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ABSTRACT: Atmospheric pressure rate coefficients for the loss of H02• CH 30 2• and C2H50 2

radicals to the wall of a ±" Teflon tube have been measured. In dry air, they are 2.8 ± 0.2 S-I

for H02 and 0.8 ± O. I S-1 for both CH30 2 and C2H50 2 radicals. The rate coefficient for H02 loss
increases markedly with the relative humidity of the air; however, the organic radicals show
no such dependence. These data are used in a kinetic model of the radical amplifier chemistry
to investigate the reported sensitivity to water concentration. The increased wall loss accounts
for only some of the observed water dependence. suggesting there is an unreported water
contribution to the gas phase chemistry. Including the reaction of the HO/water adduct with
NO to yield HN03 or HOONO into the mechanism is shown to provide a better simulation of
the observed water dependence of the radical detector. This reaction would also be important
in atmospheric chemistry as it provides an additional loss mechanism for both radicals and
NOx. © 1999 lohn Wiley & Sons. (ne. Int I Chem Kinet 31: 145-152. 1999

INTRODUCTION

The radical amplifier is a kinetics-based instrument
used for the measurement of the total concentration of
radicals in a gas phase sample [1,2]. It has found use
in a number ofatmospheric chemistry field studies [3-

7] and, because of this widespread use, a number of
such instruments have recently been compared against
each other and an independent method [8].

The principle behind the technique is that a chain
reaction can be set up by doping the sample with NO
and CO. Odd hydrogen radicals (HOx = HO and HOz)
enter into a chain reaction
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HOz + NO -NOz + HO

HO + CO - H + COz

(I)

(2)



H + O2 + M~ H02 + M (3)

Furthermore, organic radicals (ROx = RO + ROz,
where R is an organic group) are largely converted to
HOx radicals through the reactions

R02 + NO ~ RO + N02 (4)

RO + O2~ Carbonyl compound + H02 (5)

Thus, ROx radicals, after this conversion, can cycle
through reactions (1)-(3). Chain termination occurs
when radicals are lost, either through gas phase ter­
mination reactions such as

40% relative humidity, a 50% decrease in chain
length, compared to dry air, is reported. Current mod­
els are unable to explain this observation. The decrease
in chain length could be due to a decrease in the rate
of the chain propagation reactions or an increase in the
rate of termination reactions. The dominant termina­
tion reaction in most radical amplifiers is radical loss
to the walls of the reactor. In this paper we present a
study where the rate of radical loss to the walls of the
reactor is measured as a function of water vapor con­
centration. These data are then used in a kinetic model
of the radical amplifier chemistry to try to rationalize
the reported behavior and to look for any additional
water dependence.

HO + NO + M ~ HONO + M (6)
EXPERIMENTAL

or to the walls of the reactor such as

H02 + wall~ radical loss (7)

This basic chemistry represents a simple straight
chain mechanism characterised by the chain length
(CL), the number of times the radical passes through
the cycle before being lost. The value of this system
as a radical detector comes from the fact that one N02
molecule is produced for each time through the cycle,
thus converting the small number of radicals into a
larger number ofNOzmolecules that can be measured.
The radical concentration is then inferred from a mea­
surement of the N02 produced by the chain, 8[N02],
and the chain length.

The experimental system is shown in Figure 1. Mixing
ratios of 10 to ISO pptv ofH02radicals were generated
from the photolysis ofwater in air at atmospheric pres­
sure and quantified using the ozone produced as an
actinometer [9]. The photolysis yields H atoms, which
react rapidly with oxygen to give H02 and an equal
number of HO radicals. For H02 experiments, 100­
200 ppmv ofCO was added to the air stream to convert
the HO to H02 through reactions (2) and (3). For ex­
periments where organic radicals were required, the
CO was replaced with the appropriate alkane. For ex­
ample, methyl peroxy radicals were formed from the
HO radicals and methane via

CH4 + HO~ CH3 + H20 (8)

CH3 + O2 + M ~ CH30 2 + M (9)

The chain length is determined by the addition of
a known concentration of radicals at the inlet of the
instrument [9]. Other N02sources that could be inter­
ferences are negated by regularly removing CO from
the reactor. In the absence of CO the chain reaction
cannot occur and the interferences can be determined
[2].

A full description of the chemistry of the radical
amplifier consists of a mechanism of some 40 reac­
tions which cover the dominant reactions over a wide
range ofexperimental conditions and atmospheric spe­
cies [2]. Models of this system have been successful
in explaining the chemistry and the performance ofthe
technique.

Recent experimental work on the radical amplifier
has shown that the chain length decreases with increas­
ing water vapor concentration in the reactor [10]. At

[ROJ = 8[N02]/CL (I) During the course of this work it was found that the
rate ofwall loss for the H02radicals was at least dou­
ble that for the organic radicals. This provided a
method to produce a cleaner source oforganic radicals
(R02). The H02 radical concentration was found to
drop below the detection limit after passing through 2
m of Teflon tubing. Thus, for the organic peroxy rad­
ical studies the mixture of H02 and R02radicals pro­
duced by the source were passed down this tubing and
the radicals remaining, although at reduced concentra­
tion, were assumed to be organic peroxy radicals.

This source produced radicals in essentially dry air,
therefore an additional flow of wet zero air was re­
quired to produce air of the desired humidity for the
experiments. A flow of up to 1.04 I min- 1 of air was
saturated with water vapor, in a temperature stabilized
bubbler, and sampled together with the dry air con­
taining the radicals. Varying the flow of the saturated
air produced from 0 to 70% relative humidity at 21 QC
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Figure 1 Experimental apparatus used in this study. MFC; mass flow controller; LMA-3;
N02 detector.

in the tubing under test (Figure 1). Calculated water
vapor concentrations, based on the saturated water va­
por pressure and the air flows, agreed with dew points
measured using an EG&G Model 911 dew point hy­
grometer.

Radical concentrations were measured using a rad­
ical amplifier as described in Arias and Hastie [4] as
shown on the left side of Figure 1. Air entering the
reactor, a 1.5 m section of *" OD PFA Teflon tubing,
was mixed with NO and CO to give mixing ratios of
2 ppmv and 4%, respectively. The flow of 1.61 min- t

gave a residence time of 1.0 s, much longer than re­
quired for the chain reaction to be completed. All
flows were regulated by mass flow controllers (MFC)
and the Luminol based N02 detector (Scintrex LMA­
3) was operated in the linear regime by addition of
approximately 10 ppbv of N02 from a thermostated
permeation device. All experiments were performed
with radical concentrations where the N02 production
is linear [2].

To ensure that the parameters determined in this
experiment could be used in the analysis of the radical
detector, the wall loss rate coefficient was determined
for the same 1/4" OD PFA Teflon tubing as used for
the reactor. Reaction time was varied by changing the
length of tubing and was determined from the length
and the air flow, assuming plug flow. This allowed the
radical loss to be measured for up to 0.4 seconds. Since
varying the water concentration involved changes to

the air flows at the entrance to the tubing, a series of
dry air tests were made to ensure that the concentration
of radicals could be predicted from the dilution of the
radical source by the additional air flow. At the radical
concentrations and times used, the gas phase self re­
action of H02 does not need to be considered, as it
consumes less than 2% of the H02•

A typical wet or dry experiment was performed by
measuring the N02 produced by the radical amplifier
for a minimum length of tubing, 15[N02]o, and for a
range of other lengths, 15[N02]. Since the kinetics is
first order (see later), the ratio of the N02 concentra­
tions produced represents the ratio of the radical con­
centrations and is independent of the absolute concen­
tration of the radicals and the sensitivity of the N02

detector. Thus there was no need to apply a correction
for the variation in radical amplifier sensitivity with
water vapor concentration [10].

The impact of water on the chain length of the rad­
ical amplifier was also determined, for comparison
with the model. In this case the tubing section was
removed so the water was added directly into the re­
actor of the radical amplifier. The ratio of the N02

produced in the absence and presence of water for ex­
actly the same air flows is the ratio ofthe chain lengths
and is independent of the absolute concentration ofthe
radicals and the sensitivity of the N02 detector, pro­
vided the experiments were performed in the linear
region of the detector.
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Figure 2 First order kinetic plot for the loss of radicals to the wall of the Teflon tube.

G-K equation unless the reaction probability is much
less than unity. For the apparatus and conditions used
in these experiments, the G-K equation gives a kwan of
20 S-I, much higher than any of the measured values.
This shows that the rate of radical loss is not governed
by diffusive transport to the walls, but rather by the
low reaction probability 'Y, for reactions on the walls
of the tubing. Under these conditions, 'Y can be deter­
mined from kwan using [12]

where R is the tube radius (0.24 cm) and c is the av­
erage speed of the gas molecules. This yields reaction
probabilities of 3.1 X 10-5, 1.1 X 10-5, and 1.2 X

10-5 for HOz, CH30z, and CZH50 Z radicals respec­
tively. Previously determined wall loss rates have
yielded values of 'Y = 3 X 10-4 for HOz on glass
[13,14]. The smaller value on Teflon is likely related
to the lower polarity of this surface.

The variation in kwan with relative humidity for the
three radicals is shown in Figure 3. For the HOz rad­
ical, the rate coefficient increases by more than a factor
of two for an increase in relative humidity from zero
to 50%. In contrast, the organic radicals show almost
no sensitivity to the presence of water vapor, at
least up to 70% relative humidity. This water de-

RESULTS

Rate Coefficient for Radical Loss

The loss of radicals in the Teflon tube was found to
have a significantly better fit to first order than to sec­
ond order kinetics. The data for radical loss in dry air
is shown in Figure 2, where In(8[NOz]/8[NOz]o) is
plotted against time for three radicals: H01; CHP1;
and C1H50 1• These data represent all data points ob­
tained from six experiments for HOz radicals, and
three experiments each for CHPz and CZH50 Z radi­
cals. The rate coefficient kwan obtained from the slope
of the HOz loss is 2.8 ± 0.2 s-', and for both CH30 Z

and CZH50 Z it is 0.8 ± 0.1 s~ '. The value for the HOz
radical loss is consistent with the value of 2.5 S-l that
has been found to be necessary to successfully model
the chain lengths obtained in at least two detectors
[2,11]. The factor of three difference in wall loss rates
probably reflects the lower polarity of the ROz radi­
cals.

We can calculate an upper limit for kwan in this sys­
tem using the Gormley-Kennedy (G-K) equation [12].
This equation calculates the rate of diffusive transport
of radicals to the walls of the reactor. Once a radical
diffuses to the wall, it will undergo many collisions
with the wall in the time before diffusion carries it
away again. As a result, a wall loss rate will not devi­
ate significantly from that calculated from the

2Rkwal/

'Y=~ (II)
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Figure 3 Variation of the rate coefficient for loss ofradicals to the wall of the Teflon tube
as a function of relative humidity.

pendence for HOz but not ROz is consistent with the
known interaction of HOz radicals with water and the
lack of a reported interaction with ROz' It should be
noted that, even at the highest water concentrations,
kwall is still a factor of three below that given by the
Gormley-Kennedy equation.

Modeling of the Radical Amplifier Kinetics

The purpose of this work is to develop a better model
ofthe performance ofthe radical amplifier and to iden­
tify the cause of the dependence on water vapor. This
was tested by comparing model predictions of the
chain lengths for HOz against those determined by ex­
periment.

The chemistry of the radical amplifier was simu­
lated by a model of 28 gas phase reactions and 2 sur­
face reactions as detailed in Table 1. This mechanism
is basically that used previously [2,11,15], except that:
only the inorganic reactions are considered; the mea­
sured wall loss rate coefficients are used; and the water
dependence of the third order reactions of HO with
NO [16], HOz with HOz [17], and HOz with NOz [18]
have been included. Results are reported in terms of
the ratios of the chain lengths for wet and dry air. This
model produced satisfactory simulations with dry

air. The results of these simulations are shown with
the experimental results in the lower panel of Figure
4. While the simulation shows a decrease in the chain
length as the relative humidity increases, the decrease
is somewhat underestimated by the model. This im­
plies that the water impact is not only due to the in­
creased wall loss rate. To test for a possible gas phase
component to the decrease, a series of experiments
were performed where the importance of the wall loss
was lessened by operating at higher NO concentra­
tions. Under these conditions the gas phase termina­
tion reaction (6) would be more important than the loss
of radicals to the reactor wall (7). The results for these
experiments, and the modelling of them, are shown in
the upper panel ofFigure 4. Experimentally, the added
water vapor has less effect at higher NO concentra­
tions as would be expected, as the highly sensitive wall
loss has less impact. However, the ability ofthe model
to simulate the observations is much worse. It can only
account for half of the 40% decrease in chain length
induced by the water.

The model includes the known water dependencies
in the kinetic data for radical and NOx reactions.
Therefore the discrepancy must be due to a water de­
pendence that is not known. The chain length could
be decreased by either a decrease in the rate ofthe gas
phase chain propagation reactions, or an increase in
the rate of the gas phase termination reactions. The



Table I Reactions Used in the Modeling of the
Response of the Radical Amplifier to HOzRadicals in
the Presence of Water

experiments are not able to directly distinguish be­
tween these alternatives.

The HOz radical and water are known to form an
adduct in the gas phase and the equilibrium constant
for the adduct formation has been determined [18,19].
The adduct plays a part in the gas phase HOz chem­
istry, producing a strong water dependence in the HOz
self reaction to produce hydrogen peroxide [17] and
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Figure 4 The observed chain length (CL) of the radical
amplifier in the presence of wet air compared to that under
dry conditions (solid symbols) compared with that calcu­
lated from the kinetic model (open symbols) as a function
of relative humidity. Upper and lower panels for NO mixing
ratios of 12 ppmv and 2 ppmv in the reactor.

the reaction with NOz to produce peroxynitric acid
[18]. There has been no report of the reaction of the
adduct with NO, but since HOz is the dominant radical
in the radical amplifier, any modification to the kinet­
ics or products of its reactions in the presence ofwater
would impact the chain length.

The adduct could possibly lower the rate coefficient
for (I), the HOz radical oxidation ofNO to NOz' How­
ever, the presence of a water molecule at the radical
center is unlikely to significantly block the reaction
site, nor is there evidence for this effect in any kinetic
studies. Further, the published equilibrium constants
indicate some 7.5% of the HOz radicals are present as
the adduct, at 40% relative humidity. Even if the ad­
duct was umeactive towards NO, this would only
lower the chain length by a maximum of7.5%, which
is much smaller than the observed 40% decrease. The
actual effect would be lower still as the propagation
rate is not solely governed by reaction (1).

The lack of a viable impact on the bimolecular,
chain propagation channel suggests the water impact
may be through a termolecular, chain termination
channel. In particular, either reaction
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Simple Chain Mechanism
HOz + NO~HO + NOz
HO + CO~H + COz
H + Oz + M~ HOz + M
HO +NO + M~HONO +M
HO + NO + HP~HONO +
HzO

HO Radical Reactions
HO + 0 3~ HOz + Oz
HO + HN03~ HzO + N03
HO + HONO~ HzO + NOz
HO + HN04~HzO + NOz + Oz
HO + NOz + M~HN03 + M
HO + N03~HOz + NOz
HO + HO~HzO + °
HO + HO + M~ HzOz + M
HO + HOz~HzO + Oz
HO + HzOz~ HzO + HOz

H02 Radical Reactions
H02 + NOz + M~HN04 + M
HN04 + M~HOz + NOz + M
HOz + 0 3~ HO + O2 + Oz

0 3 Reactions
NO + 03~NOz + Oz
NOz + 0 3~N03 + Oz
N03 + NOz + M~NzOs + M
NzOs + M~N03 + NOz + M

Radical Loss at Walls of Vessel
HO~

HOz~

Water Dependence of H02 Reactions
HOz + HOz (+ HzO)~ HzOz +
Oz (+HzO)
H02 + HzO~ HOzHzO
HOzHzO~ H02 + HzO
H02HzO + NOz~ HOz + NOz +
HzO
HOzHzO + NO~ HN03HzO +
HzO

Reaction



erization, is faster. We can use existing data to esti­
mate the rates of both processes.

Koppenol et al. have examined the thermodynam­
ics of HOONO [21]. By assuming that HOONO has
the same free energy of solution as HzOz, they con­
structed a thermochemical cycle that yielded a gas
phase bond dissociation enthalpy of88 :::!: 9 kJ mol-I.
However, their assumed free energy of solution (33 kJ
mol-I) implies a Henry's Law constant of 5.3 X 105

M atm- I; this is too large even for HzOz and is about
a factor of 100 larger than the solubilities of HOz and
HOONOz [22], which should be better models for
HOONO. Reducing the estimated solubility by a fac­
tor of 100 increases the estimated bond dissociation
energy by 11 kJ mol-I. Including a factor of 10 un­
certainty for the solubility in the error estimate, this
yields a gas phase bond dissociation enthalpy of99 :::!:

11 kJ mol-I. With a reasonable A-factor of 1015 s-1,
this gives a lifetime towards dissociation for HOONO
of 230 seconds, but with an uncertainty factor of
nearly 100.

The lifetime for transport of a radical to a particle
in the atmosphere is of the order of200 seconds under
clean continental conditions [23] and considerably
shorter under more polluted conditions. These trans­
port lifetimes are significantly limited by diffusion so
lifetimes for collisions with particle surfaces are a fac­
tor of two or three smaller than this. However, colli­
sions with particle surfaces do not always result in
reaction. The reaction probability, y, for isomerization
can be estimated from equation (III) [24]:

HOz + NO + HzO ~ HONOz + HzO (lOa)

or

HOz + NO + HzO ~ HOONO + HzO (lOb)

would have a large impact on the amplifier chemistry
by replacing the chain propagating reaction (1) with a
chain termination reaction.

In order for the model to simulate the observations,
we must include either reaction lOa or lOb with a rate
coefficient, 2.1 X 10-31 cm6 molec-z S-I. This implies
a rate coefficient of about 7 X 10-13 cm3 molec l S-I
for the second order reaction of the adduct with NO if
the equilibrium constant for the adduct formation is
3 X 10- 19 cm3molec- I [18].

At 40% relative humidity ([HzO] = 2.5 X 1017 mo­
lec cm-3), this would mean that the rate of reaction
(10) is just I % of the rate of reaction (I). Thus, it is
not surprising that no water vapor effect has been ob­
served in direct kinetics studies of reaction (I )[20].

Possible Atmospheric Implications

Whether reaction (10) has any impact on atmospheric
chemistry depends on which product is formed and, if
the product is peroxynitrous acid, its fate. Although
reaction (10) is insignificant in comparison with re­
action (1) its possible impact on atmospheric chemis­
try will come from comparison with reaction (11),
since this is usually the major sink for both HOx and
NOx•

OH + NOz + M~HONOz + M (11)

4HRTJW;
y=

c
(III)

Using the estimated rate coefficient for reaction (10)
of 2.1 X 10-31 cm6 molec-z S-I from above, the at­
mospheric pressure rate coefficients for reactions (11)
and (I) of lA X 10- 11 and 8.3 X IO- IZ cm3 molec- I

S-I respectively, and box model estimates of [HO]/
[HOz]as 0.01 and [NOz]/[NO] as 3, the rate ofreaction
(11) is about 5% that of reaction (1) and only about 8
times faster than reaction (10) at 40% relative humid­
ity. Thus, if the product of reaction (10) is HN03, this
will be a significant, but minor, sink for HOx and NOx •

If the product of reaction (10) is HOONO, it will
likely dissociate to form OH and NOz' However, it
may also undergo an isomerization to HN03 in the
atmospheric aerosol. This isomerization is known to
occur efficiently in acidic solutions [21]; therefore, the
impact of (I Ob) will depend on which of the two pro­
cesses, gas phase dissociation or heterogeneous isom-

where H is the Henry's law constant, k is the first order
reaction rate for isomerization, D( is the liquid phase
diffusion coefficient, and c is the average molecular
speed. We take H to be 5.3 X 103 M atm- 1 to be
consistent with the estimate of the bond dissociation
energy, k is 1.3 S-I at 298 K in solutions with pH 2 to
6 [21], and we assume a typical value of 1 X 10-5 cmz

S-1 for DI• This yields y = 0.06 and a lifetime towards
heterogenous isomerization on the order of 1000 sec­
onds in clean air and much less in more polluted
air.

Within the large error of these estimates, the rates
of isomerization and dissociation are comparable.
However, there are additional factors that will tend to
favor isomerization over dissociation. First, the rate of
the isomerization reaction increases below pH 2 [21].
Since atmospheric particles can be highly acidic, this
will increase the reaction probability. Second, the ac-



tivation energy for isomerization, (75 kJ mol-'l, [21]),
is less than the bond dissociation energy. Third, since
Henry's Law constants increase with decreasing tem­
perature, 'Y will also increase at low temperature (c.f.
equation Ill). Thus, as temperatures decrease below
298 K, isomerization will be increasingly favoured.

CONCLUSION

The water dependence of the loss of H02 radicals to
the walls of a reactor has an adverse effect on the
performance of the radical amplifier. However, the ap­
parent remaining gas phase dependence has a large
effect on not only the radical amplifier but possibly on
the chemistry of the atmosphere. To fully understand
the observations reported here, and their impact on
atmospheric chemistry, requires additional kinetic data
on the reaction of radicals with NOx species in the
presence of water.
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