VALUES OF X== 0. +3440E-04 .6880E-04 . 1032603 .1204E-03 +1376E-03 .1548E-03v +1720E-03
VALUES BF VBAR= .2510E+03 .2510E403 .2545E+03 ..25105+03 .24995E+403 .2510E+03 .2523E+03 .2485E+03

SLOPE= . 152BE+15

STANDARD DEVIATION= .5950E+13
INTERCEPT= «4246E+11

STANDARD DEVIATIGN= .6769E4+09

DATA FOR B+32+HE=03+HE

PP SO SO SO SORPI ST SOOI S T TTTS TTTPPRN

+ 87002

. *
srEa o e
: . x .
653411 + + 853411
. X X
6296411 + + .620E411
(604411 + + .604E+11
. x .
. x .
.S79E+11 + + .578E411
555E411 + + 5556411
5306411 + + .530E411
. X .

S0BE+11 + + .506E+11
4B1E+11 + + 481411
. x :
as6E+11 + + .456C411
L3641 4X . . . . . . . ;e
eresseasPeansecesctiossorecctecescnssctiiannnnnctesenecre Tareann P N S L T
0. U * 34 L 600E-04 L10%€-03 136€-03 o

L172€-04 .5166-04 .B60E-04 .120€-03 L 155€-03
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Fig.19
500.0 64.4 .

F1 F2 F3 181 102 12 P
50.0 100.0 100.0  10.4  22.1  11.3  20.1  4.200
50.0 150.0 150.0 13.5  21.4  14.4  18.2  5.600
50.0 200.0 200.0 5.1  19.7  16.0  15.8  7.100
50.0 250.0 250.0  16.7  17.1  17.6  13.1  8.400
50.0 300.0 300.0 54.5  46.5  56.9  33.3  9.900
50.0 350.0 350.0 58.5  43.8  60.8  30.7  11.200
50.0 400.0 400.0 62.8  35.8  64.8  23.8  12.500
VALUES GF Y=  .1563E+11  .1990E+11 .2345E+11 .2802E+11  .3213E+11  .34756+11  .3981E+11

VALUES OF X==  .6880E-04 .1032E-03 .1376E-03 .1720E-03 .2064E-03 .2408E-03 2752603
VALUES BF VBAR= .2017E+03 .2017E+03 .1989E+03 .2017E403 .1997E4C3 .2017E403 .2033E+03

SLOPE=  .1152E+15
STANDARD DEVIATIBN=  .2752E+13
INTERCEPT=  .7860E+10

STANDARD DEVIATIGN= -5098E+09

RCE TR R D Y L L L T EL I T T U S P PP PN ST TR T T 4

JI0BE+1L + * .3G0C+11
. x.

T4 L + 3741
.

LI50E411 4 + 3506411
. x .

326E+11 + + J326E+11
. x .

3016411 + + .301Ee11

L277E411 + x . 27768

2536411 + ) + 2536411
. x .

J229E+11 + + . 2295+11
2056411 + + 2056413
. x .

L1B0E+11 + + .180E+11
JA56E411 4X . 156E411
®iioesenee L I R L T R AR E RN P iecaenc-Piriinoaa setiiareneaatiiiiiannn Fevetanaen *

668604 110620 151€-03 1836203 €03 27503
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CHAPTER 6

A STUDY OF THE REACTION 0 + SO2 +M—> SO3 + M

6.1 Introduction.

The homogeneous rate of recombination of O(3P) atoms with SO2 has
been studied at temperatures between 240-500K. Rates of recombination
by the reaction:

0 + 80, + M —> 50, + 1 . | 2.1

2 3
were measured for four third “odies, viz: M = SOZ’ Nz, He and Ar; the
temperature range 240-500K was covered only'for M= SOZ. The rate

constant for M = SO2 at 298K ;s the subjeéect of great controversy in the
literature and:the measuremen: of the temperature coefficient of this is
attempted for ﬁhe first time.f

" When SO, is added to a siream of 0 atoms in a carrier gas M, the

2

possible reactions are:

0 + Wall = %0, + Wall W
0 + 802 + M = SO3Y+ M ‘ 2.1
0+ NO+M = N02%+ O%} ) E

0 + N0, } - NO - 0, 12
04+0+M = 02-?-M 1.4

When reaction 1.4 can be neglected (provided ko, [0] << L [SOZ])’
' . '
all the reaction steps are fii'st order with respect to 0 atoms. A rate
equation was developed similar to the equation 18 only replacing O2 by 502

(Chapter 4). The rate equation for reaction 2.1 thus becomes:
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*

3 I, I 2 SO

v 152\_ v Lk 2 M

F(S0,)V, 1“(1 1*) (S0 )(kw k) ¥ ky T F (S0 + 3k, o F ()
271 2

S0
S 2 M s
+2F (NO)ik12 - klZ 18

6.2. Preliminary Investigations.

The reaction system used to study the reaction is similar to that
described previously (Chapter 2). The discharge gases were purified by
passing through a "deoxo" unit and a molecular sieve trap at 77K. Oxygen
atoms were generated in excess argon by a microwave discharge. The argon
fed to the discharge contained 0.05 to 0.25% oxygen. The concentration
of oxygen atoms ﬁas allowed to increase to a reasonably extent so that
a sufficient intensity signal was produced to record. The SO2 was
metered by a calibrated MeteRate flow meter tubes (Glass Precision
Engineering Ltd). Sulphur dioxide caused no special problems in this
regard and metering was reproducible to better than 1% at a given setting.
Sulphur dioxide was used directly from a cylinder and passed through a
‘trap containing glass beads.:

The decay of 0 atoms was monitored at a fixed position downstream
from the reactor. When‘SO2 was added to the reaction system, the intensit§
signal decreased considerably. Sulphur dioxide was then injected through
another inlet jet further upstream from the first ome. The surprising
observation was that most oflthe NO- afterglow was consumed by the
addition of SO2 through inlet jet Jl. It was realized in the first

instance that the reaction might be faster than that reported by other

investigators.
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The intensity signal, recorded by the digital voltmeter, usually,
approached a constant value within a few seconds. But in this case,
the signal intensity decayed continuously and never reached a constant
value. Some measurements were made at the inlet jets J5 and J4 (Fig. 3)
where it was possible to record an intensity signal, although it was
realized that O atoms were decaying slowly. These measurements were
made only to assess the apparent reasons of discrepancies in the literature.

\

A series of experiments were commenced for M = SO2 and Ar at 295K. The
rate constants for these experiments are summarized in Table 5. For
M= 502, flow rate of argon through the discharge was 137.6 umol s“l

and the flow rate of SO, was varied from 20.64-90 p mol s-l. Flow

2
velocity was varied between 156 to 333.2 cm s-l in a typical experiment.
For M = Ar, the flow rate of argon through the discharge was 172 u mol s_l,
and the flow rate of argon through the third boay inlet jets varied from
0-172 u mol s-l at constant flow velocity between 250—360 cm s-l. The
plots of decay rate of 0 atoms against F(M) were generally linear,

ho&ever, for M = SOz, a smooth curve was obtained. The values obtained
were not reproducible within the range of existing data at 295K. This
irreproducibility could be due to the catalytic effect of the surface;

this could also be a caﬁse of instability of the O atom decay signal. It
was observed that the instability of the intensity signal increased with
the increasing concentration of O(3P) atoms. The SO3 produced in the
reaction might increase the catalytic action of the walls on the
recombination of O atoms (KaufmanBz). Some o0ily deposit was found in the
reactor, this was presumed to be H2 SO4 since it could not be removed by

pumping. Its presence might be one of the reasons for non-reproducible
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TABLE 5

Preliminary Results for 0 + S0, + M —> 50, + M at 295K

M 10_15kAr cm6 tnol-2 s_l
2.1
Ar 2.08 + 0.13
1.4 + 0.09
0.78 + 0.007
502 : 7.511 + 0.43
6.023 + 0.71

4.32 + 0.43
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90 . . .. . . .
results” . The results obtained in these preliminary investigations,
therefore, add general support to the conclusion of Kaufman, and

Mulcahy that SO, -poisoned surfaces give rise to non-reproducible

3

results due to a variable catalytic efficiency.

6.3 Detailed Study of the Reaction.

0 + SO2 + SO2 ————51803 + SO2

In the preliminary investigations it was difficult to obtain stable

rates of disappearance of 0 after SO2 had been introduced into the

reaction system. It was possible, however, to obtain stable decay

signal using comparatively low concentrations of oxygen atoms. After the
preliminary investigations tlie whole reaction system was dismantled and
cleaned with surface active égents (Decon 90) and washed with distilled
water. The surface was not poisoned with syrupy phosphoric acid. The
reaction tube was theﬁ dried én an oven at about 400K and after drying, it

was fitted in the flow line aﬁd pumped for two or three days.
The first experiments perﬁormed in the newly cleaned tube used SO2

w

as third body. The general eiperimental and data collection procedure

.

was the same as that adopted ﬁreviously'(S.Z). It was found to be very
important to dry all the reagénts before admitting them into the reactor.

The Ar-0, mixture was passed through a molecular sieve trap at liquid

2

; gas (about 98.987% pure) was passed through

nitrogen temperature. The SO2

a trap containing Drierite to remove water from the system. The experiments
were performed under Pseudo-first order conditions with SO2 in large
excess over atomic oxygen. Some NO was added through the inlet jet J6

just before the photomultiplier to facilitate detection of low concentrations
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of oxygen atoms. The flow of Ar through the discharge was 173.6 u mol s-l.
The oxygen fed into the discharge was less than 0.02% of the total flow
in the discharge. The flow rate of 502 (20.64-90 p mol s-l) was varied

. 2
through the inlet jets keeping V . constant in successive measurements.
F(SOZ)

The intensity measured at inlet jet J5 and J2 approached a constant value
within a few seconds and was steady enough to record. The data obtained
in this way in a series of measurements was used to calculate the L.H.S.
of the equation 18" and this was plotted against F(SOZ). The results of
representative experiments at temperatures 240-500K are presented in
Figures 20-23. The measurements at lower temperatures were more
convenient than those at higher temperatures; at higher temperatures the
surface of the reaction tube became increasingly catalytic possibly due

to the enhanced formation of SO The flow velocity was changed to a

5
maximum of 500 cm s_l to achive reproducibility. ~As before, the rate

SO

constant k2 ] was evaluated ‘rom the slope of each line at each

. . * * -
temperature anc¢ values of (kd'—kw) and kw from the intercepts (Table 6).
SO

2.1

fange 240-500K: The precisici1 of each measurement is indicated by the

SO
attached error bars. The values of k2 1 vary approximately as T2'5

Thekgraph of lcg k against'103/T (Fig. 24) is linear over the temperature

(Fig. 25). The value of the ibsolute rate constants for SO, as third

2
L [ 14 -6 -2 -1 C .
body at 295K is 30.5125 + 1.832 x 107" cm mol =~ s = (Table 6), this is

1
significantly lower than the iiterature value. This value supports the

. - 98 .. R
view of Westenberg and Dettaas9 regarding the stoichiometry of the

reaction 2.1 (Chapter 7).
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Figs. 20-23

3

v I. 1
Ve F (802)

1n 1

12 I

Graphs of ‘represented by Y

=¥ %

against F(SOZ) represented by X (equation‘18') for the reaction:

0 + S0, + S0, = SO, + 80, . | 2.1

In the tabulated data at the head of each graph

Fl is the flow rate of sulphur dioxide (cm3 min_l);

F3 the flow rate of sulphur dioxide (cm3 min_l);

Il the intensity when sulphur dioxide was passed through jet J5;

I2 the intensity when sulphur dioxide was passed through jet J2;

T, D, FZ’ 101, IOZ’ VBAR and P represent usual meaning as for

figs. 5-9 (P. 74 ).

Fig. 20. M= S0,, T =240K
Fig. 21. M= 50,, T = 295K
Fig. 22. M =50,, T = 400K
Fig. 23. M =50,, .T = 500K
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T D Fig.20
240.0 48.8
F1 F2 F3 I8! I1 162 2 P
30.0 200.0 30.0 100.4 72.4 102.0 9.7 4,000
50.0 200.0 50.0 63.0 45.5 64.0 8.5 3.300
~70.0 200.0 70.0 48.4 35.6 49.2 6.9 3.100
80.0 200.0 80.0 40.0 26.8 40.8 5.7 2.900
110.0 200.0 110.0 32.6 20.2 33.6 4.3 2.800
130.0 200.0 130.0 27.8 17.3 28.49 4.0 2.700
VALUES OF Y= .1807E+12 .2072E+12 .2201E+12 .24951E+12 .2738E+12 .2937E+12
VALUES OF X== .2064E-04 .3440E-04 .4816E-04 .6192E-04 . 7568E-04 .8844E-04
VALUES BF VBAR= . 1558E403 .2054E+03 +.2361E403 .2711E403 .3001E+03 .3313E+03
SLOPE= . 1640E+16
STANDARD DEVIATION= .7085E+14 *
INTERCEPT= .1465E+12
STANDARD DEVIATIOGN= .4240E+10
DATA FBR B+502+5082=533+502
*eeraans veterennas O Fervraeren eriineas Feenenres Ferraenn e Feereniaes erienennn PO IO
2046412 + L2
2826412 + + .2826412
. x ;
L271E412 + + .271E412
2606412 + + .260E+12
(298412 + + .248E412
- x .
2B7EH12 + L
L226E+412 + + .226E412
, X
21512 b : + .215E412
. x .
2006412 + + .203E+12
e + .1926412
; + .1B1E+12
~1a1En2 ‘f.~ ........ O Frrraenas Frreaaann PO """""éiéE ............... "léiglé ............. éé%g_oq
120260 . . .
0V armepe .413E-04 .5506-04 .6BBE-04 .B26E-04
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T D Fig.21
295.0 46.8
F1 F2 F3 101 I 102 12 p
30.0 200.0 30.0  98.0 77.4  100.8 4.8 4.900
50.0 200.0 50.0 69.6 58.6 70.8 4.4 4.100
70.0 200.0  70.0  52.8 51.9 54.0 4.2 3.800
90.0 200.0 90.0  43.6 a2.39 44.4 3.6 3.600
110.0 200.0 110.0  35.6 34.0 36.8 3.3 3.400
130.0 200.0 130.0  31.6 30.0 32.4 3.0 3.300
VALUES BF Y=  .2530E+12 .308BE+i2 .3397E+12  .3789E+12  .4260E+12  .4679E+12
VALUES OF X==  .2064E-04 .3440E-04 .4816E-04 .6192E-04 .7568E-04  .B944E-04

VALUES OF VBAR= . 1564E+03 .2032E+03 .2368E+03 .2684E+03 .3038E+03 .3332E+03

SLOPE= .3042E+16

STANDARD DEVIATIBN= .9860E+14

INTERCEPT= .1850E+12

STANDARD DEVIATIBN= .5861E+10

DATA FOR B+S02+502=503+502

+
J4B8E+12 + + .45BE+12
<G4EEH12 + - ’ + . 496E+12
LA25E+12 + ’ v ' X + .425E412
-403E412 + + .403E+12
.362€412 + . + .382E412
3606412 + v 3606412
3396412 + x + 3386412
JIIBEHI2 + + .31BE+12
. .

2066412 + + .296E412
2756412 + + 2756412
. N .

2936422 +X + .253E+12
FoooevacsePtisreresssPiccisnion $oer00cens i reanne senvesrtienaingnnn ®iaeossassPiiiireans ®oereneens +
. 206€ 04 482604 819E-0 757E-04 PA4E 04

34404 ? . 4 . .
.275E-04 «413E-04 .550E-04 .68BE-D4 +B26E-04
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T b Fig.22
400.0 48.8 *
F1  F2 F3 101 I1 102 12 P
30.0 200.0 30.0 88.6 42.0 89.2 4.6 4.000
50.0 =200.0 50.0 62.5 20.3 63.9 2.6 3.400
70.0 200.0 70.0  46.6 15.4 a7.7 2.7 3.100
80.0 200.0 80.0  36.6 11.3 37.3 2.3 2.800
110.0 200.0 110.0  31.2 6.9 32.2 1.4 2.800
130.0 200.0 130.0  26.8 5.3 27.6 1.2 2.700
VALUES OF Y= .9159E+12  .1091E+13  .1085E+13  .1166E+13  .1308E+13  .13B6E+13
VALUES OF X==  .2064E-04 .3440E-04 .4816E-04 .6192E-04 .7568E-04 - .B944E—04
VALUES OF VBAR=  .2598E+03  .3322E+403  .3935E403  .4518E+03  .5002E+03  .5522E+03
SLBPE=  .G39BE+16

STANDARD DEVIATION=

INTERCEPT=

.B0B5E+12

STANDARD DEVIATIGN=

toene

»130€+13

“ e @

«134E413

. 4

J129E413 +
(125E013 +
.120E+12 %
J115E+13 %
J110E413 %
L106E+13 %
101E+13 %
.863E+12 %

BIBE+12 +X

. 7385

E+15

«4418E+11

DATA FCGR 0B+582+582=503+502

sessetearannes

R NN I e LR SRR TR R PRRRPIES PR RIINL PP PE L FERRRIPEE 2

+ 1306413
+ 1346413
2.1&5#3
+ e
% 1206413
% L115E+13
% 110413
% L 106E413
% .1D1E+13
+ .963E412

+ .916E+12



T o Fig.23 115
500.0 48.8
Fl F2 F3 101 Il 102 I2 P
30.0 200.0 30.0 74.1 66.6 75.7 8.8 4.300
50.0 200.0 50.0 54.5 47.2 55.9 8.0 3.600
70.0 200.0 70.0 12.8 42.6 44,1 8.7 3.300
Q0.0 200.0 g90.0 37.5 33.5 39.0 6.7 3.200
110.0 200.0 110.0 31.5 27.2 33.1 5.7 3.100
130.0 200.0 130.0 28.5 24.5 29.6 5.5 3.000
VALUES BF Y= .1328E+13 .1534E+13 .1611E+13 .1735E+13 . 1B65E+13 .1996E+13
VALUES OF X== .2064E-04 .3440E-04 .4816E-04 .6192E-04 . 7568E-04 .8944E-04
VALUES OF VBAR= .3021E+03 .3822E+03 .4621E+03 .5118BE+03 .5648E+03 .6212E+03
SLOPE= .9253E+16
STANDARD DEVIATIGN= .50249E+15
INTERCEPT= +1169E+13
STANDARD DEVIATION= .3007E+11
DATA FBR B+502f582=583+502
I TT T Fernanenns Feeernnnns Feeeennene S S RS
200E+13 + x 4+ ,200€+33
L183E+13 + + 1836413
L1B6E+13 + X + 1866413
.1B0E+13 + + .180E+13
JT3EHD + X + J173E413
L IB6E+13 + + .166E413
: X -
JIBSE413 + + 1586413
JIS3E+13 + x + 1536413
J1S6E+13 + + L 196E+13
JI39E413 + + 1796413
J1336413 4X + 1336413
$eeseeaenstineas eeretescssersetocavssssaticrocssastanneee é;éE ............. ;é};.‘.&;"”"""”:éé&g_‘)q
206€-04 75€-04" ,4;35.04'4825 £-04 .6BBE-04 .826E-04
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Mean

100.47 + 6.492

6.0647 + 0.379

TABLE 6
S0, * ‘% '

Values of k2.1’ kw - kw and kw for the reaction: Q + 802 + 802 = 503 + SO2

at Different Temperatures

14

kzol/lo ,

-2 - x -
T/K cm6 mol 2 s 1 (kw - kw)/s 1 (y - v¥)x 104
240 16.74 + 0.948 4.624 + 0.2004 2.04 + 0.0885
240 16.4 + 0.708 4.3096 + 0.1498 1.9042 + 0.0662
240 16.23 + 1.486 4.55 + 0.3142 2.01 + 0.1388
Mean 16.456 + 1.047 4.4945 + 0.2215  1.986 + 0.0978
295 30.42 + 0.996 4.096 + 0.21 1.63 + 0.0835
295 31.69 + 1.971 4.297 + 0.417 1.71 + 0.166°
295 28.98 + 2.33 - -
295 30.96 + 2.15 4.35 + 0.4589 1.35 + 0.075
Mean 30.5125 + 1.862 4.2476 + 0.3619 1.69 i.O.lAA
- 400 63.98 + 7.385 7.18 + 0.568 2.455 + 0.194
400 66.25 + 5.485 7.1245 + 0.422 2.436 + 0.144
Mean 65.115 + 6.435 7.15225 + 0.495 - 2.455 + 0.169
500 109.7 + 6.83 5.658 + 0.3969 1.731 + 0.1245
500 99.18 + 7.622 6.066 + 0.443 1.856 + 0.1355
500 92.53 + 5.024 6.47 + 0.296 1.9798 + 0.0906

1.856 + 0.1168
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TABLE 6 (Continued)

T/K

-1
kw/ s

*
Y X 105

240
240
240

Mean

298
298
298

Mean

400
400

Mean

500
500
500

Mean

0.1874 + 0.0508
0.2026 + 0.0626

0.2026 + .06256

0.1975 + 0.0586

0.0528 + 0.11

|+

0.024 + 0.0517
0.21 + 0.2828

0.0956 + 0.148

0.7089 + 0.1487
0.7117 + 0.1386

0.7103 + 0.1436

1.148 + 0.2297
0.8726 + 0.1537

0.873 + 0.154

1 0.9645 + 0.179

0.8280456 + 0.224

0.8952 + 0.2766

0.8952 + 0.2764

-0.872815 + 0.259

0.210 + 0.4378
0.0955 + 0.2057
0.8358 + 1.125

0.3804 + 0.589

2.424 + 0.5085
2.434 + 0.474

2.429 + 0.491

3.513 + 0.7855
2.670 + 0.4703

2.671 + 0.471

©2.95 + 0.5756
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FIGURE 24: PLOT OF Log k212 AGAINST (1/T) X 10°
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FIG 25:PLOT OF Logk, AGAINST LogT
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6.4 Detailed Study of the Reaction.

0+ S0, + M-—-—)SO3 + M where M = N,, He and Ar at 298 + 2K

The reaction 2.1 was studied at 298 + 2K using N2,vHe and Ar
és the third body. The general experimental technique (Chapter 2) was
followed. All the flow gases were purified as desc&ibed (6.3), 0(3P)
atoms were generated by microwave discharge in a trace of 02 (<0.25%)
carried in Ar (173.6 p mol sf}). The gas used as third body (flow
rate 0-275 u mol s-l) was introduced through the third body inlet
jets. The rate constants for each third body were measured at two
different flow rate qf 502 (Figures 26-31).  The rate constant obtained
from the slopes of fhis lines for M = NZ’ He and Ar are summarized in
Tables 7, 8, 9 respectively. Excepf for Ar, there is a considerable

decrease in the rate constant when excess 802 is introduced into the

ore
reaction system. The results obtained s discussed and compared with

those of other investigators in Chapter 7.
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Figs. 26-31
*
V3 Il I2
Graphs of ————=— 1n represented by Y
vV, F (s0,) *
R 2 I2 Il

against F(M) represented by X (equation 18') for the reaction:

0+ 50, + M= S0, + M | | 2.1

In the tabulated data at the head of each graph
’ . s 3 . -1
F1 is the flow rate of sulphur dioxide (cm™ min 7);

F3 the flow rate of M (cm3 min_l);

Il the intensity when sulphur dioxide was passed through jet J5;

I2 the intensity when sulphur dioxide was passed through jet J2;

T, D, FZ’ 101, I0,, VBAR an! P represent usual meaning as for

2’
figs. 5-9 (P. 74).

Fig. 26. M = N2, Flow of SOZ: 34.4 u mole s-l
Fig. 27. M = Ny, " ; 68.8 ﬁ mole s_l
Fig. 28. M = He, " E 34.4 ﬁ mole s-l
Fig. 29. M = He, " 68.8 u mole s_l
Fig. 30. M = Ar, " : 34.4 u mole s-1
Fig. 31. M=Ar, "  68.8 umole st



A2 Fig.26
A 2]
208.0 46.8
Fi  F2 F3 101 1 102 12
£0.0 250.0 0.0 100.0 81.0  100.0 6
50.0 300.0 50.0 100.0 75.8  100.0 4
50.0 350.0 100.0 102.0 71.0  100.0 3
50.0- 400.0 150.0 100.0 61.8  100.0 2
50.0 450.0 =200.0 100.0 56.4  100.0 1
£0.0 500.0 250.0 100.0 %8.6  100.0 1
50.0 550.0 300.0 100.0 40.8  100.0
50.0 600.0 350.0 100.0 35.2  100.0
50.0 650.0 400.0  100.0 29.3  100.0
VALUES OF Y=  .6343E+12  .6B10E+12
VALUES OF X== O. .3440E-04
VALUES BF VBAR=  .2589E+03  .2561E403  .2589E+403
SLOPE=  ,1519E+16
STANDARD DEVIATION=  .3445€+14
INTERCEPT=  .BI56E+12
STANDARD DEVIATION=  .5641E+10
JA0SEH1D +
.
J101E+13 +
JB69E+12 +
.
JB27E412 +
LBESEH12 +
LB4A3E412 +
.B02E+12 +
N x
JTB0EH12 +
. x
LT1BE412 +
.E76E+12 + X
L634E+12 X -
FoeassssrsPrassersoctiicoconestiorananen
0. “550E-04 11106-03

R Y T TTTTTE N PRSP PT PR PR PRRRRL JPPT TR RRRL SR PP RL 2P R P PR R R T ind

.275E-04

122

p
3.800
4.600
5.200
5.900
6.500
7.200
7.900
8.600
9.300

VGUNUNN TG

«7382E+12 .7974E+12 .8588E+12

.6880E-04 .1032E-03 .1376E-03

.B26E-04

.2567E+03 .2589E+03

. 165€-03
«138€E-03

.86890E+12

«1720€-03

.2571E403

+193E-03

.220€-03

.S587E+12

»2064€-03

.2556E+03

«2498E-03

.98QTC+12  L1053L+13

«2400€-03  .27%2¢-0)

. 2544€403 29340 +Q)

- 105€413

X

<101E+13

.963€+12

.827E+12

.BB5E+12

.843E412

.BO2E+12

.760E+12

.718E412

.676E+12

L R L R R R R R L I I S S N R TR R Y

.634E+12
275E-03

FiosesnessPisecercertirccrssactiiirnsesctiriisesiiePicinnnact



T o Fig.27 123
288.0 30.0
Fi F2 F3 I01 I1 102 I2 P
100.0 250.0 0.0 100.0 70.4 100.0 2.8 4,700
100.0 300.0 50.0 100.0 52.0 100.0 1.8 5.400
100.0 350.0 100.0 100.0 36.6 100.0 1.0 6.100
100.0 400.0 150.0 100.0 27.5 100.0 .7 6.700
100.0 450.0 200.0 100.0 20.6 100.0 .4 7.400
100.0 500.0 250.0 100.0 11.5 100.0 .2 8.100
VALUES OF Y= B5772E+12 .5891E+12 .B334E+12 .BBBBE+12 .7092E+12 .7217E+12
VALUES OF X== 0. .3440E-04 .6880E-04 . 1032E-03 .1376E-03 .1720E-03
VALUES OF VBAR= .2507E+03 .2483E+03 .2483E+03 .2512E403 .2502E+03 .2483E+03
SLOPE= .9036E+15
STANDARD DEVIATIOBN= .5308E+14
INTERCEPT= 5738E+12
STANDARD DEVIATIOGN= .5528E+10
Teasesns vePrraasanne +ervaen seceteiccassoes FecenoessstesastssesPicracecns FeoecsrnssticerccessPecasonasat
JT22E412 + * JI22E412
LT07EH+12 + X + 7076412
.693E+12 + + .6B3E12
L67BE+12 + + .678E+12
. x .
JB64E+12 + + 664412
JBA0EH2 + + .698E412
JBI5E+12 + + .635€412
. x .
216412 + + .621E412
.60BE+12 + + 606€412
. x
5826412 + + 5820412
JBTITEH12 +X + .577E412
b FeeevovsesPesensesseticsnssssstorcroscersPirsarrrnsTeconarnen *ocnescnne Fiorveasne PovesvossosPecevcoosns +
o. rrermrrerTerere .688E .103E-03 138€-03 L1726-03
172€-04 .516E-04 .B60E-04 120E-03 -03



sesesveetas

.6310€+12

.1720£-03

L2545E 403

+ 631E+12

X

616E+12

.600€+12

2056412

.560€+12

SH4AE+12

.538E+12

5230432

JS500E+12

L e T T T S S S S G

+ .492£412
+ .477E412

cesasse®

.172e-03

T o Fig.28
295.0 48.8
Fi F2 F3 101 11 102 12 p
50.0 250.0 0.0 100.0 30.4 100.0 4,1 3.900
50.0 300.0 50.0 100.0 22.6 100.0 2.5 4.600
50.0 350.0 100.0 100.0 19.0 100.0 2.0 5.200
50.0 400.0 150.0 100.0 13.0 100.0 1.1 5.830
50.0 450.0 200.0 100.0 9.0 100.0 .7 6.500
50.0 500.0 250.0 100.0 6.0 100.0 .4 7.200
VALUES OF Y= .4767E+12 .5063E+12 .5356E+12 .5728E+12 .6076E+12
VALUES OF X== 0. «34940E-04 .6880E-04 .1032E-03 .1376E-03
VALUES OF VBAR=  .25G3E+03  .2535E403  .2563E+03  .2541E403  .2563E+03
SLOPE= .9226E+15
STANDARD DEVIATIGN=  .2544E+14
INTERCEPT= .4758E+12
STANDARD DEVIATION= .2650E+10
63412 +¢-oo--...-*..--..-..+a--.---.-+.--..-...0.......-.4-........+....-.-.-4......-..#.-.......0...,.,.,_¢
J6I6E+12 +
: X
.6O0E+12 +
J5ESE+12 +
.569€+12 +
554412 +
\5IBE+12 +
. x
J523E+412 +
.508E412 +
. x
LA92E412 +
JATTEH12 +X
Feresnenssstererosasseticisaceertiiancanens $ireecsenaterorranoatiione eesePaccenoscate
0. ‘344604 -68BE-04 10303 i
.172E-04 .516€-04 .B60E-04 ,320£-03"

< 3155603
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Fig.29
T D
294.0 15.0 _
Fi F2 F3 101 I1 102 12 P
100.0 250.0 0.0 100.0 39.4 100.0 9.4 4,700
100.0 300.0 50.0 100.0 29.8 100.0 6.7 5.400
100.0 350.0 100.0 100.0 27.4 100.0 5.8 6.100
100.0 400.0 150.0 100.0 26.2 100.0 5.5 6.700
100.0 450.0 200.0 100.0 25.7 100.0 5.2 7.400
100.0 500.0 250.0 100.0 12.5 100.0 2.9 8.100
100.0 550.0 300.0 100.0 11.1 100.0 2.1 8.700
VALUES OF Y= .49B1E+12 .5105E+12 .52496E+12 .5460E+12 .5522E+12 ..55455+12 5B44E+12
VALUES OF X== 0. .3440E-04 = .6880E-04 .1032E-03 .1376E-03 . 1720E-03 .2064E-03
VALUES OF VBAR= .24973E+03 . 2460E+03 .2950E403 .2478E+03 .2468E+03 . 2460E403 .2981E403
SLOPE= .40396E+15
STANDARD DEVIATION=  .1929E+14
INTERCEPT=  .4978E+12
STANDARD DEVIATICGN= .2393E+10
errenvesedeennansesdrareasssatisescasecticacsceratiascencestessracsciticanans -.4’...--....’4’......-..4‘+ 684E412
584412 + X .
. + .576E+12
L5TBE+12 + .
. + 5676412
.S67E+12 + .
. x .
. + 5506412
.550E+12 + .
. x + .550E412
J550E+12 + .
. x .
: + BAIE412
JSAIE+I2 + .
. + .533€+12
L5I3E+12 + .
. + 5246412
5246412 + X .
: + 5156412
5156412 + .
. « . :
. + .507E412
B07EH12 + .
- + .49BE412
. 12 +X B S S R LI TS r
498E+ ‘+.. eaeans veen 'iiig”i ............ é-;;,é ...... P .12“;_03 tIeeE-03 555-03'2065-0"
e 206€-04" .B19E-04 .103€-03 .144€-03 -1
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R1AR F.g. 30

T D
298.0 48.8
Fi  F2 F3 101 I 182 12 P
50.0 250.0 0.0 100.0 76.6  100.0 7.7 3.800
50.0 300.0 50.0 100.0 68.5  100.0 5.5 4.500
50.0 350.0 100.0 - 100.0 67.2  100.0 a.8 5.200
50.0 400.0 150.0 100.0 62.0  100.0 3.3 5.900
50.0 425.0 175.0 100.0 59.5  100.0 3.0 6.200
50.0 450.0 200.0 100.0 57.8  100.0 2.7 6.500
£0.0 4.5.0 225.0 100.0 55.6  100.0 2.5 6.800
50.0 S00.0 250.0 100.0 52.8  100.0 2.0 7.200
50.0 550.0 300.0 100.0 %5.2  100.0 1.3 7.900
VALUES OF Y= .5634E+12 .5986E+12 .6472E+412  .7012E412  .7236E+12  .75146+412  .7692E+12  .7862E412  .B3T7EH12
VALUES OF X== 0. .3940E-04  .6880E-04  .1032E-03  .1204€-03 .1376€-03 .1548E-03 .1720E-03  .2064€-03
VALUES OF VBAR=  .2589E+03  .2561E+03  .2589E+403  .2567E403  .z579E+03  .2580E+03  .2599E+03  .2571E403  .2556E+03
SLOPE= . 13546416
STANDARD DEVIATIGN=  .J2625E+14 .
INTERCEPT=  .5586E+12 :
STANDARD DEVIATIGN=  .3345E410
+ atoe P N I R T
Fevereennetioneeseectesnssarsstesseernectinacrasstercacsiastones V .e%Ee12
LBIBE412 + X .
. + JBI0E+12
.B10E+12 + .
. X + .783E412
J7BIEH12 + .
. X .
. ¥ 755412
JISSEH2 + % .
: + J728E412
7286412 + . .
. . + .701E+12
J701E4+12 + *
. + .673EH2
6736412 + . .
. + .6BE412
LBAEE+12 + X .
: + .BIBE+12
JBI8E+12 + .
. x + .581E412
.5Q1E+12 + .
. + .563E+12
-563E+12 4X + T S
+....--.-.‘f.-....-..4....a-o--*o.-o..--."o-....---4‘----..--. ceesaenee . 206E-03
o. 413604 .B26E-04 . 124£-03 . 165603

. 206E-04 .618E-04 .103E-03 .144€-03 «186E-03



snar ey

T D
294.0 30.0
F1 F2 .
100.0 250.0
100.0 300.0
100.0 350.0
100.0 4€00.0
-100.0 450.0
100.0 500.0
100.0 550.0

VALUES OF Y=

VALUES OF X==

VALUES OF VBAR=

SLBPE=

F3
0.0
50.0
100.0
150.0
200.0
250.0
300.0

Fig.31

I81 It 102
100.0 48.5 100.0
100.0 37.6 100.0
100.0 31.2 100.0
100.0 20.4 100.0
100.0 16.5 100.0
100.0 13.1 100.0
100.0 9.4 100.0

RN SN ¥
NN

.5
.3
.2

.5085E+12 .5400E+12 .5504E+12 .589BE+12

0.

.2473E403 .24960E+03 .2450E403

< 7966E+15
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TABLE 7

- Summary of Results for the Reaction: 0 + SOZ + N2 = SO3 + N, at 298 + 2K

N
k2 /10t
2.1 * =1 * 4 '
6 -2 -1 (k- k)/s (v -~ v )x10 Conditions
cm mol S w w
16.62 + 0.9304 3.1997 + 0.2942 1.24 + 0.117 Flow of NZ:
18.31 + 0.7142 2.9909 + 0.2259 1.19 + 0.0899 0-208 p moles/sec
15.19 + 0.3445 5.02577 + 0.1239 2.0 + 0.049 Flow of SOZ:.

34.4 y moles/sec

Mean: 16.71 + 0.663 .. 3.7387 + 0.215 .. 1.4867 + 0.085

8.503 + 1.037 12.089 + 0.501 4.81 + 0.199 Flow of S02:
8.567 + 0.371 - ' - 68.8 1 moles/sec

9.036 + 0.5309  12.29 + 0.26 4.89 + 0.103 Flow of N2:
0-208 p moles/sec

Mean: 8.702 + 0.6463 .. 12.189 + 0.38 .. 4.85 + 0.151
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TABLE 8

Summary of Results for the Reaction: 0 + SO2 + He = 803 + He at 298 + 2K

He 14

ky.1,/10

-2 - x - *

cm6 mol ~ s 1 (kw - kw)/s 1 , vy - v )xlOl4 Conditions

9.226 + 0.2544 1.514 + 0.0585  0.6026 + 0.02328 Flow of S02:

8.02 + 0.577 34.4 y moles/sec
2.2328 + 0.1321 . 0.8886 + 0.0557 Flow of He:

6.518 + 0.7527 2.0549 + 0.1713 0.8178 + 0.068 0-208 u moles/sec

7.496 + 0.7124 1.5934 + 0.1942 0.634 + 0.07729

Mean: 7.815 + 0.574 .. 1.8487 + 0.139 .. 0.73578 + 0.0553 ..

4.644 + 0.401 9.7195 + 0.238 3.868 + 0.0947  Flow of S02:
2.96 + 0.411 : - - 68.8 y moles/sec

4.096 + 0.1929 9.0646 + 0.1144 3.607 + 0.0455  Flow of He:

0-208 y moles/sec

Mean: 3.9 + 0.3349 .. 9.392 + 0.1762 .. 3.737 + 0.0701
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TABLE 9

0o + 302 + Ar =

SO

+ Ar at 298 + 2K

kgrl /1014
.1, i .
-2 - - - % frq
cm6 mol 2 s L (kw kW)/s (v = y*)x10 Conditions
11.27 + 0.9089 8.508 + 0.2858 3.386 i.0.114 Flow of S02:

12.53 + 0.6843
11.15 + 0.4686
10.2 + 0.908

10.1 + 0.8858

13.5 + 0.2625

Mean:

8.276 + 0.5107

7.966 + 0.44

Mean: 8.121 + 0.475

10.507 + 0.217

8.618 + 0.148
8.42 + 0.2874
6.849 + 0.2415

7.664 + 0.0729

11.458 + 0.686 ... 8.428 + 0.2088 ..

6.7967 + 0.3002

4.18 + 0.086
3.43 + 0.059
3.35 + 0.114

'2.73 + 0.096

|+

3.05 + 0.029

|+

2.71 + 0.119

34.4 p moles/sec
Flow of Ar:

0-208 p moles/sec

3.3543 + 0.083

Flow of SO02:
34.4 p moles/sec
Flow of Ar:

0.208 p moles/sec
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CHAPTER 7

DISCUSSION

7.1 Discussion.

As discussed previously (Chapter 1), the results of the combination
reaction: |

0+ 02 +M— O3 + M : 1.1,
might be affected by the presence of extraneous active species from
discharge unless they are rigorously excluded. In the present work
these active species arising from the discharge, were eliminated by
rigorous purification of the‘gases and the great dilution of the oxygen
with argon befére passing through the discharge. The mean rate constants

determined at é95K for four third bodies are compared with rate

constants of those investigators who also excluded contaminants

0 ar .9 He
(Table 10). The measured values of k , K , k and k with an
1.1 1.1 1.1 1.1

.estimated absoiute accuracy of between 5 and 17% lie in the middle of
the range of extreme values éﬁd are in good agreement (5-157%) with the
values obtained by Huie.ggggéo Stuhl and Niki79 and Kaufman and Kelso7l.
The other values, such as those from stirred flow measurements72 and

74’75’77are respectively 30-100% higher and 0-50%

the pulse radiélysis
lower than those reported here. Bevan and Johnson77 have shown that the
uv absorptioﬁ ﬁands of ozone ére distorted by vibrational excitation of
ozone; this may cause errors in the latter method.

The very high value repsrted by Mulcahy and Williams72 is probably

due to the fact that it was assumed that the ozone concentration was

zero when the flow speed was adjusted for a minimum, while in fact it
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TABLE 10
Summary of Rate Constants k? 1 at 295-300K

1614 x RT l/cm6 mol-2 s~ when M is
O2 Ar 002 He Method Reference
2.31 1.57 5.56 1.17 Discharge flow This work
- 1.86 - - " ' 68
3.18 2.85 9.7 2.3 Pyrolysis/stirred flow 72
2.35 1.45  5.45 1.45 Pyrolysis/flow ' 71
- 1.34 - 1.2 Flash photolysis/ 80

_resonance fluorescence

- 1.6 - - " 78

- 1.81 - 1.67 Flash pﬁotolysis/absorption 1.34

2.32 - - - Flash photolysis/ 79
chemiluminescence

- 1.0 4.2 0.7 Pulse radiolysis ' 74

1.5 - 3.7 - " 75

2.0 1.0 4.8 - " 77
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was at a steady state value determined by the initial ozone
concentration.

Stuhl and Niki79, using the photodissociation-CO chemiluminescence
technique, neglected the ozone reaction with atomic oxygen entirely and
.obtained a value of ki%l of 2.32 x }014 cm6 mol-.2 s-l. The neglect is
justified on the ground that at least half the gas'in the reaction
vessel is CO.

Benson and Axworthy69 reconsidered their previously published

results45 on the thermal decomposition of ozone, and gave a value for
3 447.9 6 -2 -1

1
kl.l of 2,97 x 107 exp T cm mol ©~ s = at 300K kl.l =
14 6 -2 -1 . L e .
1.3 x 107 cm mol " s . In experiments similar to those of Benson
81 03 15
and Axworthy, Zaslowski et al. reported a value of kl 9 = 7.8 x 10
-12,229.49 3 _.,-1 -1
exp —— L cm mol s .
0
To determine k122’ for 02 as third body, the efficiency ratio
0, - : .
klzz/kOB is required, according to Benson and Axworthy this has a
' 1.2 I
03 3

at 300K of 9.034 x 10 > cm
' 128

value of 0.44, a value which leads to k

mol-l s_l. The rate constant of reaction 1.l can now be calculated

1.2

, k1.1 (cmb mo1-2 s—1) B .15
from the equilibrium constant K = } 3 -1 -1. - 19.75 x 10
1.2 (cm” mol s )
cm3 mol—l which gives a value of 1.78 x 1014 cm6 mol—2 s“l for kl 1
Furthermore, a shock tube study of the thermal decomposition of ozone82
’ N
in nitrogen gave a value of k122 = 5.78 x lO16 exp :géﬁégglil cm3 mol-l s 1

when the data of Benson and Axworthy are included. The relative
0
efficiency of 02 compared to NZ is 1.07 which leads to klg2 = 9.034 x 10

cm3 mol_l s-l at 300K. When k is multiplied by K the equilibrium

1.2
-2 -
constant, the result is 1.74 x 1014 cm6 mol S l.

3
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It is thus apparent that the results of studies of the thermal

decémposition of ozone leads to values of k

1.1
14 cm6 mol'-2 s-l. All these values were obtained

which are low: 1.3,
1.78 and 1.74 x 10
from the inverse reaction raﬁe constands and the equilibrium constant K.
The standard heat of formation of ozone AH? at 0 K is known to an
accuracy of + 0.4 k cal. molfl; this results in an uncertainty of a
factor of 2 in the value of the equilibrium constant69. Thus the .
results reported here are also in agreement with those obtained from
measurement of the thermal decomposition of ozone, within the
experimental 1imits of accuracy.

The value of kﬁfl

equation 18 asduming negligible surface reaction and is in agreement

(Table 2) was evaluated from the intercept of

with Ball’s85 dﬁrectly measured data within + 15%. The temperature

Ar
1.1

(including stu&ies on the thermal decomposition of ozoneSl, in Figs 32

dependence of K is compared with the values reported by other workers

and 33.) The résults of the present work are in agreement wiFh those
obtained from Qtatic measurements by Huie, Herron and Davis (HHD). The
results from egrlier flow studies of Clyne, McKenney and Thrush68 (CMT)
and Mulcahy and'Williams72 (MW) diverge to a significant extent from the
present results. The specific reasons for the discrepancies between the
Qarious results is difficult to explain on the basis of wall recombination
siﬁce this has a positive tehperature dependence. The agreement of the
present results with those from the static measurements, where the
reaction time is much shorter than the time for diffusion to the walls,

is a clear evidence that wall reactions are not a serious problem in

measurements .involving flow techniques.
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The temperature dependence for the reaction where M = O2 is shown in
O . -
the form of plots of log klzl against 1/T and against log T (Figs. 34

and 35). Neither of these graphs is linear ovér the range of temperatures
studied, it is possible to draw a smooth curve through ;he points. The
temperature coefficient measured here for the first time 1s significantly
dependent :on the temperatﬁre of measurement. Previous estimates of
stratospheric ozone generated by reaction_l.l are based on the temperature

coefficients for M = Ar or N2. Present results show that efficiency of

02:Ar is different at lower temperatures'(typical atmospherié temperature
300 and 220K) from that at room temperature. The fesults suggest that
estimates of stratospheric ozone generated by reaction 1.1 could be in
error if one considers the temperature coefficient of Ar and the room
temperature efficiency of O2 with respect to Ar as a baéis of estimation

for 0, as third body.

2
In Figs. 36 and 37, the temperature dependence of k?el is shown in

the normal Arrhenius form and as the graph of log k?el

respectively, again it is apparent that log k?el is not a linear function
Cco :
: 1.1
196-500K is shown in Fig. 38 in the Arrhenius form and in Fig. 39 as

. €O
log kl.l

and Williams72 for M = C02. These authors used the 0 + NO

chemiluminescence to follow the atom concentration, but used thermal

against log T form

of 1/T. The corresponding data for k over the temperature range

against log T. Also plotted in Fig. 39 is the data of Mulcahy

decomposition of ozone as an atom source and carried out the study in a
: co

bulb reactor. Their result for k1 1 is a factor of 1.8 higher than the

present results at 295K and a factor of 2.23 higher at 220K. The results

of Mulcahy and Williams depend on the assumption of perfect mixing in
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3
FIGURE34: PLOT OF Log l% AGAINST (1/T) X 10
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O
FIGURE 35:PLOT OF Llog k1f AGAINST LogT
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FIG 37: PLOT OF Logk "AGAINST LogT
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co, 3
FIGURE 38: PLOT OF Log k “ AGAINST(1/T) X 10
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FIGURE 39 : PLOT OF Logk ? AGAINST LogT
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their bulb, which if in error could possibly explain why their results
8
for Ar were also higher than those of Clyne_gg_gk.ﬁ
The Arrhenius activation energies and temperature coefficients for

[, 1o

02, Ar, CO2 and He is presented in Table 1l.

TABLE 11. Temperature Dependence of k? 1 from 196-500K.

Mo M T \-n
kg = A exp (FE/pg) ga1= B(z95>
A B
13 6 -2 -1 “Elx % 6 -2 -1

M (100  em mol “ s ) (107" cm mol © s ) n
Ar 3.21 + 0.519 465.88 + 42.17 1.57 + 0.2 1.53 + 0.16
0, 4,76 + 1.22 535.48 + 82.84 2.31 + 0.41 2,025 + 0.31
C02 10.00 + 0.21 . 502.05 + 6.089 '5.559 + 0.416 1.65 + 0.16
He 3.056 + 0.54 359.03 + 56.16 1.177 + 0.11  1.26 + 0.24

It is interesting to compare the Arrhenius plots for M = 02

(Fig. 34), He (Fig. 36), CO2 (Fig. 38) and for Ar (Fig. 32). It appears

that for most efficient third body CO2

truly linear and for less efficient third body He a curvature is more

the graph of log K against i/T is

prominent especially at higher temperatures. Curvature in such plots may
suégest that two or more competitive reactions with different energies of
activation are occurring in the system.

For all third bodies, a negative temperature coefficient i§
oBserved; tpis means that the reaction has a rate constant which decreases
with increasing temperature. The termolecular combination process is
usually considered in terms of an energy-transfer mechanism where the

atom A combines with a diatomic molecule B to form an
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energy rich complex, AB*. This complex can either dissociate back to

reactants or be stabilized by collision with a third body M:

k combination

A+ B a N AB* dissociation
—

5

k
AB* + M ——3 AB + M stabilization
, o%
Applying the steady state approximation to AB* the rate of loss A
is given by \
dt kb + kc M)

Under low pressure conditions i.e. kb >> kc [M], the kinetics are

termolecular with

. = ka kc =K * k
experimental kb

where K is the equilibrium constant of the combination/dissociation process.

Cc

The rate decreases as the temperature is raised because the amount
of excess kinetic energy which must be removed iqcréases, reducing the
efficiency of the deactivating collisions. Complex molecules prove
to be more efficient third bodies than simple molecules since they can
soak up excess energy in their internal degrees of éreedom.

( An alternétive bound complex mechanism for atom recombination is

that atom A first combines with the third body M to form a complex AM*,
A+ M—7> AM*
—

AM* + M ——> AM + M or AM* + B ——> AB + M
p—

AM + B ——> AB + M
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Davidsonl6, and Porter25 adopted this mechanism to interprét iodine
atom recombinations, this is justified by the large observed rate constants
and negative temperature coefficients for such third bodies as methyl and
ethyl iodides, benzene, mesitylene and iodine. |

In the present investigation,' the témperature dependence for different
third bodies does not differ markedly from one to another; this suggests

that energy transfer mechanism is dominant, since substantially different

[

temperature dependences for the different third bodies would be expected

for the alternative bound complex mechanism to be important. There is no

evidence that O(3P) reacts with CO2

to form a CO, complex and the

3
experimental data presented here argues strongly against the importance

of such a compléx in the reaction sequence leading to the formation of

from the reaction of O(lD) with
131, 133

ozone. However, the formation of CO

3

CO2 has been postulated in several studies

disagreement as to the lifetime of the complex. There is also doubt as

although there is

to whether the atomic O(lD) is deactivated to O(3P) when and if the
complex dissociates.

Pulse radiolysis experiments?6 have shown .. transient absorpﬁion
which is attributed to vibrationally excited ozone. Riley and Cah11136
confirmed the absorﬁtion spectrum and suggested that some "transiént
species'", which is not vibrationally excited ozone, may be responsible
for the time dependence of the UV absorption which they observed.
Subsequently, in similar studies, Bevan and Johnson77 observed the
kinetics of ozone following pulse radiolysis‘of oxygen. They observed

two transient species in their measurements of spectral band shape;

these were attributed to two species labelled as Og and Og which are
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probably vibrationally excited ozone molecules. Recently, Swanson and

129 . .
Celotta have detected triplet ozone using electron energy loss spectra.
This stable state might represent an important channel for recombination
since both the triplet and singlet states of ozone correlate with the

ground state of the reactants.

O(3P) + 02 (32;) +M —> 03 (triplet or singiet) + M
The present results with He as the‘third body also imply that some
transient species might reach a stéady state in the system. Probable
channels for .the recombination ﬁight océdr by either or both of the

following mechanisms:

Mechanism 1, via singlet state ozone:

0+0,+M=X oé + M ,’ “1.1a

20, 1.3b

1
0+ 03

where X = fraction of total ozone formed (both triplet and singlet)

Mechanism 2, via triplet state 03:

0+ 0, + M= (1-X) og + M » 1.1b
0+ 03 = 20 - ‘ ’ 1.3b
3 "2
3 Al
M40y =03+M 1.5

The treatment of wexrmedeemisr reactions based on the theory of Rice
) 129 130 .
and Rampsperger and Kassel (RRK) relates the negative temperature
coefficient to the average energy of the collisional complex formed by

the two reactive species. The temperature dependence of the rate of

. . 13
reaction in the present work is in accord with this theory and Stater's
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theories of unimolecular decomposition for the reverse reaction.
According to the RRK theory, a molecule is regarded as a collection of
oscillators which are essentially harmonic but sufficiently coupled to
aliow flow of energy among them. Dissociation occurs when a critical
eneréy accumulates in a particular oscillator. The Slater theory
consideres the contributions of uncoupled normal vibrational modes of the
molecule to the extension 6f a specified distance e.g. the distance
between two bonded atoms. Dissociation occurs when the extension reaches
a critical value.r | |

The surface rate constants and surface recombination efficiency
determined in this investigation are listed in Tables 2, 3, and 4. Two
different systems were usedrin these laboratories for determining the
surface rate constant. Bali85 used system A which is essentially an
apparatus in thch 0 atom decay can be followed by sliding ﬁhe detector
(photomultipliér) to different positions along the reaction tube.
.SYStem B, whic% has a fixed detector, was used in this work.
Measurements of surface rate constant by system A is possible only ‘at
room temperatu%e since the feaction system should be immersed in a
thermostat to échieve different temperatures. However the value of k:
obtained from éhe.direct measurements (i.e. system A) is the true value
whereas values obtained from system B are apparent. The room temperature
correspondencé between kz determined by Ball in system A and that
determined in this work in system B provided a check on the latter
method. k; was calculated from the intercept.of equation 20 and a typical
plot is shown in Fig. 10. It is interesting to note that although the
points lie on a reasonable straight line, the apparent values of k: obtained

at different temperatures show a negative temperature coefficient which
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. 72
is contrary to the literature value . At lower temperatures the surface
recombination efficiency of the phosphoric acid coated pyrex approaches

a value similar to that for clean pyrex (y=x8 x 10_5). This indicates

that the poisoned surface is acting like a clean pyrex surfa;e.' The
increased recombination éfficiency might be due té adsorption of some
oxygen on the surface; this probably escapes from the surface at higher
temperatures. This could account for the discrepancy between the results
of temperature dependence observed here and those of other workers. The
measured sufface recombination coefficient at 298K, however, is in
agreement (within the limits of experimental error) with that of Mhlcahy

5).

and Williams72 for a Teflon-coated pyrex surface (ya= 0.7 to 3 x 10

These workers also obser;ed that fhe measurement of kw becomes
increasing}y inaccurate at lower temperatures. The value of ¥ for
phosphorié acid coated surface (0.71 + 0.59 x 10_5) can be compared
"with the corresponding value quoted by Kretschmer135 (ye= 0.3 x 10_5
for 02 - Ar increasing to 5 x 10_5 in pure oxygen).

Furthermbre, the surface recombination efficiency appeared.to
decrease with the nature of the ambient gas in the order Ar, He > CO2
(Tables 2, 3, and 4). This suggests that strong physical adsorption may
reduce the catalytic efficiency and could explain the large range 6f
values for v* repogted in the literature, similar to the range observed
in this work.

Although surface ;eéombination efficiency varied by an order of
magnitude at different temperatures and with different ambient gases,
wall recombination caused no significant errors in kl.l

third body efficiencies and temperature coefficients of argon are in

because relative
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close agreement with those obtained by static method where wall effects
are absent.
The mechanism of wall recombination has been discussed by Linnett

ot al.114_117

Oxygen atoms from the gas phase combine with loosely
bound oxygen atoms on the surface, the active site thus produced is
replaced at once by other oxygen atoms. It is supposed that the
reactivity resides in a few oxygen atoms which are looéely bound or
under some state of strain. Some or all of these looseiy bound 0 atoms
may be atoms that have adsorbed frpm the gas phase. The catalytic
activity éf the surface may be described by:

.Surface = 0 + 0 ——» Surface - + O2

Surface - + 0 Eéigé Surface - 0

where surféce - 0 represents loosely bouﬁd 0 atoms. Such sequence will
exblain why the recombination is first order on a pyrex surface.

The data on the mole-fraction of NO, calculated from equation 20
for system B, needs some comment. One typical plot of the data

according to this equation (Fig. 10) shows a linear‘relationships. The

slope of the line provides the value of 2 F (NO) kﬁ;. The recent'value
of ki; of Michael, Payne and Whytock126 was used as a basis for the

calculation of the mole-fraction of NO. The constancy of the mole-fraction

in Tables 2 and 3 at different temperatures supports the temperature
coefficient (n = 1.86) of Whytock 55_513126 for reaction 12.

The results of this work provided information on the homogeneoﬁs and
wall reactions. It also gives indirectly some insight into reaction 12;
but direct information is possible if [NO] can be determined. Wall effects

do not constitute a serious drawback to the flow technique. Agreement
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with the best static method can be expected over a wide temperature
range and under very different conditions of pressure and time. This is
significant for atomic reactions of higher kinetic order which are

mainly studied by flow methods.

The experimental results of the kinetics study of the reaction:

0+ SO2 +M —> SO3 + M 2.1
emphasize the importance of -the complete exclusion of water from the
system. This is in agreement with the oBservation and conclusions of
previous workefsgg. Unless all the glassware and reagents are dry, an
oily layer, presumed to be HZSOA’ is formed on walls:of the reactor vessel,
this has a pronounced catalytic effect on the reaction. This and the.
unsteady decay signal observed at high concentrations of 0 atoms might
be partially responsible for the wide discrepancies and the large
range of values of the rate constants reported in the literature-. Thesé
difficulties were fully considered in the present investigatién and it
was found that-reliable measurements of the decay signal could only be
obtained at low concentration oxygen atoms. The rate constant of

reaction 2.1 for M = SO, was measured under pseudo-first order

2
conditions. The Qalue of the rate constant at 298K is not in agreement
with values reported previoﬁsly with the excéption of values reported
by Westenberg and deHaasgS.

Mulcahy et al.92 recognized that SO3 produced by the reaction 2.1

eventually reached stationary concentration which is in equilibrium with

a surface concentration [SO3 Jw. They also noted the possible complication
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of an 0 + SO, step if it were fast enough. Since it has been

3
reported89 recently that the reaction of 0 with SO3 is actually a
termolecular process with a very high rate constant, SO3 produced in
reaction 2.1 might reach a sfeady state concentration. Westenberg

and deHaas have recently demonstrated that SO, reached a steady state

3
concentration in their experiments and also in soﬁe earlier investi-
gations. They took account of the consecutive fast reaction.

0 +'80, + M —> 50, +0, +M 2.2
and divided tﬁéir measured rate constant by 2 to get the true value.. The

situation is a slightly different, however, in the present investigation.

uncomplicated by a::

An attempt was made to obtain the rate constant k2 1

secondary #tep. Two sets of measurement at 298K were made for M = He,

N2 and Ar, one at a high [O]/[SOZ] and the other one at a low [O]/[SOZ].
ratio. Although the first set of measurements gave a value, identical

to the value measured originally by Westenberg and deHaas, the second

set of measurements are in good agreement with their reported value.

It is reasonable to suppose that at low concentrations of 0 atoms

and high goncehtration of SOZ’ the secondary reaction is pnimportant; the
rate constants (Table 12) were measured under these conditions. The
éxperimental conditions used by earlier investigatorsgo’ 92, 95
suggest that the secondary step should be effective in their.
investigation and their results have been divided by two to make them
comparagie with the present results. The results obtained by Davis96
using a flash photolysis resonance fluorescence technique and by

Atkinson and Pitts97 using a modulated Hg~- photosensitize technique

are given without correction in Table 12 since in their techniques,
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with short reaction times (10_3 ms), and large [SOZ]/[O] ratios
secondary reactions should be negligible.

The results are compared with those of other workers in Table 12..

SO
The rate constant k2 1 is in good agreement with the results of both.
92 98 . 95
Mulcahy et al. and Westenberg and deHaas” . Both Timmons et al.

S0

2.1 which in view of our present

and Davis96 report very high values for k
experience are quite unreasonable. The flash photolysis results of

. M _ ’
Davis for k2.l when M = He, N2

by a factor of about 2.5. The possible reasons for such discrepancies

and Ar are lower than the present value
are not immediately apparent since no details of these experimenté are
given96. However, the third~body efficiencies relative to M = He for
He/Ar/N2 (1:2.02:2.25) are closely comparable with the work of Davis
(1:1.92:2.23). The values of k?.l obtained for He, N2 and SO2 are in
good agreement with those of Westenﬁerg and deHaas. The values of the
rate constants reported by Mulcahy et al, using a very different
technique, for M = Ar and SO2 are in reasonable agreement with the
values obtained in the present work and both agree that the efficiency
of.SO2 as a third body relative to that of an inert gas is not
extraordinarily large. The rate constant for M = He and Ar reported
by Timmons et al. using the discharge flow E.S.R. technique is good
agreement with the present value. Atkinson and Pitts did not use any
inert gas as a prédominant third body and it is therefore difficult

to compare these results with the present results or with the results
of other workers.

The recombination of O atoms on a pyrex glass surface is measured

as the fraction of the collisions of oxygen atoms with the surface
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TABLE 12

Tabulated Values of kbzlI 1 for the Reaction: 0 + 502 + M —> SO3 + M

~14 M

107" x k at
Third Body 2.1
Reference Method M 298 + 2 K/(:m6 mol-2 s.l
This work » Diséharge He 3l.9 + .335
Flow chemi- Ar 8.12 + 0.475
luminescence SO2 _ 30.5 + 1.86
technique . N2 8.7 + 0.65
Halstead & . " Ar 24 + 4
Thrush90 '
Timmons Linear He 4
ggg_l_.gs discharge - Ar 5
flow, ESR SO2 ' 205
Mulcahy Homogeneous
et il_.gz discharge Ar 5.5 + 1.5
flow ESR-NO SO2 33
glow
Westenberg & Linear
deHaas,98 discharge He 3.0 + 0.2
flow ESR N2 7.2 + 0.3
SO2 29 + 8
. 96
Davis Flash photo- He 1.3
lysis resonance Ar 2.5
h Fluorescence N, 2.9
802 174
Atkinsons Modulated Hg- N20 . 11.5 + 1.5
& Pit:ts97 photosensitized SO2 <60

N, 0-NO glow
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which are effective in leading to recombination. (Y‘$) values measured
for this reaction are gfeater by an order of magnitude than the values
reported for reaction 1.1. This is not surprising since pyrex in the
reaction system was not poisoned by phosphoric acid, it is possible
thatthé SO3 - contaminated surface might increase recombination

efficiency. This is supported by the fact that at higher temperatures

there appeared to be formation of SO, on the walls. The view of

3
Mulcahy et al. regarding surface reactions is that the wall reaction is
strongly influenced by the rate of reaction.2.l in the gaseous phase.

" Such a possibility can not be ruled out in the light of the presenL
results. The values of (Y"?) at 298K (Tables 6, 7, and 8) are comparable
with the value of Y=1.2 x 10—4 for clean pyrexlog. As the
temperature is increased from 240K (Table 6), the valug of (y—?)
decreased initiall& and then increased at higher temperatures. It is
not immediateiy apparent whetﬁer it has positive or negative activation
enefgy. The value of y* (Table 6) was measured in presence of argon and

in absence of SO its value is considerably less than that of (y-y¥*)

29

which again suggest that a S0, - contaminated surface might increase

3.
surface recombination efficiency. The value obtained for y* at
298K is comparable, within the limits of experimental error, with that
'for reaction 1.1. In the teﬁperature range 298-500K, there is a slight
increase in the value of vY*, this is in coﬁtrast to that observed for
phosphoric acid-coated surfaces for reaction 1.1.

The rate constant data at different ﬁemperatures are plotted in
the Arrhenius form (Fig. 24), from this plot the rate constant was
found to satisfy the equatioﬁ

SO

k, 2 = (5.31 + 0.357) x 1010 exp (839456 + 0.206)
T

2.1
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The error limits{representrthe probable errors from a least
square analysis. The temperatufe dependence of reaction 2.1 has also
been investigated by ofher workers and it is generally agreed that the
reaction has a positive activation energy. A comparison of the
Arrhenius activation energy obtained in this work with value of other
workers is given in Table 13. The activation energy for M = 802
measured here for.the first time is comparable with value given by

Atkinson and Pitts for M = N20.

TABLE 13. Activation Energies for Reaction

0+ 502 + M —> 803 + M 2.1
Reference Temperature range/K M E/kJ mol-l
This work 240-500 - 802 6.98 + 1.72
Atkinson & Pitts®’ 299-392 N0 8.37 + 1.67
Davis96 220-353 N2 9.21
T immons 92_22395 205-298 He 14.235
Westenberg & deHaas® - 248-415 He 11.72 + 0.42

’ The explanation for the observed positive temperature dependence
is that third order reactions proceed via a two step mechanism. The

first step involves the formation of the spin-allowed triplet SO3 molecule.

The second step, the intersystem crossing of SO, triplet, then gives

3

rise to the observed positive temperature dependence. Webster and

W’alsh137 and Mulcahy gg_gl,gl first discussed the lack of spin
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conservation and the possible formation of triplet SO3 in the
reaction 2.1.

The mechanism of the reaction was discussed in some detail by
Westenberg and deHaas98 and a similar unsophisticated collision theory
argument is given here to discuss reaction 2.1 in contrast to reaction

w

1.1. The mechanism of the reaction may be written in the form

. A K
0p) + SOz(lA) —2 s so3*(3A)
| ky

* 3 kc 1
SO, (CA) + M — 80.(TA) + M
3 — 3
d

The overall third order reaction may be written in the form
E] = k
k2.1 (ka/kb) kc Kﬁ c 22
Where Kﬁ is the equibrium constant for the formation of the
excited state from the initial reactants. The equilibrium constant

for the overall reaction may be written in a manner similar to that

outlined by Porter'23.

K = [sos]/[O] [soﬁa] = KaKc = Kakc/kd ‘ 23

or Kk, =K k ) : " 24
d ac

Comparing 22 and 24, the rate constant may be written as

ky 1 = kg K. 25

From statistical thermodynamics, the temperature dependent part of the
overall K is given (neglecting vibrational contributions) by:

KaT exp (-AE/RT) ) " 26
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where AE = -82 k cal/mol is the exothermicity of the overall ground
state reaction 2.1. The collision theory form139 kd is:
% m
kyoT (E*¥/RT)" (1/m!) exp (-E*/RT) 27

Where E* is the minimum energy (positive) for the excitation process
%
SO3(1A)-———} 803 (BA), and m is an empirical parameter related
: ' *
(vaguely) to the number of classical vibrations active in SO3.

Substituting K and k from equations 26 and 27 respectively in 25

d

gives

k2.1 e T—l(E*/RT)m (1/111!) exp[—(E* + AE)/RT] ) | . ’g

In the normal third-order reaction not requiring electronic

excitation in the collision complex, one would have the situation that

* : .
E ~ AE , so that exponential factor in equation 28 drops out (AE being

-(1 + m

negative) and then k o T which is the type of inverse

temperature dependence normally observed. In the present case, however,

it is not unreasonable to suppose. that the excitation to the'triplet

*

*
SO3 would require sufficient energy that E > AE , i.e. enough so that

the normal inverse T dependence would be overcome and a net effective
positive temperature-dependence would exist.

The reaction between SO, and oxygen atoms has received considerable

2

attention on account of its possible importance in the conversion of 802

to sulphuric acid aerosol in the well-known junge aerosol belt (16-22 km).
In the light of the present results, the importance of this reaction to
the aerosol conversion mechanism is negligible, since at typical

. . 3 .
atmospheric temperature where the ratio of k > 107, the main

2'2/k2.1
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effect of the presence of SO, on 0 in the atmosphere would be to

2

catalyze its recombination with little or no net 803 formation.
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