IV. AN EXPERIMENTAL INVESTIGATION OF CHAMBER-DEPENDENT

RADICAL SOURCES

A., Introduction

An important aspect of the development of reliable computer models for
the formation of photochemical smog is their validation against environ-
mental chamber data. This requires not only a complete understanding of
the kinetics and mechanisms of the chemical reactions which occur during
the photooxidations of part-per-million (ppm) concentrations of NO, and
organics in air, but also an adequate and quantitative understanding of
chamber effects.

At the present time, although detailed mechanisms of the NO, photo-
oxidations of certain alkanes, alkenes and aromatics are qualitatively or
semi-quantitatively accurate, all such recent computer models have invoked
the presence of uncharacterized sources of radicals in order to match
computer-predicted time~concentration profiles with the data from envi-
ronmental chamber experiments (Hendry et al. 1978, Falls and Seinfeld
1978, Carter et al. 1979a, Whitten et al., 1979, 1980; Atkinson et al.
1980). To date, modelers have differed on how best to represent this
radical source in their mechanisms, although it is generally assumed to be
chamber~dependent. In recent studies, Falls and Seinfeld (1978) and
Whitten et al. (1979, 1980) have postulated the presence of initial
nitrous acid (HONO), presumably formed heterogeneously during the injec-
tion of NO,. In contrast, Carter et al. (1979a) and Atkinson et al.
(1980) have used a constant radical flux, assumed to be hydroxyl radicals,
while Hendry et al. (1978) have used a combination of the two approaches
(i.e., initially present HONO and a constant radical source, in their case
of HOZ radicals).

These approaches are significantly different. The use of initial.
HONO leads to a rapidly decreasing radical flux over the time scale ~30-60
min. On the other hand, a constant radical source results in a consider-
ably greater total radical input during a typical 6- to 10-hr environment-
al chamber irradiation, but with relatively lower radical concentrations
during the first 30-60 min. Clearly, aspects of the photochemical mecha-

nisms relating to radical initiation and termination processes cannot be
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unambiguously validated using environmental chamber data until this
presently poorly characterized radical source is elucidated.

During the past two years, we have developed an approach allowing a
systematic investigation of these effects. This involves the irradiation
of NOy-air mixtures, with trace levels of organics present to monitor OH
radical concentrations. While we have reported much of these data in our
previous final report, ARB Contract No. A8-145-31 (Pitts et al. 1981), we
have carried out numerous further experiments to (a) validate the experi-
mental techmique, (b) to obtain more detailed data for the SAPRC ~6400-%
evacuable chamber and (c¢) to obtain direct measurements of HONO levels
both prior to and during these irradiatioms. In addition, we have carried
out a re-analysis of our earlier data and, while the resulting differences
do not alter our conclusions, minor changes in the data have occurred.
Thus we report here our total data base concerning this important topic.
Although these data do not allow the exact nature of the excess radical
source to be established, the results of these experiments lead to a

better understanding of the characteristics and magnitude of this effect.

B. Experimental

The experiments consisted of NOg-air irradiations carried out in four
different environmental chambers employing differing light sources., Ini-
tial NO councentrations ranged from ~0-3.6 ppm and initial NO, from
~0.04-4.9 ppm. In addition, ~10 ppb each of two organics which react with
the hydroxyl radical at significantly different rates were included in the
reaction mixture in order to monitor OH radical levels from their relative
rates of consumption (see Discussion for details and derivation of this
technique). This use of two tracers to monitor OH radical levels has the
advantage over using a single tracer in that the OH radical concentration
is related only to the changes in their ratios (see Discussion), and not
to their absolute concentrations. This eliminates the necessity to cor-
rect for dilution due to sample withdrawal from the chamber and avoids
errors due to differences in sample sizes, since both species are analyzed
on the same gas chromatographic column (Atkinson et al. 1978). Three
pairs of organic tracers were used to monitor OH radical concentrations in

these NO,—air irradiations: propene/propane, propene/n-butane and
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n-butane/neopentane. The propene/propane and propene/n-butane tracers
were most frequently employed because of their higher sensitivity.

The chambers and experimental techniques employed in this study were
as described below:

(1) The majority of irradiations were carried out in the SAPRC
5800-% evacuable, thermostatted, Teflon-coated environmental chamber
equipped with a 25 KW solar simulator. The characteristics and operating
procedures of this environmental chamber-solar simulator facility have
been described in detail previously (Winer et al. 1980), and only the
pertinent details will be briefly discussed here.

The solar simulator, employing a 25 KW point source xenon arc, pro-
vides a well-collimated light beam which, to a large extent, does not
illuminate the chamber walls, thus minimizing wall photochemistry. In all
experiments reported here, a 6.3-mm thick Pyrex pane was used to obtain a
spectral distribution which approximates that in the lower troposphere.
The light intensity within the chamber was routinely monitored by measur-
ing the rate of photolysis of NO, in N2 (kl) by the method described by
Holmes et al. (1973), but with updated rate constants (Hampson and Garvin
1978).

Between irradiations the chamber was evacuated overnight to < 2 x
10"5 torr. TFor the majority of experiments, the chamber was initially
filled to ~10 torr with dry Ny, and then NO and NO, were flushed by a
stream of ultra-high purity nitrogen into the chamber from an ~5-% Pyrex
bulb attached to a vacuum line. The NO was purified by passage through a
trap containing activated Linde Molecular Sieve 13X, while NO, was prepar-
ed by reaction of this purified NO with 0, which had also been passed
through activated Molecular Sieve 13X. After the NO, injection, the cham-
ber was filled to ~740 torr with purified matrix air (Doyle et al. 1977),
and two organic tracers were injected using gas-tight, all-glass syringes.

For certain dry runs and the 1007 relative humidity (RH) runs,
special procedures were used during the air fill. For the dry runs
(EC-439, 443, 444, 449 and 453), the chamber was filled to ~150 torr with
the evaporate from liquid 0y, and then filled to atmospheric pressure with
the evaporate from liquid Np. 1In order to obtain water saturation in the
1007 RH, high-temperature run (EC-450), the requisite quantity of'liquid

water was injected into the heated, evacuated chamber prior to the pure
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air fill. TFor the 1007 RH runs at lower temperatures, the purified matrix
air was humidified at a temperature somewhat higher than that of the cham-
ber.

Nitrogen oxide and NO, were monitored using commercial continuous
chemiluminescence NO-NO, analyzers fitted with a nylon filter in the
sample line to remove possible HNO4 interferences in the NO, analyses.
Although 05 was not expected to be formed to any measurable extent in
these runs, this was verified for most runs using a commercial ultraviolet
absorption 04 monitor. The organic tracers (propane, propene, n-—butane
and neopentane), benzaldehyde and background levels of other organics and
CO were monitored by gas chromatography (Pitts et al. 1979, Winer et al.
1980). Formaldehyde was monitored by an improved chromatropic acid method
(Pitts et al. 1979, Winer et al. 1980). In a limited number of experi-
ments, HONO was monitored in situ by differential optical absorption spec-—
troscopy with a multi-pass optical system (see Section III).

(2) A more limited set of irradiations was carried out in the SAPRC
~6400-2 indoor all-Teflon (FEP, 2 mil thickness) chamber., Irradiation was
provided by two diametrically opposed banks of 40 Sylvania 40-W BL lamps,
backed by arrays of Alzak-coated reflectors. The light intensity in the
chamber was controlled by switching off sets of lights as previously des-
cribed (Darnmall et al. 1981). The light intensities for the wvarious
levels of illumination were determined in separate experiments by measur—
ing the rate of photolysis of NO, in Ny using the quartz tube, continuous
flow technique of Zafonte et al. (1977).

Before each experiment, the chamber was flushed with dry purified air
for ~2 hr at a flow rate of ~330 2 min"l, and then with air at the desired
relative humidity for ~1 hr. All starting materials were injected using
gas—-tight, all-glass gas syringes and were flushed into the chamber using
dry ultra-high purity N,. Commercially available NO (Mathesomn, CP grade,
99.0% purity) was used without further purification, and NO, was prepared
by diluting this NO with dry, pure 0, in a syringe., The analytical proce-
dures employved were the same as those used for the 5800-% evacuable cham-
ber runs (see above), except that HONO was not monitored.

(3) Several irradiations were carried out in ~40,000-% outdoor
Teflon (FEP, 2 mil thickness) chambers with natural sunlight irradia-

tion. The techniques used were generally similar to those used for the
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indoor all-Teflon chamber described above, except that prior to irradia-
tion the chamber was covered with an opaque tarp. The light intensity was
monitored using a UV radiometer, and the NO, photolysis rate was estimated
from these measurements using the empirical formula derived for this pur-
pose by Zafonte et al. (1977).

(4) A few irradiations were also carried out using newly constructed
~100-2 Teflon (FEP, 2 mil thickness) bags and an array of fluorescent
lamps yielding an NOZ photolysis rate kl of 0.27 min"l. In this system,
NO and NO, and the propane and propene were injected into the bag by gas-
tight, all-glass syringes, and the bag was then filled with ultra-high
purity dry air. The light intensity was determined by measuring the pho-
tolysis rate of NO2 in N2 as described above for the indoor Teflon
chamber,

The physical characteristics of the four chambers employed in this

study are summarized in Table IV-l.

C. Results

Standard Tracer-NO, Experiments: Effects of Chamber, Initial Reactant

Levels and Physical Parameters. Tables IV-2 through IV-5 give the experi-

mental conditions, the chamber history (where applicable), the observed NO
conversion rates and the initial and final OH radical levels for all of
the standard tracer-NO, experiments carried out in this study. Plots of
1n([propane]/[propene]) or of 1n([n-butane]/[propene]) versus time, from
whose slopes the hydroxyl radical concentrations are derived, are shown in
Figures 1IV-1 and IV-2 for several representative tracer-NO, runs. In
general, as seen from these figures, for runs at T < 303 K, RH < 50% and
[NO]/[NOZ] > 1, the OH radical levels remained essentially constant during
the 2-hr irradiations, while runs where T > 303 K, RH > 50% or [NO]/[NOZ]
< 1 generally had initially higher OH radical levels which decreased to a
constant value after ~30-60 min.

It can be seen from Tables IV-2 through IV-5 that a number of repli-
cate runs were carried out under standard conditions [NO ~0.4 ppm, N02
~0.1 ppm, ~50%Z RH (evacuable chamber and indoor Teflon chamber), < 10% RH
(small bags), maximum light intensity] in the wvarious indoor chambers.

These tables show that duplicate irradiations gave hydroxyl radical levels
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Table IV-3.

(ITC) NO,-Air Irradiatioms

Conditions and Selected Results for Indoor Teflon Chamber

Average [0H] Radi- -d[NO]
ITC” (100 Radjcals cal dt

Run  Condi- Initial cm 7) Flux >60 min
No. tions® k,°  rH NO %0, 0-60 >60  (ppb.  (ppb

(min'l) (%) (ppm) (ppm) min min® min-l) min-l)

382 0.45 <10 0.334 0.578 1.5 0.5 0.02 0.005
383 0.45 <10 0.354 0.068 1.1 0.8 0.04 0.03
378 0.45 ~50 0.493 0.119 2.6 1.7 0.09 0.10
380 0.45 ~50 0.305 0.072 1.1 1.64 0.08 0.01
379 A 0.45 ~50 0.098 0.222 1.8 1.3 0.16 0.12
377 B 0.45 ~50 0.373 0.114 2.1 2.4 0.14 0.37
377 C 0.45 ~50 0.266 0.098 - 1.6 0.11 0.31
377 D 0.35 ~50 0.246 0.109 - 1.6 0.12 0.36
380 D 0.28 ~50 0.312 0.076 - 1.3 0.06 0.13
380 D 0.2 ~50 0.305 0.078 - 1.1 0.05 0.09
380 D 0.2 ~50 0.300 0.080 - 0.6 0.03 0.06
381 E 0.2 ~50 0.245 0.088 - 0.7 0.04 0.05
380 D 0.2 ~50 0.297 0.083 - 0.6 0.03 0.07
381 0.1 ~50  0.295 0.088 0.7 0.5 0.02 0.01
526 A 0.31 <10 0.481 0.729 0.06 ~0.02 ~0.08
527 0.31 <10 0.490 0.136 0.26 0.025 0.081
528 A 0.31 <10 0.487 1.268 0.22 0.15 0.47
529 0.31 ~50 0.476 0.152 - 1.1 0.10 0.33
530 A 0.31 ~50 1.078 0.516 - 0.5 0.16 0.51
531 A 0.31 ~50 0.471 1.204 - 0.5 0.29 0.93
537 A 0.31 ~50 0.102 0.024 - 4.5 0.10 0.31
539 A 0.31 ~50 0.100 0.019 - 3.4 0.09 0.29
4For all rums, T = 303 K. Codes for special conditions are shown below.

A — Nonstandard initial NO and NOZ concentratioas.
B - Previously unused bag.
C - Continuation of 4-hr run.
D - Continuation of rum in which light intensity was incrementally
reduced.
E - Continuation of run in which light intensity was incrementally

increased.

bkl = NO, photolysis rate.

CUnless otherwise noted, data given are for a period of 60 minutes.

dpata are given for a period of 45 minutes.

€Data given are for 135 minutes.

f

Data given are for 90 minutes.
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Table IV-5. Conditions and Selected Results for Small (~100-2 Volume)
Teflon Bag (STB) NO,—-Air Irradiations

STB Radical —a[no]P
Run Initial Sourceb dt
No.2 NO NO, Average [OH] (ppb (ppb
(ppm) (ppm) (10 eca™®  min7l) min~1)
4-1 0.460 0.155 5.1 0.75 2.73
4-2 0.475 0.220 3.7 0.54 1.45
4-3 0.476 0.135 3.7 0.32 1.37
4-4 0.503 0.120 4.9 0.54 1.97
4-5 0.467 0.119 4.6 0.51 1.69
5-1 0.345 0.227 1.4 0.15 0.26
5-2 0.269 0.100 1.5 0.09 0.21
6-1 0.539 0.159 1.6 0.10 0.48
6-2 0.505 0.060 2.8 0.13 0.78

3First number is bag number. Second number is order run was carried out
with this bag.

bcalculated for t > 60 min.

which were generally reproducible to within +207% in the evacuable chamber,
with the variability in the indoor Teflon chamber and between different
small Teflon bags being somewhat greater. The variability in hydroxyl
radical levels in the large outdoor chamber was considerably greater (see
Table IV-4), with OH radical levels varying by as much as a factor of
three. This variability can, however, be attributed in part to variations
in temperature and light intensity characteristic of outdoor irradiations,
and in part to the chamber history, since the radical levels in Nox—air
irradiatious carried out after automotive or aircraft fuel runs tended to
be somewhat higher than in NOX—air irradiations carried out in new or
newly conditioned chambers.

A comparison of the average hydroxyl radical levels observed in com-—
parable runs performed in the four chambers is shown in Table IV-6. Since

the light intensities of the various chambers were generally different, a
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Table IV-6. Dependence of OH Radical Levels Observed in Comparable? NO,~
Air Irradiations on Chamber Employed

k,® [OH] [oH]/k,
Chamber (min—l) (106 cm_3) (Normalized)©
Small Teflon Bag No. 4 0.27 4.4 £ 0.7 3.2 £ 0.5
Small Teflon Bag No. 5 0.27 1.4 1.0
Evacuable 0.49 2.5 £ 0.2 1.0
Indoor Teflon 0.45 0.65 £ 0.15 0.3 + 0.1
Outdoor Teflon ~0.3 + 0.054 0.9 + 0.3 0.6 £ 0.2

@Initial [NO] 2 0.1 ppm; RH < 10%Z, T = 303-308 K.
bkl = NO, photolysis rate,
CNormalized to ratio observed in the evacuable chamber runs.

dgstimated from radiometer readings using the empirical relationship
derived by Zafonte et al. (1977).

more direct comparison can be obtained from the hydroxyl radical concen-
tration normalized by dividing by the light intensity (since the OH radi-
cal concentrations were observed to be proportional to light intensity, as
discussed below). These values are also shown in Table IV-6. It can be
seen that the intensity-normalized hydroxyl radical levels indeed depend
significantly on the chamber employed.

It is interesting to note that the normalized OH radical levels in
the Teflon chambers vary as much or more from chamber to chamber (of the
same volume) as they do with the size of the chamber. For example, the OH
radical levels in the indoor Teflon chamber were, within experimental
variability, essentially the same as those observed in the outdoor cham-
ber, despite the much larger volume of the latter. In addition, the dif-
ference between the radical levels in the small bags No. 5 and No. 6 and
the large Teflon chambers is no greater than the difference between bags
No. 5 and No. 6 and bag No. 4. It should be noted that the same roll of

Teflon film was used to make all the FEP Teflon chambers employed in this
study.
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The dependence of the OH radical concentration on temperature and
relative humidity for runs in the evacuable chamber, and on humidity for
runs in the indoor Teflon chamber, is shown in Table IV-7 for rums with
approximately the same initial NO and NO, concentrations and light inten-
sity. It can be seen that the hydroxyl radical levels increase with both
temperature and humidity.

The dependence of hydroxyl radical concentratioms on light intensity
is shown in Figure IV-3, which shows plots of OH radical levels against
the light intensity (as measured by k;, the NOj photolysis rate) for irra-
diations in the 5800-% evacuable and 6400-% indoor Teflon chamber runs in
which the light intensity was varied during the irradiation (EC-457 and
458, and ITC-380 and 381). It can be seen that within experimental error
the radical levels are proportional to light intensity.

The effect of NO levels on the results of the evacuable chamber runs
is shown in Figure IV-1, which shows plots of 1n([propanel]/[propene])
against irradiation time for runs with similar initial NO, concentrations,
but with initial NO concentrations varying from 0.116-0.797 ppm. It can
be seen that the final OH radical levels (which are very closely propor-
tional to the slopes of the lines in Figure IV-1 for these conditions)
were essentially unaffected by the NO concentration, but that the initial
slope apparently increases as the NO level decreases.

The hydroxyl radical levels in the evacuable chamber runs were also
not strongly affected by NO, levels, except in the initial stages of irra-
diation, where higher NO, levels resulted in higher initial hydroxyl
levels. The relative insensitivity of the subsequent hydroxyl radical
levels to NOy is illustrated by Figure IV-2, which shows the results of
two runs in which the NO, concentrations were increased by a factor of 2
to 2.5 in the middle of the irradiation, either by direct injection of NO,
or by comversion of NO to NO, by injection of 05. It can be seen that the
slope of the 1ln([propane]/[propene]) versus time plots, and thus the OH
radical levels, are essentially unchanged by the sudden increase in NO,.
Other similar runs, carried out with higher NO and NO, levels and at dif-
ferent relative humidities, also showed no significant effect on the OH
radical concentrations when the NO, concentration was changed during an

irradiation by addition of either 04 or NOZ'
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Table IV-7. Dependence of OH Radical Levels Observed in Standard? NO —Air
Irradiations on Temperature and Relative Humidity (RH)

107% x [0H] Radical cm™>

Chamber T(K) <107% RH 50% RH 807 RH 100% RH
284 1.6 2.1 - b 4.7 b
Evacuable 303 2.5 4.4 16 » 11 20 > 1
323 5.7 18 » 9° - 50 > 8
Indoor Teflon 303 0.6 1.9 - -

Tnitial [NO] = 0.4 ppm; [NOZ] 2 0.1 ppm; NO, photolysis rate k; = 0.49
min~L (evacuable chamber), 0.45 (indoor Teflon chamber).

PoH radical concentrations changed throughout the run; initial and final

values given.

Tests of the Tracer Technique. A large majority of the OH radical

levels given in Tables IV-2 through IV-5 were derived using the propene/
propane or propene/n-butane tracer system, and thus reflect primarily the
rates of propene decay, since that tracer was consumed >10 times more
rapidly than the alkane tracers, 1In this regard, it should be noted that
a gradual buildup of acetaldehyde, a known propene photooxidation product
in NOy-air systems (Hendry et al. 1978, Falls and Seinfeld 1978, Carter
1979a, Whitten et al. 1979, 1980; Atkinson and Lloyd 1983), was observed
to occur at rates corresponding to the rates of propene decay. (The
expected yilelds of the other major propene photooxidation product, formal-
dehyde, were below the sensitivity of the chromatropic acid technique used
for monitoring formaldehyde (Pitts et al. 1979, Winer et al. 1980).

In order to determine whether there was any problem using propene as
the more reactive tracer, a test was carried out by using the two alkane
tracers n-butane and neopentane during a standard NO,-air irradiatioa.
The OH radical concentrations derived from this irradiation (EC-608),
which are less sensitive by a factor of ~10 than those obtained with the
propene/n-butane or propene/propane tracer systems, were identical (within
the *207 wvariability of the results of these irradiations) with those
obtained from the analogous NOy-air irradiations EC-612 and EC-613

conducted using propene and propane as the organic tracers (Table IV-2).
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In order to further verify the validity of our tracer technique for
monitoring OH radical levels, several tracer-NO, experiments with added
benzaldehyde [a known radical inhibitor (Kuntz et al. 1973, Gitchell et
al. 1974)] were carried out in the evacuable chamber. The conditions and
measured OH radical levels for these added benzaldehyde runs are gilven in
Table IV-8, and plots of ln([n-butane]/[propene]) against time for two of
those runs are shown in Figure IV-4. It can be seen that addition of
benzaldehyde, as expected, suppressed the OH radical levels as measured by
the rate of decay of the tracers, further indicating the validity of this
technique,

Although the hydroxyl radical levels were not measurably affected by
added NO, in the tracer—NOx experiments, this was not the case when the
benzaldehyde radical trap was present. This is shown in Table IV-8 and
Figure 1IV-4, which show the data for an evacuable chamber experiment
(EC-647) in which additional NO, was added to a benzaldehyde-tracer-NOy
mixture. It can be seen that when a radical inhibitor was present, the
addition of NO, actually increased the consumption rate of the tracers.
Though some of this increase can be attributed to increased rates of
consumption of propene by reaction with 05 and 0(3P) atoms [which become
relatively more important as [N02] or the [NOZ]/[NO] ratio increases (sece
Discussion)], the corrected OH radical levels did increase slightly after
the addition of NO, to the NO,-benzaldehyde~air system.

HONO Measurements Before and During NO,-Air Irradiations. A number

of tracer—-NO, irradiations in the SAPRC 5800-2 evacuable chamber were

conducted in which differential optical absorption spectroscopy was
employed to mounitor HONO either prior to or during the irradiations. A
pathlength of ~150 m (40 passes) was employed, yielding a HONO detection
limit of ~2-3 ppb. The conditions and results of the NO -air irradiations
in which HONO was monitored prior to the irradiation are summarized in
Table IV-9, where it can be seen that HONO was indeed initially present
during these irradiatious.

The experimental conditions and HONO and OH radical concentrations
observed in the experiments where HONO was monitored during the irradia-
tions are given in Table IV-10, During these experiments, HONO concentra-—
tions were observed to rise from those initially present to constant

levels within 2-3 hr after the start of irradiation, at which time the OH
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Table IV-10. Experimental Conditions and HONO and OH Radical Data for
NO,~Air Irradiations in which HONO was Measured by DOAS

[HONO] (ppb)

Run ky NO NO, 10~%x[0H] Observed Calculated?®
No. (min”!)  (ppm) (ppm) en™3 (A) (B)
567 0.31 1.45 0.467 2.77 21.0 24 .4 38.0
568 0.31 1.032 0.772 2.01 12.0 12.6 29.0
569A 0.39 1.058 0.100 3.33 >25.0 17.0 19.8
5698 0.39 0.668 0.450 3.00 15.0 9.7 21.0
570A 0.36 2.464 0.370 1.96 29.0 25.3 31.9
B 0.36 1.724 0.840 2.07 17.0 18.7 34.5
626 0.32 0.385 0.103 1.37 5.1 3.1 4.5
630A 0.32 2.322 0.824 1.02 21.7 13.9 22.5
B 0.15 2.163 0.838 0.53 28.6 14.4 24.1
631A 0.14 1.936 1.053 0.31 16.6 8.1 15.7
B 0.31 1.950 0.898 0.41 11.8 4.9 8.7
6324 0.32 2.198 0.79 0.81 19.4 10.5 17.1
633B 0.32 2,189 0.806 0.87 14.6 11.2 18.4

2A - Calculated using equation (VII) assuming HONO is not the precursor
in the continuous radical source.

B - Calculated using equation (VIII) assuming HONO is the precusor of the
continuous radical source (see Discussiomn).

radical concentrations also had leveled off. In some of the experiments,
the system was perturbed at, or after, this time by (a) adding 03 to
change the NO/N02 ratio without affecting the NO, concentration, (b) add-
ing NOy or (c) changing the light intensity. 1In each case, the OH radical
and HONO concentrations were monitored until a new equilibrium was
reached.

Other Experiments. In order to obtain data concerning the effect of

the reactant injection technique and of other experimental conditions on
the radical levels, and to further test our radical measurement technique,

several evacuable chamber runs were carried out using nonstandard reaction
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conditions. The results of these are briefly summarized below (see also
Table IV-2).

e In order to monitor hydroxyl radicals from the rate of NO oxida-
tion, one evacuable chamber experiment (EC-624) was carried out in which
the tracers were replaced by 50 ppm of CO, as suggested by Killus and
Whitten (private communication 1981). The average OH radical level
derived from the NO oxidation rate in this run was essentially identical
to that derived from a comparable tracer-NO, experiment (see Discussion).

e One evacuable chamber run (EC-459) was carried out in which NO and
NO, were injected using the syringe injection techmique employed on the
other chambers, instead of the vacuum injection techmique (see Experiment-
al section above). The results of this run were essentially the same as
for the standard runs.

e One run was conducted in which NO, was prepared by reacting NO
with 03 in the chamber, rather than by reacting O, with NO at high concen-
trations prior to injection into the chamber (the usual procedure). The
resulting hydroxyl radical concentration was 35-407% lower than the average
of the standard runs; this deviation is somewhat greater than the observed
~ *15% variability of the standard runs.

e One run was carried out by introducing NO into the chamber ~27 hr
prior to the start of the irradiation, with NO, being formed at approxi-
mately its usual pre—irradiation wvalue by the dark NO oxidation reac-
tion. 1In that run, the initial hydroxyl radical level was approximately
2.5 times higher than in the standard runs, with the hydroxyl radical
concentration leveling off to values ~25% higher than those in the stan-
dard runs.

e In order to assess the possible role of surface photochemistry,
one run was carried out under otherwise standard conditions with the solar
simulator beam defocussed so that more light impinged on the Teflon sur-
face. The hydroxyl radical levels observed in both portions of this run
(i.e., at both full- and half-light intensity) were within the range of
those observed in the full- and half-light intensity standard runs.

¢ One low humidity run was carried out following an evacuated bake-
out of the chamber at 363 K. In that run the hydroxyl radical levels were
initially ~1.8 times higher than in the other low humidity runs, though

they declined, being ~28% higher by the end of the run. In contrast, the
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hydroxyl radical levels in the other low humidity runs were constant
throughout the irradiations.

e Several irradiations in the evacuable chamber were carried out at
reduced total pressure (350 torr or 500 torr). The results indicate that
there 1is no significant pressure effect on the radical levels in these
irradiations, at least over the temperature range 284-303 K and under dry

conditions (see Table IV-2).

D. Discussion

NO -Air Irradiations. 1In irradiated NOy—-air mixtures, the major gas

phase reactions (Carter et al. 1979a, Atkinson et al, 1980, Hampson and
Garvin 1978, Baulch et al. 1980, Atkinson and Lloyd 1983) are as follows:

NO, + hv (A > 295 mm) > NO + o(3p) (1)
O(3P)+02+M+03+M (2
NO + o3 > No2 + 02 (3)
o3p) + NO, > NO + 0, (4)
0(3P) + N0 X NO (5)
2 3
NO+NO+02+2NOZ (6)
No2 + o3 > NO3 + N02 (7)
+
N03 NO + 2 No2 (8)
No3 + No2 > NO + No2 + 02 (9
NO. + NO. ¥ N.O (10)
3 2 275
N.0. ¥ NO, + NO (11)
275 2 3
NO, + hv + NO + o, (12)
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NO. + hv > NO. + 0(’P) (13)

3 2
0. + hv » 0. + O(3P) (14)
3 2
0, + hv (A < 310 o) > 02(1Ag) + o(lp) (15)
1 ) 3
0(°D) + M(M = air) » O("P) + M (16)
oclp) + H,0 > 2 OH (17)
M
OH + NO > HONO (18)
HONO + hv + OH + NO (19)
M
OH + N02 > HNO3 {20)

Under the conditions of the experiments described here, where significant
concentrations of NO are always present, the 03 concentrations were suffi-
ciently low that reactions (7)-(17) are of wminor importance. 1In parti-
cular, the OH radical input rate calculated from the above mechanism for
conditions of a typical evacuable chamber run where [NO] = [NO,] is ~4 x
10—6 ppm min'l, which gives rise to predicted OH radical levels one to two
orders of magnitude lower than those actually observed.

The major additional reactions occurring when propene and propane are
included in the reaction mixture can be represented overall as follows

(Carter et al. 1979a, Atkinson and Lloyd 1983):

2 NO
2 0,
OH + propene —= —l—-» HCHO + CH,CHO + OH (21)
2 WO,
5o 2 N0
2
OH + propane —— ——t—* Hy0 + CHBCOCH3 + OH (22)
2 WO,
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Propene also reacts to some extent with 05 and O(3P) atoms (Carter et al.
1979a, Atkinson and Lloyd 1983)

O3 + propene * products (23)
O(SP) + propene + products (24)

though these reactions were much less important than reaction with OH
radicals for most of the experiments employed in this study.

Reaction of propene and propane with OH radicals results in no net
loss or production of radicals, but causes the conversion of two molecules
of NO to NOp. An analogous, but more complex, overall reaction sequence
occurs for the reaction of OH radicals with n-butane and neopentane. At
the reactant levels employed in these runms, the rate of this NO conversion
was minor, being generally less than the conversion caused by the concen-

trations of CO impurity (0.5-4 ppm) provided by the air purification

system:

NO
9
OH+CO—~+‘t~'OH+COZ
Y0,

Although photodissociation of the oxygenated organic tracer reaction pro-
ducts and the reactions of 05 and O(3P) with propene can lead to radical
production, at the reactant levels employed in these runs, these radical
sources were also minor as verified from propene-NO ,~air computer model
calculations (see also below).

OH Radical Monitoring Technique. As indicated above, OH radical

levels were monitored by measuring the relative rates of decay of two
organic tracers (usually propene and propane or propene and n-butane),
which were consumed primarily by reaction with OH radicals. Reaction of
the alkane tracers with OH radicals was their only significant sink under
the conditions of these experiments, and consumption of propene by species
other than OH radicals, 03 and O(3P) atoms was also negligible (Hendry et
al. 1978, Falls and Seinfeld 1978, Carter et al. 1979a, Whitten et al.

Iv-27




1979, 1980; Atkinson and Lloyd 1983). However, for some experiments in
which propene is employed as a tracer, consumption of propene by reaction
with 05 and O(3P) had to be taken into account in order to derive hydroxyl
radical concentrations from its rate of decay, as described below.

If propene and propane are the tracers employed (as was the case for
the great majority of the experiments reported here), the relevant kinetic

differential equations are:
3
dln[propene]/dt = —k21[03] —k24[0( P)] (D)
dln[propanel/dt = —kzz[OH] (1ID)

where k,; and k,, are the respective rate coustants for the reaction of
propene and propane with OH radicals (Atkinson et al. 1979), ky5 and ko,
are the rate constants for the reaction of propene with O3 and 0(3P)
atoms, respectively, and [03] and [O(3P)] can be estimated based on the
following assumptions. Since O(3P) is formed primarily from NO, photoly-
sis (reaction 1) and is consumed primarily by its rapid reaction with O2
(reaction 2), it cam, to a very good approximation, be considered to be in

photostationary state governed by these two reactionms, and thus:

kl[NOZ]

3 ~
[0C»] = 57T
k[0, T[]

(IID)

Likewise, O3 is also formed by NO, photolysis (reaction 1 followed by
reaction 2) and, under the conditions of our experiments, was consumed
primarily by its rapid reaction with NO (reaction 3) and thus can also be

assumed to be in photostationary state.

Kk (vo,]

[03] = EETEEﬁ—' {(1v)

Equations (I) through (IV) can be combined aund rearranged to yield
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Ipropane]. B

-1d
[oH] = (kZI—k22) dc (1n [propene]) - kl[NOZ]<A * TﬁBTJ )
k
24
where A=
(ky 7Kk, [0, T1M]
k
23
and B =
(ky17K90%5

Analogous equations can be derived for the other set of tracers. It can
be seen from equation (V) that the correction for consumption of propene
by reaction with 05 and O(3P) atoms increases with [NOZ] and [NOZ]/[NO],
respectively.

Although the use of two alkane tracers would avoid the need for this
correction, the use of propene was preferred for the purposes of this
study because of the greater sensitivity afforded by its relatively high
OH radical rate constant (Atkinson et al, 1979) and ease of its precise
analysis. For the "standard" experiments performed in this study, where
[NO] = 0.4 ppm and [N02] 2 0.1 ppm, the corrections for O(3P) atom and O3
reactions were minor (<10%). However, the correction for reaction with 03
became non-negligible (>10%) in runs where [Noz]avg > [No]avg’ and the
correction for consumption of propene by 0(3P) atoms became important when
[Noz]avg exceeded ~0.5 ppm, and in some of the lower pressure runs. The
experimental OH radical concentrations given in Tables IV-2 through IV-5
which require corrections of between 10-25% and of over 25% are indicated
by the symbols "*'" and "**" | respectively.

In order for equation (V) to be valid for monitoring hydroxyl radi-
cals, it must be shown that the tracers are not also consumed to any
significant extent by heterogeneous or other unknown loss processes in
these irradiations. Repetitive pre-irradiation sampling showed that there
was no significant dark decay of propene (or of other simple hydrocarbons)
in these chambers, but this does not necessarily rule out the possibility
of light-induced heterogeneous decay. However, there is no evidence that
light~induced heterogeneous decay of propene or other simple hydrocarbons

is important in environmental chamber systems, and there are a number of

reasons to believe it is not.
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In the first place, a large number of OH radical rate coanstant ratios
for organics derived from their rates of decay in smog chamber irradia-
tions agree, to within the experimental uncertainties, with values derived
using entirely different, absolute techniques (Atkinson et al. 1979).
This would not be the case if there were light-induced heterogeneous loss
processes occurring 1n chamber systems at rates sufficiently high to
account for the results of the tracer-NO,-air irradiations described
here. In addition, the calculated OH radical levels derived from the rate
of decay of n-butane relative to that for neopentane agree well with radi-
cal levels derived in comparable experiments from rates of propene decay
relative to propane decay. This would not be expected to be the case if
the tracer loss processes were not via reaction with the OH radical.
Furthermore, the observed formation of acetaldehyde in runs with the pro-
pene tracer means that if propene is being consumed by some heterogeneous
or unknown loss process, it 1s being converted to the same products as
when it reacts with OH radicals (Hendry et al. 1978, Falls and Seinfeld
1978, Carter et al. 1979a, Whitten et al. 1979, 1980), which would seem to
be highly improbable. Finally, it should be noted that if light-induced
heterogeneous decay of simple alkanes and alkenes were important, then all
current alkane- and alkene-NO -air models (Hendry et al. 1978, Falls and
Seinfeld 1978, Carter et al. 1979a, Whitten et al. 1979, 1980) would be
incorrect, since the decay rates observed in these NO -air irradiations
are comparable in magnitude to those observed in chamber experiments
used for model validation, yet none of the models have taken such a pro-
cess into account.

The results of our control experiments also indicate the validity of
the organic tracer technique employed. One such experiment was based on a
suggestion of Killus and Whitten (private communication 1981), and
consisted of a Nox—air irradiation (EC-624) in the evacuable chamber (303
K, < 10% RH, initial NO = 0.430 ppm, initial NO, = 0.073 ppm) in which the
standard propene/propane tracers were replaced by 50 ppm of CO. The addi-
tion of CO causes the following reactions to be important:

0

OH + CO —g HO2 + CO2 (25)

followed by
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>
HO2 + NO NO2 + OH
The addition of CO thus results in no net change in radical levels, but
causes NO to be converted to NO, at a rate approximately equal to the rate
of reaction (25). Thus the OH radical concentration can be derived
entirely independently of hydrocarbon decay rates from the following

expression:

d[NO] ~ _
- T - Ryg = kygloH]I[CO]

where k25 is the rate constant for the reaction of OH radicals with CO.
The NO decay rate observed in this CO-NO,-air irradiation was ~0.74 ppb
1, from which [OH] 2 0.9 x 105 molecule cm™3 can be derived. This is

in good agreement with the average Oﬁ radical level of 1.1 x 106 molecule

min~

cm_3 derived from a 2-hr NOx-air irradiation (EC-623) (initial NO = 0.463
ppm, initial NO, = 0.099 ppm) carried out under the same conditions but
with the organic tracers and no added CO. Thus these two independent
techniques for measuring OH radical concentrations give consistent
results.

A further and even more definitive test to confirm that the observed
rates of change of the hydrocarbon tracer ratio reflect OH radical levels
was to determine if the addition of known radical inhibitors would sup-
press these rates, Benzaldehyde was employed as a radical inhibitor,
since it has been shown to inhibit 04 formation in chamber irradiationms
(Runtz et al, 1973, Gitchell et al. 1974) and the current mechanism for
its NOg-air photooxidation predicts that radicals are not regenerated
following its reaction with the OH radical (Atkinson et al. 1980, Atkinson
and Lloyd 1983). The results of these experiments, summarized in Table
IV-8 and illustrated for two representative rums in Figure IV-4, clearly
indicate that the addition of 0.6~1.2 ppm of benzaldehyde markedly sup-
pressed the rate of change of the propene/n-butane ratio. The ratios of
the OH radical concentrations observed during the hour prior to benzalde-
hyde addition to those observed after benzaldehyde addition are given in
Table IV-8. These observed ratios are also compared in Table IV-8 with
those calculated from the known OH + benzaldehyde (Atkinson et al. 1979)
and OH + NO4 (Hampson and Garvin 1978, Atkinson and Lloyd 1983) rate

Iv-31




constants, assuming a 100% efficient radical inhibition by benzaldehyde
and that reaction with NO, 1is the only other significant OH radical
sink. It can be seen that the observed effects are in reasonably good
agreement, within the experimental error limits, with those calculated,
and hence these experiments show that the observed relative disappearance
rates of the two hydrocarbons used (propene and n-butane in this case) do
indeed behave as expected, with their loss processes being primarily due
to reaction with the OH radical and dilution. Furthermore, these experi-
ments confirm our assumption that the major sinks for OH radicals in these
systems are via reaction with NO, and benzaldehyde (when present).

Chamber Radical Sources. FEvidence for the existence of unknown radi-

cal sources in these experiments comes from the fact that the hydroxyl
radical levels observed in all of the runs reported here were significant-
ly higher than expected from the homogeneous gas phase reactions discussed
above. This 1s illustrated in Figures IV-5 and IV-6, which show hydroxyl
radical concentration-time profiles derived from the data of a representa-
tive standard evacuable chamber run (Figure IV-5) and from a representa-
tive high initial-NO, concentration run (Figure IV-6), and compares them
with results of wmodel calculations (curve A) using only the known gas
phase chemistry. (It should be noted that the largest single radical
source in these calculations was formaldehdye photolysis, and that the
calculations used the observed initial formaldehyde levels of 20 ppb and 6
ppb, respectively.) These are taken to be upper limits for the HCHO
concentrations, glven the uncertainties associated with the chromatropic
acid method for formaldehyde analysis (Pitts et al. 1979). It can be
clearly seen that the known radical sources are at least an order of mag-
nitude too low to account for the observed radical levels in these runs.
As discussed in the Introduction, previous computer modeling studies
have accounted for this excess radical source either by assuming initially
present nitrous acid, whose rapid photolysis (reaction 19) can produce
radicals at a significant rate even when ounly low levels of HONO are
present, or by assuming a constant radical flux whose source 1s unspeci-
fied. TFigures IV-5 and IV-6 show the results of model calculations assum-
ing only initially present HONO [at levels adjusted to fit the iunitial
hydroxyl radical concentrations (curve B)] and of calculations assuming a

constant radical flux at rates adjusted to fit the final OH radical levels
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Hydroxyl Radical Concentrations as a Function of Irradiation
Time. Experimental Data for EC-442 [Uncorrected for
Minor Consumption of Propene by Reaction with 03 or 0(3P)1;
A — Model Calculations with the Homogeneous Gas Phase Chem-
istry; B - Model Calculations with [HONO]ipitial = 0.050 ppm;
C - Model Calculations with a Constant OH Radical Flux of
0.61 ppb min‘l; D - Model Calculations with [HONO]ipitial =
0.050 ppm and a Constant OH Radical Flux of 0.61 ppb min~Lt.
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(curve C), together with calculations assuming a combination of both
(curve D). It can be seen that assuming only initial HONO greatly under-
predicts radical levels after the first ~15 min of the runm, and photolysis
of initial HONO can be, at best, only a minor contributor to the observed
tadical source after the first ~30 min of irradiation. On the other hand,
using only a constant radical flux in the calculation results in underpre-
diction of initial OH radical levels, especially in the high [NO,]/[NO]
runs, and best fits to the data are obtained 1f some contribution due to
photolysis of initial HONO is assumed. However, in terms of the overall
input of radicals during a chamber irradiation (typically 26 hr for smog
simulation runs), the constant radical flux is by far the more important
factor.

The radical flux required to fit the data for a given run can be
estimated (without the necessity to carry out detailed model calculations)
from the fact that radical initiation and radical termination rates must
balance. Since the only significant radical termination processes in this
system are the reactions of OH fadicals with NO and NO, (reactions 18 and
20), and since the only major known radical initiation process is HONO
photolysis (reaction 19), then

Ru + k

HONO] = k., [OH][NO] + kZO[OH][NOZ]

19[ 18[

where R, is radical initiation from all sources other than HONO photoly-
sis. Since reactions (18) and (19) are the major reactions affecting HONO

levels, the above can be rearranged to yield

d[HONO]
Ra = Tgr  * EgolCHIINO,]
Furthermore, since the photolytic half-life of HONO in these experiments
is < 15 min (Stockwell and Calvert 1978), HONO can reasonably be assumed
to be in photostationary state after the first hour. Therefore, the radi-

cal initiation rates for t > 60 min in these photolyses can be estimated
from the equation:

Ru (t > 60 min) = kzo[OH]av (V1)

g[NOZIavg
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where ko is accurately known (Hampson and Garvin 1978, Atkinson and Lloyd

1983) and [OH] and [NOZ] (the average OH radical and NO, concentra-

av av
tions for t > 6$gmin) are exfgrimentally determined. It should be noted
that in general the OH radical levels were approximately coanstant after
the first hour. “

The radical input rates estimated in this way for the second and
subsequent hours of the various runs are summarized in Tables IV-2 through
IV-5 for the various chambers. It should be noted that these rates are
one to three orders of magnitude greater than the maximum rates of the
known homogeneous radical initiation processes such as 05 or oxygenate
photolysis and the reactions of propene with 05 or 0(3P) atoms {see
above), and thus these values of R, can be considered to measure the radi-
cal flux from unknown sources. Furthermore, in runs with similar reactant
levels, and thus similar values of [Noz]avg’ the calculated radical flux
is approximately proportional to [OH]. Thus, the dependence of [OH] om
temperature, humidity (see Table IV-7), light intensity (Figure IV-4) and
on the chamber employed (Table IV-6) reflect the corresponding dependence
of the radical flux on these parameters (i.e., the unknown radical flux
increases significantly with temperature and humidity, appears to be pro-
portional to light intensity and varies when different chambers are
employed).

Although the hydroxyl radical levels, and thus the radical flux, were
observed to be unaffected by NO levels, the radical flux is significantly
affected by NO, levels. 1In particular, since the addition of N0y to the
benzaldehyde-NO, reaction mixture appears to slightly increase the OH
radical levels (see data for run EC-647, Table IV-8 and Figure IV-3)
despite the fact that reaction with N02 is a major OH radical sink, then
the radical flux must increase with increasing NO,. Furthermore, the fact
that addition of NO, to a NO -air mixture not containing benzaldehyde
(where reaction with NO, is the ounly significant OH radical sink) does not
cause a significant change in the OH radical levels (Figure IV-2) indi-
cates that the radical source must be approximately proportional to [N02].

The dependence of the calculated radical fluxes, normalized for vari-
ations in light intensity by dividing by the N02 photolysis rate constant
ky, on the second-hour average NO, levels for chamber runs at ~303 K at

both <10% and ~50% RH are shown in Figure IV-7 for the evacuable chamber

Iv-36



and in Figure IV-8 for the indoor Teflon chamber. While it can be seen
that the radical flux increases with the NO, concentration, it 1s mnot
clear whether or not the dependence of the radical flux 1s linear in
[NOZ], especially for the runs carried out at {107 RH.

Assuming that the dependence of the normalized radical source on
[NOZ] 1s linear, which appears to be the case for NO, concentrations in
the ~0.1-1.0 ppm range (typical of most environmental chamber irradiations
simulating photochemical smog), the evacuable chamber data are fit by the

regression lines (shown in Figure IV-7)

R, (<103 RH) = k; {(0.27 & 0.17) + (1.02 % 0.16)[N0, ]} ppb min™"

and

R, (~50% RH) =k, {€0.39 £ 0.04) + (1.37 + 0.12) [NOZ]} ppb min !

and the indoor Teflon chamber data are fit by the lines (shown in Figure
v-8),

R (<10% RH) = k, {€0.004 + 0.070) + (0.39 % 0.14)[N02]} ppb minl

and

R, (~50% RH) = k; {(0.16 % 0.02) + (0.83 % 0.08)[N0,1} ppb min "

where the NO, concentrations are in ppm and the error limits are one stan-
dard deviation of the least squares analysis of the plots in Figures IV-7
and IV-8. These regression lines show that the radical source in this
6400-% Teflon chamber is a factor of ~2-3 lower than that in the 5800-2
evacuable chamber, and that the effect of relative humidity is quanlita-
tively the same.

The dependence of the radical source on the instantaneous NO, concen-
trations, and the fact that rapid changes in NO, levels cause equally
rapid changes in the apparent radical source, tends to rule out the radi-
cal flux being due primarily to offgassing of contaminants absorbed from
previous experiments. In this regard, it should be noted that in the runs
at T <303 K, the total NO, levels were observed to decline at rates cor-
responding to the calculated rate of NO, removal via the reaction of OH
radicals with NO,, based on the observed OH radical and NO, levels. Thus

there is no evidence that the radical source is accompanied by offgasing
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of nitrogenous species, as would be the case if it were due, for instance,
to HONO offgassing.

NO Conversion Rates. 1In principle, it may also be possible to obtain

some indication as to the nature of the radical source from the rate of NO
consumption observed in these runs. Nitric oxide consumption is caused by
dilution, by reactions with peroxy radicals (formed in the photooxidations
of the organic tracers, CO, HCHO and other organic contaminants), by the
dark oxidation to N02 (reaction 6) and by reaction with NO4 formed from
the reaction of O(3P) with NO, (reaction 5, followed by reaction 8). This
is balanced in part by NO, to NO conversion resulting from the reaction of
O(3P) atoms with NO, (reaction 4).

If the unknown radical flux is due to the initial formation of HO,
radicals, as postulated by Hendry et al. (1978), then this would cause
additional NO consumption due to the reaction of HO, radicals with NO. If
the radical flux is due to the initial formation of OH radlcals, as postu-
lated by Carter et al. (1979a), then it would have no effect on NO
consumption. 1f, however, the radical flux is due to a process which
involves the conversion of NO, to NO, then the radical source would reduce
the rate of NO consumption.

The observed NO conversion rates for the secoud hour of the evacuable
chamber runs are summarized in Table IV-2, along with (for runs where CO
data are available) rates calculated from the known processes (Carter et
al. 1979a, Atkinson and Lloyd 1983). Tt should be noted that, if there
are undetected organic coataminants, the observed conversion rates would
be larger than the calculated values, and thus the latter should be
considered to be lower limits. In general, except for the high tempera-
ture, high humidity runs where probable contamination effects cause the
observed conversion rates to be comnsistently high, it can be seen that the
observed conversion rates are either approximately equal to, or lower
than, the calculated values. This suggests that the radical source 1is
unlikely to involve formation of HO, or any other radical which consumes
NO. In fact, the data appear to be most cousistent with the assumption
that some net NO formation from NO, may be involved in the radical flux.

Initial HONO Levels. Finally, as mentioned above, the observed ini-

tial hydroxyl radical levels suggest that HONO is initially present.
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This has been confirmed by using differential optical absorption spectros-
copy. HONO was observed to be present after NO, was injected into the
evacuable chamber, and to subsequently increase slowly in the dark.
In the runs with constant OH radical levels, the initially present HONO
should be approximately equal to the photostationary state value. How-
ever, for the other rums, the initially present HONO 1is most reliably
estimated by adjusting the initial HONO concentration and the radical flux
to fit the data in detailed model calculations. Tables IV-2 and IV-9
summarize the initial HONO levels which are necessary to fit the observed
OH radical concentrations for selected evacuable chamber rums, and a com-
parison of the observed and calculated initial HONO levels for the runs in
which it was directly monitored are given in Table IV-9., It can be seen
from that table that the observed and calculated initial HONO levels are
in reasonably good agreement, thus validating the results of our model
calculations.

The observed and calculated initial HONO levels are quite variable,
but in general they increase with temperature, humidity and NO,, with
initial NOo having the largest effect, at least for T {303 K. Surprising-
ly, it also appears that high levels of initial NO tend to suppress the
calculated initial HONO (compare run EC-434 with EC-435). This then rules

out the reaction

NO + NO2 + HZO + 2 HONO
as being the major source of the initial HONO in the chamber, but suggests
that the hydrolysis of NO5:

wall
2 NO2 + H,0 —— HONO + HNO

2 3
may be occurring. Additional direct studies of the dark formation of HONO
in the evacuable chamber and its dependence on NO, NO, and H,0 are being
carried out under funding from other agencles and the results from these
studies are totally consistent with the Inferences drawn above,

HONO Levels During Irradiation. The gas phase photochemistry of HONO

during NOg-air irradiations is dominated by the following known reactions:
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OH + NO > HONO (18)
HONO + hv > NO + OH (19)

Since reaction (19) is relatively fast (Jlg ~10_3 sec”! in the chamber), a
photostationary HONO concentration is established after about 1 hr of
photolysis. If reaction (18) is the only significant HONO source, the
HONO concentration should be given by

[HONO] = (le[OH][NO])/Jlg (VII)

However, if the countinuous radical source is due to the photolysis of HONO

produced by a process other than reaction (18),
(unknown process) + HONO (26)

the photostationary state HONO concentration would then be higher, and

would be given by
[HONO] = (le[OH][NO] + R26)/J19 (VIII)

where Ry¢ is the rate of HONO formation in reaction (26). Thus the
observed HONO levels during these irradiations should give an indicationm
as to whether HONO is the intermediate involved in the coantinuous radical
source or whether the radical source is due to the photolyses of some
other species.

Table IV-10 gives the photostationary state HONO values calculated
using both equations (VII) and (VIII) for the experiments in which HONO
was monitored during the irradiations. TFor the purposes of calculating
the photostationary state HONO levels using equatiom (VIII), Rog was
assumed to be equal to the net radical input rate calculated from the
measured OH radical levels using equation (VI), as discussed above. Plots
of observed HONO against photostationary state HONO calculated using equa-
tions (VII) and (VIII) are given in Figures IV-9 and IV-10, respectively.

It can be seen from Table IV-10 and Figures IV-9 and IV-10 that the
data are somewhat ambiguous in that HONO levels for some runs are better

predicted by equation (VII), while those for others are better fit by
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equation (VIII). However, some of this ambiguity can be resolved if it is
realized that these experiments fall into two classes: (1) those runs
where the OH radical levels were within the range generally observed in
Nox—air irradiations performed previously in the SAPRC evacuable chamber
(open circles in Figures IV-9 and IV-10), and (2) those runs (specifically
EC-567 through 570) where the OH radical levels were significantly higher
than expected, 1indicating ©possible contamination effects (closed
circles).

It can be seen that, within the experimental wuncertainties, the
observed HONO levels in the '"normal" experiments agreed reasonably well
with the values calculated using equation (VIII) (Figure IV-10), suggest-
ing that in these runs the radical source indeed involved HONO formatiom
(reaction 26) and subsequent photolysis. On the other hand, in the runms
with unusually high radical levels, Figure IV-9 shows that the observed
HONO values were much closer to HONO levels calculated, assuming HONO is
formed only from the reaction of OH with NO, indicating that the contami-~
nant(s) causing the higher radical levels in those experiments was probab-
ly not HONO. However, additional experiments are required to more
adequately resolve this apparent ambiguity.

E. Conclusions

The results of the experiments reported here show coanclusively that
radical input from unknown sources is an important process in smog chamber
systems and that, in terms of the total number of radicals produced in a
typical smog simulation dirradiation of »6-hr duration, photolysis of
initial HONO is at most a mlnor contributor to this process. Thus, it is
clear that photochemical smog models validated against chamber data assum-
ing only initial HONO as the radical source must be re—evaluated. How-
ever, it 1is also clear that assuming only a constant radical flux during
an irradiation is also an oversimplification, particularly in view of the
fact that this assumption generally leads to an underprediction of radical
levels in the initial stages of the irradiation, especially for mixtures
with high NOZ/NO ratios. Furthermore, the assumption of a constant radi-
cal source does not take into account the dependence of the radical flux

on NO, levels, which in general vary during typical smog chamber irradia-

tions.
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Radical input from unknown sources 1s strongly influenced by both
temperature and relative humidity. This fact should be taken into account
when using smog chamber data to assess the effects of these parameters on
photochemical smog formation. 1In particular, the apparent strong depen-
dence of smog—forming potential on temperature previously reported from
these laboratories (Carter et al. 1979b) and by Countess et al. (1979) may
be wholly or partially a result of this radical source effect. Clearly,
extrapolation of environmental chamber data to ambient atmospheric condi-
tions must be carried out with caution, especially until it can be estab-
lished whether or not such radical sources are present in the atmosphere.

This work has shown that the radical input from unknown sources 1is
highly dependent on the chamber employed. Thus, the radical source must
be considered to be another chamber effect which (like 04 wall destruc-—
tion) must be measured periodically by appropriate control experiments in
order for the data obtained during experimental runs to be adequately
characterized. Irradiations of NO -air such as those described here
appear to be useful in measuring this effect, and it is strongly recom-
mended that all future experimental protocols involving smog chamber irra-
diations include NO,-air irradiatious among the associated characteriza-
tions and control experiments.

Although the results of the experiments reported here are not ade-
quate to establish the exact mechanism causing this effect, they have
given some indication as to its nature and allowed a number of possibili-
ties to be ruled out. As mentioned previously, photolysis of HONO formed
during NO, injection cannot be the only radical source, although it obvi-
ously does contribute in the initial stages of the irradiations, and its
continuous formation during irradiations may be an important countribution
to the radical flux. However, if this is the case, the reaction forming

HONO cannot be

NO + NO2 + HZO + 2 HONO

since NO seems to have no effect on the radical flux.
The fact that the radical flux appears to be proportional to light
intensity means that contaminant offgassing also cannot be a rate deter-

mining step. In addition, the facts that (1) the radical flux depends om
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the chamber employed, (2) previously unused Teflon chambers have a signi-
ficant radical flux, (3) the radical flux 1s higher in the evacuable
chamber after it is '"pumped and baked" than it 1is following standard
evacuable chamber runs, (4) the flux depends on humidity, (5) the flux
responds "instantaneously" (i.e., within the 15-min time resolution of our
radical measurement technique) to sudden changes in NO, levels and (6)
there is no evidence that the radical input is accompanied by an input of
NO, or other species, all suggest that this effect is due, at least in

part, to a heterogeneous reaction and is not a result of contamination.
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APPENDIX A

Detalled Data Tabulations for the NOX—Air and CH3ONO-Air Irradiations

of n-Hexane, n-Heptane, n-Octane and Benzene
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