IV. THE ROLE OF AROMATIC HYDROCARBONS IN POLLUTED URBAN ATMOSPHERES:
DEVELOPMENT AND VALIDATION OF MECHANISMS OF PHOTOOXIDATION

Aromatic hydrocarbons are recognized to be an important constituent
of anthropogenic emissions in polluted urban atmospheres (Lonneman et
al., 1974). 1In order to develop chemical kinetic computer models of
photochemical air pollution as an integral part of urban airshed models for
the formulation of emission control strategies, the chemistry involved in
the photooxidation of these aromatic hydrocarbons under atmospheric condi-
tions must be reasonably well understood (Finlayson-Pitts and Pitts, 1977).
As a first step, such computer kinetic models must, as far as possible, be
validated against accurate smog chamber data, even though it is recognized
that there are significant wall effects associated with smog chambers
(Carter et al., 1979). At the present time, while reasonably validated
detailed chemical kinetic computer models exist for the n~butane (a repre-
sentative short chain [<C,] alkane) and propene (a representative
alkene)-NOy~air systems (Carter et al., 1979; Hendry et al., 1978), the
chemistry occurring in the NO; photooxidations of the aromatic hydro-
carbons is still incompletely understood (Atkinson et al., 1979).

In recent years laboratory studies have shown that under atmospheric
conditions the major initial reaction of the aromatics is with the hydroxyl
radical and data are now available concerning both the overall OH radical
rate constants (Atkinsonm et al., 1979, and references contained therein;
Hendry, 1979) and the relative amounts of OH radical addition and H atom
abstraction (Atkinson et al., 1979; Hendry, 1979) for many of these com-
pounds. Additionally, the reactions of ozone with the aromatic hydro-
carbons, leading to the production of a-dicarbonyls have been shown to be
negligible under atmospheric conditions (Pate et al., 1976a; Bufalini and
Altshuller, 1965; Stedman and Niki, 1973).

Several product studies of irradiated NOy-aromatic-air systems
(mainly of the NOy~toluene-air system).have been carried out (Altshuller
et al., 1970; Spicer and Jones, 1977; Grosjean et al., 1978; Akimoto et
al., 1978; O0’Brien et al., 1979; Pitts et al., 1979b). Quantitative
measurements of a large variety of products and of the reactants under

carefully controlled experimental conditioms have not been available.
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Products which retain the aromatic ring have been observed, including
benzaldehyde, benzyl nitrate, cresols, nitrotoluene and nitrocresols in the
gas phase (Altshuller et al., 1970; Spicer and Jones, 1977; Grosjean et
al., 1978; Akimoto et al., 1978; O“Brien et al., 1979; Pitts et al.,
1979b) and dihydroxynitrotoluemes in the aeroscl phase (Grosjean et al.,
1978). The formation of large yields of products such as PAN, CO, and
HCHO in the toluene-NO, irradiatioms {(Grosjean et al., 1978; 0”Brien et
al., 1979; Pitts et al., 1979b) and the recent observation of significant
yields (18 + 4% of the total reaction) of biacetyl in irradiated NOy-o-
xylene—air mixtures (Darnall et al., 1979) indicate the importance of ring
cleavage.

Recently Hendry and co-workers (1978) have formulated a detailed
chemical computer model for the NO, photooxidation of toluene involving
aromatic ring cleavage only after cresol formationm, i.e., OH radical
addition to toluene yields mainly o-cresol, with the o-cresol reacting
further with OH radical to yield a variety of ring cleavage products.
However, it has been shown (Darmall et al., 1979) that the rate determining
step for the formation of the ring cleavage product biacetyl from the
reaction of OH radicals with o-xylene was that for the initial reactiom of
OH radicals with o-xyleme, and that its production from the reaction of OH
radicals (or ozome) with a hydroxyxylene would have led to an incorrect .
biacetyl concentration-time profile.

In this section product studies of toluene-NOy-air, toluene-benz-
aldehyde-NOy-air, and cresol-NOy-air mixtures irradiated under controlled
conditions in an envirommental chamber are presented, and a reaction scheme
which employs the available kinetic and mechamistic information and is
based in part upon a previously-developed chemical computer model for the
n-butane-propene-NOy-air system (Carter et al., 1979) is formulated. Some
of the detailed chemistry is, by necessity, speculative, but this reaction
scheme fits the data reasonably well over a significant range of imnitial

reactant levels.

Experimental. The apparatus and general techniques used have been

described previously (Pitts et al., 1979b; Pitts, et al., 1977; Darnall et
al., 1979). Irradiations were carried out in the 5800-liter evacuable,

Teflon-lined, thermostatted environmental chamber (Winer et al., 1580)

112



using a 25 KW solar simulator. Prior to each run the chamber was evacuated
to pressures of ~1073 torr, and was then filled with purified matrix air
(Doyle et al., 1977) humidified to ~50% relative humidity (RH) at 303 + 1
K. Toluene or the cresols, and NO and NO; were injected into the chamber
using precision bore syringes, while benzaldehyde was expanded into the
evacuated chamber from known benzaldehyde-Np-mixtures prepared in a 5.5-
liter bulb. All reactants were allowed to mix for at least 30 minutes
before t = 0. During a run the temperature of the irradiated mixture was
maintained at the desired value by means of the chamber refrigeration or
heating system.

The parameters monitored and the methods employed were: 03 by UV
absorbance (Dasibi Model 1212); NO, NO;, and NO; by chemiluminescence
(Winer et al., 1974; NO, and NOy values are corrected for response to
PAN and alkyl nitrates) (Thermo Electron Model 14B); CO by gas chromato-
graphy (Beckman 6800); RH by a thin film, bulk effect humidity sensor
(Brady Array); light intensity and spectral distribution by a photodiode
and an absolute radiometer (EG&G), and by a double monochromator-photo-
multiplier combination, respectively (Pitts et al., 1979b); and HCHO using
an improved chromotropic acid method (Pitts et al., 1979b; Darnall et al.,
1979; Smith et al., 1970). The absolute iight intensity was determined
periodically using the rate of photolysis of NOj in N7 to determine
ki (Holmes et al., 1973).

Benzaldehyde, benzyl nitrate, cresols, nitrotoluenes, and hydroiy-
nitrotoluenes were monitored by gas chromatography (GC) with flame ioniza-
tion detection (FID) (Pitts et al., 1979b) using either (a) a 10" x 1/4"
(2mm i.d.) borosilicate glass column packed with 60/80 mesh Tenax GC,
temperature programmed from 373 to 523 K at 20 K per minute, or (b) a 6" x
1/4" 0.1% SP 1000/Carbopack C (Supelco) column, temperature programmed
from 423 K to 523 K at 20 K per minute. In both cases 10.8- or 3.6-liter
gas samples from the chamber were drawn through a 1/4" x 3 1/4" borosili-
cate glass trap packed with 1 1/2" Tenax GC 60/80 mesh. The saﬁple was
then transferred by the carrier gas at 528 K from this trap to the column
head which was at 373 or 423 K, followed by the temperature programming of

the columns as noted above.
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Peroxyacetyl nitrate (PAN) and methyl nitrate were momitored by GC
using an 18" x 1/8" Teflon columm of 5% Carbowax 400 on Chromosorb G
(80/100 mesh) operated at 301 K with electron capture detection (ECD)
(Darley et al., 1963; Stephemns and Price, 1973). Toluene and the oxy-
cenates were monitored employing a 10 x 1/8" stainless steel (SS) column
of 10% Carbowax 600 om C-22 firebrick (100/20 mesh) (Pitts et al., 1979b;
Darnall et al., 1979; Stephens, 1973). In later rums, tolueme and benz=-
aldehyde were monitored employing a 5 x 1/8" SS column of 5% Carbowax 600
on C-22 firebrick (100/115 mesh) for which the sampling trap and injection
valve was heated to 368-373 K (Pitts et al., 1979b). Acetylene and back-
ground alkanes and alkenes were monitored on Porapak N or 2,4—dimethyl-
sulfolane columms as described previously (Pitts et al., 1979b; Darnall et
al., 1979; Stephens, 1973).

The reliability of the reactant and product analyses employing these

techniques is estimated (Pitts et al., 1979b; Darnall et al., 1979) to be
as follows: O3 and NO,_iSZ; NO9, at best +5% but more uncertain due to
uncertainties in the measurements of interfering compounds (Winer et al.,
1974) and the possibility of interferences from unmonitored compounds;
CO, +10%; toluene, +10%; aromatic products monitored on the SP-1000 or
the Tenax GC system, at best +25%; benzaldehyde on the 5° Carbowax 600
system, +10%; PAN +20%; formaldehyde, +10 to -30%; and methyl nitrate,
+50%.

In addition, qualitative analyses of the aromatic products (benzal-
dehyde, benzyl nitrate, cresols, nitrotoluenes, and hydroxynitrotoluenes)
were carried out using a Finnigan 3100-combined gas chromatograph-mass
spectrometer (GC-MS), with a 6100 data system (Glangetas,'1978). A 26—
meter x 0.29-mm i.d. glass capillary column coated with Ucon-50-HB-5100
polypropylene glycol, temperature programmed from 313 K to 492 K at 8 X
min~} was employed for these analyses.

Product assignments were made by comparison of the retention times
(FID and ECD) and/or mass spectra (GC-MS) (Glangetas, 1978) with authentic
samples, wherever possible.

Most calculations were carried out at Riverside as discussed previous-—
1y (Carter et al., 1979). Input parameters consisted of the initial

concentrations of the reactants, a reaction mechanism consisting of a list

114



of reactions and their rate comnstants, or photolysis rates, which is given
in Appendix A together with the relevant notes and references, and the
dilution rate. The set of differential equations resulting from this
reaction mechanism were integrated using the Gear algorithm (Gear, 1971;
Hindmarsh, 1972). Initial exploratory calculations were carried out omn

a Univac 1108 computer at Shell Research Ltd., Thornton Research Centre,
Chester, UK, using an implicit one-step method with single precision

to solve stiff ordinary differential equations (Prothero and Robinson,
1974).

The reaction scheme used in our model calculations, along with
associated references and notes, is given in Appendix A. The inorganic
reactions (reactions 1-34) are essentially identical to those used recently
by Carter et al. (1979) for the NOg-n-butane-propene-air system, apart
from a minor updating of rate constants. Hence, the inorganic reaction
scheme will not be discussed in any detail here; Appendix A should be
consulted for further details. Analogous to this previous (Carter et al.,
1979) and the other recent (Hendry et al., 1978) modeling studies, a
constant (for a given run) chamber radical source was found necessary in
order to match the calculated and the experimental time-concentration
profiles; and as before (Carter et al., 1979), these radicals were pre-
sumed to be OH radicals (see note 8 of Appendix A).

The organic reaction scheme is given in Appendix A as reactions
35-166; reactions 46-53 and 70-77 represent overall processes whose de—
tailed reactions are given for aromatic systems in general in Appendix B.
The general reactions listed in Appendix B were applied to both the
toluene-NOy-air and the o-cresol-NOg-air mechanisms, and are intended
to be applicable to the NOg-air photooxidations of all substituted benzenes
(see notes 14~19, 26 and 27 of Appendix A and the discussion below). A
number of possible altermative mechanisms, discussed below, were examined,
and the appendices list all reactions considered, including those which
were subsequently found to give unacéeptable fits to the data. ‘Throughout
the discussion, unprimed reaction numbers (e.g., 35, 36, etc.) will refer
to those in Appendix A, while primed reaction numbers (e.g., 17, 27, etc.)

will refer to specific examples of the general reactions in Appendix B.

Experimental Results. Initial conditions and selected reactivity
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parameters for the experiments reported here are given in Table 11. In
order to check reproducibility several duplicate irradiations were carried
out. In those cases, very similar reactivity parameters were observed
(especially for rums carried out with the same solar simulator lamp [Pitts
et al., 1979b; Darnall et al., 1979], which was changed between rums 290 and
327), and product yields agreed to within their stated uncertainty limits
(compare runs 264-~266 and 327 and 340).

The products observed in the toluene-NOgx-air runs for which quantita-
tive results were obtained (in approximate order of yield) were CO, formal-
dehyde, PAN, benzaldehyde, o-cresol, m-nitrotoluene, acetylene, and methyl
nitrate. Also detected (Glangetas, 1978) were small amounts of m— and
p-cresol, o- and p-nitrotoluene, benzyl nitrate, and 2,3-, 2,5-, 3,2-,
3,4=, and 4,3-hydroxynitrotoluenes. In the cresol-NOy-air rums, the
products detected were CO, PAN, and 2,3- and 2,5-hydroxynitrotoluenes from
o-cresol; CO, PAN and 3,2- and 3,4-hydroxynitrotoluenes from m-cresol, and
CO, PAN and 4,3-hydroxynitrotolueme from p-cresol. The organic product
vields in the cresol runs were very low and the PAN yields were much
lower than those observed in the toluene runs. The maximum yields of the
major organic products observed in the toluene-NOg-air and toluene-benz-
aldehyde—-NOy—air irradiations are given iﬁ Table 12.

Figure 36 compares the concentration-time profiles observed for
03, NO, N0y, PAN and the reactant cresol in the o-, m-, and p-cresol-NOx—
air runs. (The nonzero initial ozcne values observed are believed to be
due to a cresol interference on the UV absorbance Oj3 monitor.) In
addition, concentration-time profiles for selected species observed in the
o-cresol and in selected toluene and toluene-benzaldehyde rums are plotted
in Figures 37 - 42, along with results of model calculaticns (discussed
below). In gemeral, it can be seen that the cresol rumns and the added
benzaldehyde runs have a lower overall reactivity than comparable toluene
runs, and that m-cresol is by far the most reactive of the cresol isomers.
These results can be ratiomalized in terms of the mechanism which is
discussed below.

Detailed data tabulations, giving concentrations of all organic
and inorganic species monitored, and values of measured physical parameters

as a function of time, including the spectral distribution of the photolyz-
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ing light, are available from the Statewide Air Pollution Research Center

upon request.

Results of Model Calculations. Calculations were carried out with

varying mechanistic pathways and rate constant ratios. The various mech=-
anistic options, which are described in more detail in the discussion,
concern (a) the reactions of the species formed by the addition of hydroxyl
radicals and then 0, to the aromatic ring, (b) the reactions of the pre-
dicted conjugated Y-dicarbonyl products, (c¢) the relative importance of the
chain-terminating formation of organic nitrates from the ROp + NO reaction
(e.g., reaction 38 and 4°), (d) the photolysis of benzaldehyde, and (e) the
reaction of o-cresol with NO3 radicals. The varying assumptions made
concerning these options, and the designation given the calculations using
the different sets of assumptions, are given in Table 13.

Figure 37 and 38 show the effect of using different alternate mecha-
nisms concerning the reactions of the Oﬁ—aromatic—oz adduct and the
reactions of the Y-dicarbonyl products, compared with the experimental
data for a representative toluene run and the o-cresol run; and Figure 39
shows the effect of varying the relative importance of the formation of
nitrate from the ROy + NO reaction. From these figures, it can be seen
that best fits are obtained if it is assumed that the aromatic-0H-0p
adducts undergo cyclization but not re-cyclization (see discussion), and
that the C7 bicyclic peroxy radicals formed in the toluene and cresol
photooxidations react with NO ~25% of the time to give nitrates. Both
calculations A (assuming exclusively 3-addition of 09 to the aromatic~OH
adduct, [2.2.2] cyclization of this aromatic-OH-0» adduct, and no cy-
clization of the RCH=CHCO3 radicals formed from the Y-dicarbonyl pro-
ducts) and calculations F ([3.2.1] cyclization of either the 1-09- or
3-0p-aromatic-~OH adduct, and rapid cyclization of RCH=CHCO3) fit the
data reasonably well, and the predictions of these two mechanisms are
compared with the data from other toluene and toluene-benzaldehyde runs in
Figures 39 ~ 42. 1In general, calculations A predict an initial reactivity
which is slightly high, while calculations F predict a slightly low initial
reactivity, although in both cases the calculated initial reactivity can be
made to fit experimental results by respectively reducing or increasing the

adjustable radical input rate from chamber sources (Carter et al., 1979)
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(see note 8 of Appendix A).

Figure 40 shows the effect on model calculations of varying assump-
tions concerning benzaldehyde photolysis for a toluene-benzaldehyde rumn.
It can be seen that in order to fit the benzaldehyde concentration~time
profiles and the overall reactivity, it is necessary to assume that
benzaldehyde undergoes photolyses at a signficant rate, but that it forms
non-radical products.

Figure 43 shows the effect that a reaction of NO3 with o-cresol has
on the 03, NO9 and o-cresol concentration-time profiles in the o-cresol
run and in a toluene-benzaldehyde run. Predicted concentration-time
profiles of other monitored reactants and products are less affected by
this reaction. It can be seen that the data are much better fit by assum~
ing that the reaction occurs with a rate constant on the order of (1-2) x
101! cm3 molecule~! sec~! than by assuming it is negligible.

Table 12 lists the experimental and calculated (using model A) yields
of the major products monitored, and gives the maximum calculated yields
of major products predicted by the model which were not experimentally
monitored. Among the products monitored the major discrepancy appears to
be that the observed nitrotoluene yields are higher by a factor of ~10 than
those calculated, despite the fact that the calculations generally fit the
cresol data and used the experimentally determined ratio (k42/k43) for
cresol vs. nitrotoluene formation obtained by Kenley et al. (1978). In
addition, the predicted formaldehyde yields are slightly low, relative
to the experimental data. This may be due to the neglect of glyoxal
photolysis in our mechanism (see note 29). For the other major products,
the fits of calculated to experimental yields can be considered to be
within the range of the experimental uncertainties. Although the model
predicts the formation of products which were not experimentally observed
(mainly Cy organic nitrates, c¢-dicarbonyls, 2-butene-1,4-dial, peroxy-
benzoyl nitrate (PBzN) and nitrophenols), we have no evidence that these
species are not formed in the yields:predicted. Indeed, the low carbon
balance observed for these systems suggests a significant formation of
unmonitored products, and thus, except for the nitrotoluene yields (a very
minor product) our model simulations can be considered to be generally

consistent with the experimental data reported here.
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Discussion.

l. Initial Toluene Reactions. The only significant chemical loss

process of toluene under simulated polluted atmospheric conditions is now
known to be by reaction with the OH radical (Hendry et al., 1978; Atkinson
et al., 1979; Doyle et al., 1975; Davis et al., 1975; Hansen et al., 1975;
Lloyd et al., 1976; Perry et al., 1977a; Ravishankara et al., 1978; Kenley
et al., 1978; Hendry, 1979; Pate et al., 1976a).

This reaction proceeds via two pathways: H atom abstraction from
the substituent methyl group (reaction 35), and OH radical addition to the
ring (reaction 41) (Hendry et al., 1978; Atkinson et al., 1979; Davis
et al., 1975; Perry et al., 1977a; Ravishankara et al., 1978; Kenley et
al., 1978; Hendry, 1979; O°Brien, 1975; Spicer and Jomes, 1977; Hoshino et

al., 1978; Grosjean et al., 1978; 0’Brien et al., 1979; Akimoto et al., 1978),

CH CH. -

o+ — @ + H,0 (35)

g
—C

with k35/(k3s + k41) = 0.15 (Atkinson, et al., 1979; Perry et al.,

1977a; Kenley et al., 1978; Hendry, 1979) and (k35 + k41) = 6 x 10~12 cm3
‘molecule~l sec=l (Atkinson et al., 1979; Davis et al., 1975; Hansen et al.,
19755 Perry et al., 1977a) at room temperature. Under atmospheric condi-
tions the benzyl radical will react to form benzaldehyde and benzyl nitrate
(reactions 36-40), as has been discussed previously (Hendry et al., 1978;
Atkinson et al., 1979; Kenley et al., 1978; Hendry, 1979; 0’Brien, 1975;
Spicer and Jomes, 1977; Hoshino et al., 1978; Grosjean et al., 1978;
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0’Brien et al., 1979). The reasomably good fits of the model calculatioms
to the experimental benzaldehyde yields (see Table 12) indicate that our
data is consistent with the reported ratios (Atkinson et al., 1979; Perry
et al., 1977a; Kenley et al., 1978; Hendry, 1979) for OH abstraction of
hydrogen vs. OH radical addition to the aromatic ring.

OH Radical Addition Pathway: Formation of Cresols and Nitrotoluene.

The major pathway (~85%) for reaction of OH radicals with toluene is

via the initial formation of an OH~-toluene adduct (Atkinson et al., 1979;
Perry et al., 1977a; Kenley et al., 1978; Hendry, 1979). By analogy with
the position of O(3P) atom addition to toluene (Jones and Cvetanovic, 1961;
Grovenstein and Mosher, 1970; Gaffney et al., 1976) and based on the
available experimental product data (Kenley et al., 1978; Hendry, 1979;
0°Brien, 1975; Hoshino et al., 1978; Grosjean et al., 1978; O“Brien et

al., 1979; Akimoto et al., 1978), the OH radical is presumed to add pri-
marily at the ortho positiom. The thermalized adduct (I) can react under
atmospheric conditions with 09 via two pathways (Atkinson et al., 1979):

f§ atom abstraction to form the cresol (reaction 42), or reversible addition

to form the peroxy radical (II) (reactiom &4, 45):

O + HO (42)
. 2
CH

(1D
or it can react with NO; to form the nitrotoluene:

CH CH

3 0 CHy 3
/H1 oH
+ Yo, M g . —> + H,0 (43)
NO
() N0 :
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Hendry and co=-workers (Kenley et al., 1978; Hendry, 1979) concluded
from their discharge flow study of the reaction of OH radicals with toluene
that the cresol isomers and m-nitrotoluene (i.e., reaction 42 and 43) are
the sole initial products of the OH radical addition pathway, and that
k43/k4p = (444 + 0.5) x 103. If the discharge-flow results (Kenley et al.,
1978; Hendry, 1979) are applicable to the present experimental study, the
only significant initial products of toluene photooxidation would be
benzaldehyde and the cresols, with the latter being formed ~85% of the
time. Because the cresols are consumed more rapidly in the NOy-air
irradiations than toluene, due to their higher rate constant for reaction
with the OH radical (Atkinson et al., 1979; Perry et al., 1977b; Atkinson
et al., 1978b) this would mean that the chemistry of the toluene-NOy system
would be dominated by that of the cresol-NO, system. However, the present
smog chamber results indicate that in terms of ozone and PAN formation and
NO to NOj conversion rates, the cresol-NOy-air systems are far less reac-
tive than the toluene system. The excess reactivity of the toluene system
cannot be attributed to benzaldehyde reactions, since, as is discussed
below, benzaldehyde acts as an inhibitor (Gitchell et al., 1974; Niki et
al., 1978; Niki et al., 1979). Thus the initial formation of products
other than these is necessary to account for the relatively high reactivity
of toluene runs, and for the high yields of products such as PAN, as well
as for the observation of biacetyl as an initial product in o=-xylene-NOy-
air irradiations (Darnall et al., 1979). We find the o-cresol data is best
fit by assuming it is formed to the extent of only ~20% of the total OH +
toluene reaction, with products other than cresol, benzaldehyde, benzyl
nitrate and nitrotoluenes being formed ~65% of the time.

The apparent inconsistency in terms of predicted cresol and nitro-
toluene yields between the results of the discharge flow studies (Kenley et
al., 1978) and our smog chamber studies may be due to the fact that the
former was carried out at a total pressure of ~6-15 torr of (Ar + 0j)
(Kenley et al., 1978) against a totai‘pressure of 1 atm of air in the smog
chamber studies. 09 addition to (I) to form (II) and the reaction of (I)
with NOy to form nitrotoluenes both may have not been in the limiting
high pressure second order kinetic regime under the conditioms of the

discharge-flow study (Kenley et al., 1978), and thus could be significantly
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faster at 1 atm total pressure. This is indeed assumed to be the case for
the additiom reaction of (I) with Op, but the model still uses the low
pressure~derived value for the (I) + NOp addition reaction (reaction 43).
However, the fact that the model significantly underpredicts nitrotoluene

yields suggests that k43 is pressure dependent as well.

Stucture and Reactions of the OH-Aromatic-0o Adducts. The structure

of the radical (II) is not known; addition of Oy to (I) may be at the 1-,

3-, or S5-position:

clH3 .
W0 on
— | q (44)
o
(I1z)
CH, CH,
CH OH
pd
; = H (45)
7 0y, =— E |
+ 0, —LT o
" ™N00 -
() (1Ib)
CHgy
0H
e
G H
q e’
.00
(I1c)

0p addition at the 5-positiomn should be the least thermodynamically
favored, since the double bonds are nonconjugated. Addition at the 1-
position (reaction 44) is estimated (Benson, 1976) to be slightly more
favored thermodynamically over addition to the 3-position (reaction 45),
although the resulting radical (IIa) will also have the most steric
hindrance. In the calculations, the consequences of assuming exclusively

l-addition or exclusively 3-addition are both considered.
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Based on thermochemical estimates (Perry et al., 1977a; Benson,
1976), 07 addition to radical I is expected to be only ~10 kcal mole~l
exothermic. This means that significant back-decomposition of radicals II
to radical I may be occurring, which could account for the relatively low
effective rate constant for 09 addition to radical I required to fit the
cresol data (see note 13, Appendix A).

At the present time little is known about the other reaction pathways
of the QOH-aromatic-0) adducts. There are a number of possible alternative
pathways, and these are listed for a general aromatic adduct in Appendix B
and are discussed below for the case of adduct IIb (substituent 6 in
Appendix B = CH3, substituents 1-5 = H). Reactions of the other adducts
are assumed to be analogous.

If the OH-aromatic-09 adducts react in a manmner analogous to other
peroxy radicals, the following scheme would appear to be the most reason=-

able:

CH, CHy
OH OH
3t B
H + NO —> B+ MO,
00+ 0e .

(IIb)

followed by either reaction with 0O

CH,

CH,
OH I OH
H q
B+ 0, — + Ho,
0 0

or ring opening

CH3

CH,
OH OH
E HCOC (CH,,)=CH-CH=CH-CHO + HOZ
. CHO 3
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However, this scheme is inconsistent

with the observation of biacetyl as

a primary product in the NOg-o-xylene-air system (Darnall et al., 1979),

and no reasonable mechanism accounting for that observatiom (Darnall et

al., 1979) could be derived without assuming formation of bicyclic radicals.

It is thus assumed that the OH-aromatic-09 adduct primarily undergoes

cyclization reations such as those shown below:

(ITv)

CH

3
. OH
i an
(111a)
CH,
. oH
g an
(I11b)
CHs
OH
~H
(I1Ic)

In addition to accounting for the ring cleavage products observed, these

reactions are expected to dominate on the basis of thermochemical and

kinetic estimates.

the peroxy radical IIb with NO is ~8

If we assume that the rate constant for the reaction of

x 10712 cm3 molecule~l sec—! {see note

9 of Appendix A), then under realistic atmospheric conditions [[NO] < 1 ppm

(2 x 1013 molecule cm‘3)] cyclization should dominate if its rate constant

is >160 sec~l. 1If we further assume

that (1) the A factors for the cycli-

zation reactions are at a minimum ~1010 gec-l (Benson, 1976), (2) that the
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activation energy for cyclization is [$9 kcal mole~l (based on the activa-
tion energies of bimolecular radical + double bond addition reactions [Kerr
and Parsonage, 1972]) + the reaction endothermicity (if any)] and (3) that
AH (cyclization) = (ring strain-l4) kcal mole~l, based on thermochemical cal-
culations using group additivity principles (Benson, 1976), then cycliza-
tion should dominate if the ring strain of the bicyclic radicals is less
than ~16 kecal mole~l. Although such ring strains are not known, this
would appear to be likely (Benson, 1976).

Of the radicals IIIa-c, IIIa will probably have the least ring strain,
while ITIb will have some resonance stabilization energy by virtue of
its allylic character. Since we cannot determine, a priori, which of these
structures is favored, it is again necessary to consider both options in the
model calculations, i.e. IIIa or IIIb.

These cyclized aromatic-OH-0j adducts are then expected to add O to

form radicals of the type

CcH CH
«00 CH3 3 3
ou .00 OH OH
q H H
00*
v Va Vb

which could react with NO either to form an alkoxy radical or yield
a stable nitrate (analogous to the >C4 alkylperoxy cases [Carter et al.,

1979]1), for example:

CH
.O 3
OH
> H + NO, 3"
. CH
00 , 3
OH VI
H + No — '
CH
0,N0 | 3
v N\ om
M H 4"
VII
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The reactions of the bicyclic peroxy organic nitrates such as (VII) are
unknown; they may undergo molecular decomposition to form HNO3 or other
organic nitrates. In our model we assume their reactioms, if any, have a
negligible effect on the overall mechanism and are thus ignored. The
bicyclic peroxy alkoxy radicals such as (VI) are expected to undergo a
series of highly favorable B-scission fragmentatiomns, resulting in the
formation of G~dicarbonyl and conjugated y-dicarbonyl products. For
example, (VI) is assumed to decompose as shown, with the other isomers,

resulting from the reaction of NO with Va and Vb, reacting analcgously:

d «cHm
3 0
on 0N o 0% 0-
i — —C- —» CH.COCHCHCH=CHCHO —>
| | - CE=C CH, — CHy
HC{\*C _CH
VI x
CHBCOéHOH + BCOCH=CHCHO (5")
0,
> CH,COCHO + HO, 6"

The relative importance assumed for nitrate formatiom vs. alkoxy
radical formation has an important effect on model simulations, since the
former process is radical terminating and is an ef fective nitrogen sink,
while the latter is radical propagating. This effect is shown in Figure 39,
where k4'/(k3' + kgt) (and also the analogous rate constant ratics in
the cresol system and for the benzyl peroxy radical) is varied from 0.1 to
0.5. It can be seen that toluene-NOy—air data is best fit by assuming
nitrate formation occurs ~25% of the time; this is true for the toluene-
benzaldehyde~NOy-air and the cresol-NOy-air system as well. Assuming
aitrate formation is negligible results in a significant overproduction at
ozone maxima regardless of the other mechanistic opti&ns used.

A possibility which must also be considered is that the bicyclic
peroxy radicals may further cyclize, such as shcwn below (for radical (IV)

and the 05 adduct to radical (IIIb)):
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CH

0 3 0—0
o HyC B B
H > .H = (16')
HO — l H
(IV) H o\
0
. CH3 CH3
Oo OH "
1 = 0\°\O oH (17"
. Q
Va

If formed, these double cyclized radicals should react with 09 and then NO
forming alkoxy radicals or alkyl nitates by reactions analogous to those
shown above for (IV). The tricyclic bridged-peroxy alkoxy radicals are

also expected to rapidly fragment via consecutive B-scissions:

CHy . OH H
0 4 ﬁ)
Il
Q . - C -H —
N O\ - H/ H Cq
. H =3
° Q=0
OH O-
1 1
(CHO)2 + HCOCH C CHO (27',29")
\i .
CH,
OH
' -
Hcocm:ocn3 + HCO (31"
OH O°
1 |
HCOCH C CHO
1]
CH3 . .
HCOCHOH + CH3COCHO (33"
(VIII)
0'2_
(CHO)2 + HO, (147
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The relative importance of the two possible modes of decomposition {(e.g-,
reaction 31° and 33°) of species such as (VIII) is not known so both
possibilities are considered.

As can be seen from Figures 37 and 38, the data do not clearly
indicate which aromatic—OH-09 adduct is formed or whether it undergoes
[2.2.2] or [3.2.1] cyclizatiom, but do indicate that recyclization probably
is negligible. TIf recyclization occurs, the assumption made concerning the
fragmentation of radical (VIII) is important {(assuming reaction 337 domi-
nates results in over—-prediction of reactivity in the toluene and the
o—cresol systems, while assuming reaction 31° dominates results in the
reactivity in the toluene system being underpredicted, but gives reasonably
good fits to the o-cresol system); but it is clear that no adjustment of
the k37~ /k33” ratio would allow both the toluene-NOy data and the
o-cresol-NO, data to be fit by models assuming recyclizationm. Model (A)
assumes [2.2.2] cyclization and predominant addition of 09 to the l-
position of the OH-arcmatic adduct, although 3-addition should not be
completely negligible. If {3.2.1] cyclization occurs, as assumed in the
other model which gives reasonable fits to the data (F), formation of the
l-adduct or the 3-adduct is immaterial, since each cyclize to form the same
intermediate (i.e., radical IIIb). '

The aromatic ring-opening mechanisms which best fit the toluene and
o-cresol data, when applied toc the o-xylene system, yield biacetyl after OH

radical additiom at the 1- or 2-position, for example:

CH CH CH,.COCOCH

3 73 3 3
CH, P CHB 0, NO +

OB + 0, > OH > +> > { CHOCH=CHCHO
HO

2

This is, as noted previously, in accord with the recent observation of

significant yields (18 + 4%) of biacetyl from irradiated NOy-o-cresol-air
systems (Darnall et al., 1979) and the magnitude of the biacetyl yield is
then consistent with the mode of O(3P) atom addition to o—xylene (Groven-—

stein and Mosher, 1970).
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Benzaldehyde Reactions. The reaction of benzaldehyde with OH radicals

must,. because of the magnitude of the OH radical rate constant (Niki et
al., 1978), proceed predominately via H atom abstraction from the substi-
tuent CHO group (Hendry et al., 1978; Atkinson et al., 1979; Hendry, 1979)

to form the benzoyl radical:
CHO Co

OH + ~ H,0 + (54)

This CgH5CO radical is then expected to add 0p (reaction 56) to form

the peroxybenzoyl radical which can react with NO or NOj. Reaction with
NOo (reaction 57) will lead to the formation of peroxybenzoylnitrate
(PBzN), which was not observed, but which may have been formed and not
detected. PBzN thermally decomposes (Hendry and Kenley, 1979) with an
analogous mechanism to PAN (Pate et al., 1976b; Hendry and Kenley, 1977;
Cox and Roffey, 1977) to lead to the ultimate formation of, among other
products, o- and p-nitrophemols (reactioms 58-65) (Niki et al., 1979).
Note that in each case the ultimate result of the OH~benzaldehyde reaction
is radical termination, which is consistent with these and previously
reported observations (Gitchell et al., 1974; Niki et al., 1978; Niki et
al., 1979)..

While little is known about benzaldehyde photolysis under atmospheric
conditions, its photolysis at rates approximately 5 times'greater than
that used for the aliphatic aldehydes (Carter et al., 1979) is included in
the mechanism to account for the observed benzaldehyde loss rates in the
toluene-benzaldehyde runs (see note 20 of Appendix A). As noted previously
(see Figure 40), the data are best fit by assuming that benzaldehyde
photolysis results in the formation af nonradical products. The most
likely pathway would thus appear to be formation of benzene + CO, but
although small yields of benzene (~0.5-1 ppb) are indeed observed in the
toluene-benzaldehyde runs, the yields are far less than the amounts pre-—

dicted (50-60 ppb) if it were the major product of benzaldehyde photolysis.
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Cresol Reactions. The cresols, represented in this model by o-cresol

alone (substantiated to a large extent by the smog chamber data reproduced
here), are known to react rapidly with OH radicals (Atkipson et al., 1979;
Perry et al., 1977b; Atkinson et al., 1978b), with this reactiomn being a
major cresol loss process under simulated atmospheric conditions (Atkinson
et al., 1978b). The slow reaction with O3 (Atkinson et al., 1978b; Hendry,
1979) has been neglected in the present model since it will contribute
<5-10% of the total cresol loss rate under the experimental conditions
employed in the NOy-toluene-air and NOy-o-cresol-air irradiatioms. The
irradiated NOy-o-cresol-air data yields little evidence as to the reac-
tion mechanisms——very little PAN is formed and the major organic products
observed are hydroxynitrotoluenes in low (< 5%) yields. The reaction of
OH radicals with o-cresol can proceed via OH radical addition to the ring
or by H atom abstraction (Atkinson et al., 1979; Perry et al., 1977b).

The abstraction pathway, which accounts for ~8% of the total OH radical
reaction (Atkinson et al., 1979), probably proceeds mainly via H atom
abstraction from the substituent-OH group, since the abstractiom rate
constant for o—cresol is a factor of ~4 higher at 400 K than that for

toluene (Perry et al., 1977a; 1977b).

CH CH,
oH + — HO +
IX
Reactions of NOy with radical IX can, by analogy to the phenoxy radical

reaction 64 (Niki et al., 1979), lead to formation of the observed hy-

droxynitrotoluene isomers. This minor H atom abstractionm pathway has been

CH CH CH

+ NO —_—— +

NO2 OZN
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neglected in the model calculations since its inclusion would have an
insignificant effect on the calculated time-concentration profiles of the
major species.

The major OH radical reaction pathway is in addition to the aromatic
ring (Atkinson et al., 1979), and thermochemical calculations (Benson,
1976) show that radical X is the most thermochemically favorable adduct.

Its formation is thus assumed to be the sole pathway.

CH i
3 CH3

OH OH
i

0B + —_— oH (69

X

Species such as X can also react with NO; to give rise to the observed

hydroxynitrotoluene isomers.

CHB CH3
| on o om
M OH  wall
CH > H. — e
-H,0
3 NO2 2 N02
OH
OH + NO
2 CH3 CH3
X OH | OH
OH wall
M > e —
H -H70 0N
NO 2

2

However, the dominant reaction of X is expected to be with Os:

CH3 CH3

OH 0):1
OH M OH
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The subsequent reactioms of radicals XI are assumed to be analogous to
those of radical II formed in the toluene system. The various possible
detailed reactions for these species are listed in Appendix B {substituent
1 = OH, 2 = CH3 for the 1 adduct; substituent 1 = OH, 6 = CH3 for the 3
adduct), and the overall processes are given in Appendix A as reactioms

70-77. The best fit models predict that the major overall processes are as

shown below:

CH3
(0,N0 ; 9
0yN0_ /“H3 1/2 | o, | o
257 - X
CH3 —_— O\O OH OT 4 4= >
- . OH N NS -
- Cn3
Ny oH
o o 04, NO \1/2 OH J
— ﬁ or: ? — [
- ONO,
1 3
X OH |
OH
HO, + CH,COCOH + HCOCH=CECHO
75% ‘ 32
P,

or

H02 + l/Z(HCOCOZH + CHBCOCH=CHCHO)

+ l/ZCCHBCOCO H + HCOCH=CHCEQ)

2
There is evidence that there is an additional significant loss

process for cresols in NOg-air systems. It has been independently observed

by 0°Brien (1979) and in our laboratories (Carter et al., 1980) that

although the cresols do not react at significant rates with either O3

(Atkinson et al., 1978b; Hendry, 1979; O“Briem, 1979) or NOp (O"Brien, 1979;

Carter et al., 1980), they do appear to rapidly disappear in chambers dosed

with NO, and O3 together. Since O3 and NOj react rapidly to form NO3 and
No05 (Graham and Johnston, 1978)

03 + N0, - NO3 + 09 (5)
M
(10) NO3 + NOo z NoOs (9)
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these observations can be attributed to rapid reaction of cresols with
either NO3 or Ny0s5. Since NO3 is known to react with alkenes (Japar and
Niki, 1975), it is probable that it is also NOj which is reacting with

the cresols. We have recently obtained, using a relative rate technique, a
rate constant for the reaction of NOj radicals with o-cresol of ~1.5 x
10~11 cm3 molecule~! sec-l (Carter et al., 1980). As can be seen in Figure
43, this rate constant is sufficiently high that reaction with NO3 becomes
a significant sink for o-cresol after 03 formation begins, and accounts for
the rapid decrease in the o-cresol concentrations observed after their
initial rise in the toluene-NOy-air runs. The observation that NO3 radi-
cals react rapidly with phenol and the cresols, but only very slowly with
toluene and methoxybenzene indicates that the reaction with phenol and the
cresols proceeds via H atom abstraction from the substituent-OH group to

form radical IX (Carter et al., 1980):

4 A
CHB
OH
CH3 ‘ CH3 _ NOZ
CH .
0 NO2
+ I HNO3 + > . +
IX
CH3
CH
\OZN P

Hence this reactioﬁ is another explanation for the formation of the hydroxy-
nitrotoluene isomers observed.

As noted previously, the order of the overall reactivity of the
cresol isomers in NOy-air systems is meta >> para > ortho (see Figure 36).
This effect is larger than can be attributed to the relatively small
differences in the OH + cresol rate constants (Atkinson et al., 1979;

Atkinson et al., 1978b) (meta/ortho = l.4; para/ortho = 1.1), but it can
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readily be rationalized in terms of the mechanism. On the basis of
the mechanisms which best fit the toluene-NO, and the o-cresol-NOy

data, m— and p-cresol are expected to react as shown:

CH,
HOO
. . .
502 CHOCqu
H
CH3 CH3 OI(?I +
0 02, NO ?h3
+ OH —> - 2 or ~=» — | HCOC=CHCHO
OH ox
CH3 or
CH , COCH=CHCHO
OH
00”1 B J
t CH
CH3 CH3 l 3
02 0,,N0 CHOCOZH
+ 0§ —> > q > +
00- CH3
1
HO OH HO CH HCOC=CHCHO
OH

CHOCO9H formed in the m— and p-cresol systems is expected to be more
reactive towards OH radicals than the CH3COCOoH formed in the o-cresol
system, since it has the labile ~CHO group. In additiom, both 2-methyl-2-
butene-1,4-dial and 2-pentene-l,4-dial are expected to give rise to methyl-
glyoxal, a powerful photoinitiator, in their photooxidation mechanism (see
Appendix A, reactioms 100-141), which is not formed from the 2-butene-l,4-
dial predicted in the o-cresol mechanism (the latter instead forming
glyoxal, which is believed to have far lower quantum yields for photodecom~
position (see Note 29, Appendix A)). Furthermore, in the m-cresol system,
the OH radical may add to a significant extent at the 2-position, since

the radical formed is stabilized by both the OH and the -CHj groups,
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unlike analogous adducts for the other cresol isomers.  Applying our
mechanism this adduct is expected to give rise to methylglyoxal directly,
which may explain the far greater reactivity of m-cresol relative to the

o- and p-isomerse.

Subsequent Reactions of Ring=-Opening Products. The subsequent reac—

tions of the ring cleavage products formed in the toluene and the cresol
photooxidations are given in Appendix A. In many cases the mechanisms are
uncertain and rate constants have had to be estimated; these are discussed
in the associated notes. The following points concerning the reactions of
these products should be noted:

a) In order for the model to fit the smog chamber data, it
must include the formation of radical initiator(s) in the toluene photo-
oxidation mechanism which are not formed in the o-cresol system. The major
initiator appears to be methylglyoxal, whose photolysis is also primarily
responsible for the observed production of PAN, HCHO, and CH30NO2. No
other product predicted by our mechanism is believed to photodecompose to
give radicals as rapidly as methylglyoxal (see Notes 20, 29 and 33 in
Appendix A for brief discussions of benzaldehyde, glyoxal, and conjugated
Y-dicarbonyl photolyses, respectively).

p) There is a significant uncerfainty in the photooxidation
mechanism of the conjugated y-dicarbonyls which are predicted to be formed
as major products. These products are expected to react predominately with

OH radicals, giving rise to unsaturated a-carbonyl peroxy radicals
OH + RCOCH=CHCHO - Hy0 + RCHOCH=CHCO

. M
RCOCH=CHCO + 0o - RCOCH=CHCO3.
(X11)

These radicals could react with NO and NOy (e.g., reactions 110-113), in
a manner analogous to the reactioms of acyl peroxy radicals, forming
unsaturated PAN analogues such as HCOCH=CHCO3NO,. However, these un-

saturated peroxy radicals may also undergo cyclization,

RCOCH=CHCO3. >  HC

(XI1)
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resulting in the ultimate formation of glyoxal (R=H) or PAN + methylglyoxal
(R=CH3) (see Appendix A). It is not known at the present time whether
this cyclization is rapid enough to compete with reactiom of (XII) with NO
or NOp. The recent observation of methylvinylketone and methacrolein
formation during the early stages (before significant ozoune formation) of
the NOy photooxidation of isoprene (Arnts and Gay, 1979) indicates that in
the case of the unsaturated alkyl peroxy radicals, (XIII) cyclization is
negligible compared to reaction with NO.

© 00-

L
CH2=CR—CR'—CHZOH (R = 9 or CH,; R'" = CH, or H)

33 3
(XI1T)

However, it is not clear that the umsaturated acylperoxy radicals such as
(XI1) formed in this sytem will react analogously, and hence it is necessary
to consider both mechanistic options.

As can be seen in Figures 37 and 38, where results of the calculations
assuming cyclization of (XII) is rapid, are compared with those assuming it
is negligible, (compare Model A with B, C with D, or E with F) the uncer-
tainty concerning the rate of this cyclization has a significant impact on
model pradictions comncerning both the toluene and the cresol systems. It
is this uncertainty which does not allow us to distinguish unambiguously
whether these data are best fit by assuming [2.2.2] cyclization and pre-
dominant 3-addition of 07 to the OH-aromatic adduct (calculations A), or
by assuming [3.2.1] cyclization dominates (calculatiomns F), since the
former assumes that cyclization of XII is negligible while the latter
assumes it dominates. If the rate of this cyclization were known, one of

these mechanisms could probably be eliminated.

Conclusions. The chemical kinetic computer models for irradiated
toluene-benzaldehyde—-o-cresol-NOy-air mixtures, which are discussed above
and are consistent with available basic kinetic and mechanistic data
and with reasonable thermochemical and kinetic estimates, have been
shown to be capable of giving predictions of reactant and major and minor
product concentration—time profiles which are in reasonably good agreement
with results of well-characterized smog chamber irradiations performed

with a variety of initial reactant concentrations. However, with the
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information available to date, it is not possible to choose between various
optional sets of equally reasonable reaction sequences. For example,
the experimental data appear to be reasonably well fit by the two sets
of mechanistic options discussed above. In addition, in our initial
studies it was found that most of the concentration-time profiles, except
for those of o-cresol, could be equally well fit by a model giving the same
products as A, but assuming that organic nitrate formation from ROy + NO
occurs ~40% of the time instead of ~257, providing that fragmentation is
increased by decreasing the formation of o-cresol from ~20% to ~8% of the
overall reaction, and that the resulting increased production of PAN is
compensated by changing the ratio k(CH3CO03 + NO)/k(CH3CO3 + NOp) from 1.5
to 2.0, which is within its range of uncertainty (Carter et al., 1979).
These chemical kinetic models predict the formatiom of products and
reactive intermediates in aromatic-NOy-air photooxidations which have not
yet been detected in such systems, and whose atmospheric chemistry is at
best poorly characterized. Such products predicted in the toluene system
include the a-dicarbonyls glyoxal and methylglyoxal, and the Y-umsaturated
dicarbonyls RCOCH=CHCHO (R=H, CH3) and possibly the corresponding
peroxyacyl nitrates RCOCH=CHCO3NO;, together with the alicyclic nitrate
which is proposed to be formed from the Oﬁ—toluene-oz adduct and NO; for

example

0o,NO oH

Furthermore, quantitative rate and mechanistic information is required
for: the photolysis of benzaldehyde and the a-carbonyl carboxylic acids,
the fraction of the alkyl nitrate from the peroxy radical intermediates in
the aromatic photooxidation mechanism, and the general atmospheric

chemistry of a-dicarbonyls and y-unsaturated dicarbonyls.
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Notes

5.
6.

k] was determined from the photolysis of NO; in No (Pitts et al.,
1979b; Darnall et al., 1979; Holmes et al., 1973). All other photolysis
rate constants were derived as described previously (Carter et al.,
1979) from the absorption coefficients of the photolyzing species,
the quantum yields, and the relative spectral distribution of the
photolysis light (Pitts et al., 1979b).

The rate constant is pressure dependent and is givem for 1 atmosphere
of air.

kg was derived from the equilibrium constant of Graham and Johnston
(1978) combined with the N9Og decomposition rate comstant, kjq,
derived by interpolating the data of Connell and Johmnstom (1979),
which was reported at various Nj number densities, to 760 torr of Nj.
Value comsistent with that required for the NOy-n-butane-propene-air

system (Carter et al., 1979), and is also consistent with the gas

phase upper limit of kjyj 1.3 x 10720 3 ﬁolecule'l sec~l obtained
by Morris and Niki (1973).

Value given is specific for the SAPRC evacuable chamber.

Based on the assignment or estiméte of Carter et al. (1979) for the
same or for analogous reactions.

Pseudo-third order reaction added to account for the observed effects
of humidity on this reaction (Hamilton and Lii, 1977). kpg was
calculated to be consistent with the data of Hamilton and Lii (1977)
and the HO5*H20 equilibrium constant calcuated by Hamilton and Naleway
(1976) .

Reaction 34 is required in the model to account for the excess radical
initiation associated with all of our smog chamber experiments (Carter
et al., 1979; Hendry et al., 1978). In modeling our NOg-propene
and/or n-~butane-—air chamber runs (Carter et al., 1979), we found

that the values of k34 required for calculations to f£it the data
generally depended on initial NO, NOj, and humidity values. Based

on these correlations (Carter et al., 1979; Carter, 1977-1978) the
following values of k34 have been assigned: k34 = 0.2 ppb min~!

for run 273; 0.3 ppb min~l for rums 271 and 281; and 0.4 ppb min~l
for runs 266, 269, 293, 339, and 340. '
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10.

11.

12.

13.

The total RO9 + NO rate constant used was assumed to be equal to

that for the CH40p + NO rate constant kg3 Recently, Plumb et al.
(1979) obtained a value of kg3 = (8 + 2) x 10712 ¢m3 molecule~l sec~!
at room temperature, Adachi and Basco (1979) obtained kg3 = (3.0 =
0.2) x 10-12 cm3 molecule=! sec™! and Cox and Tyndall (1979) obtained
(6.5 + 2.0) x 1012 cn3 molecule~! sec~l. Since Adachi and Basco (1%79)
may have had problems with the product CH30NO in their u.v. absorption
system, and since HOp formed from HCO + O may have caused problems in
the study of Plumb et al. (1979), the data to date are ambiguous. We
have used a value of kg3 of 8 x 10712 cu3 molecule~! sec~l, identical
to that for the reaction of HO; radicals with NO, and consistent

with the above-mentiomed rate constant studies. The relative rates of
alkoxy formatiom vs. alkyl nitrate formation are unknown for these
systems, but bésed on the results of Darnall et al. (1976), alkyl
nitrate formation probably occurs at least 10% of the time in Csy
systems. For these calculations the efficiency of alkyl nitrate
formation was assumed to be the same for all Cg and Cy peroxy radi-
cals, and the best fits to the data are obtained when ~25% alkyl
nitrate formation is assumed. These reactions have also been dis-
cussed by Hoshino et al. (1978).

Ortho addition is assumed to predominate, based on experimental
product data (Kenley et al., 1978; Hoshino et al., 1578; Grosjean et
al., 1978), and results of the anmalogous additiomn of O(3P) atoms to
toluene (Jonmes and Cvetanovic, 1961; Grovenstein and Mosher, 1570;
Gaffney et al., 1976).

Reaction 42 is assumed to have the same rate constant as RCH70 +

0 RCHO + HOp (e.g., reaction 96) since they have similar exother-
micities (Benson, 1976) and probably have similar transition states.
Derived from k47 and the k42/k43 ratio of Kenley et al., (1978).
However, the nitrotoluene yields would be better fit if kg43/(kg4o + k43
+ kg + kgs) is a factor of ~10 higher.

The total rate constant of 09 addition to the toluene-OH adduct was
the same for all mechanisms considered, and was adjusted to fit the
observed maximum cresol yields in the runs modeled. Since the OH-

aromatic-~09 adduct can back-decompose to the Oy + the OH-aromatic
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14.

15.

16.
17.

18.

19.

20.

adduct (Atkinson et al., 1979) or cyclize, this rate constant is a
composite of k(0O + OH-aromatic-—adduct) x k(eyclization)/k(back~-
decomposition). Since k(0 + OH-aromatic-adduct) is expected, by
analogy with other alkyl radicals, to be ~10"12 cp3 molecule~!

sec~l (Hampson and Garvin, 1978), this implies that the ratio of
dissociation/cyclization for the OH-aromatic-09 adduct is ~300.

This means that the OH-aromatic adduct and the OH-aromatic-0j adduct
are probably essentially in equilibrium under atmospheric conditiomns.
Detailed reactions shown in Appendix B for substituent 2 = CHj,

1,3-6 = H.

The overall reaction occurs as shown if [2.2.2) c¢yclization predomi-~
nates and re-cyclization is negligible (reactions 1°-6" in Appendix
B). k3°/ (k3" + k4”) is assumed to be 0.75.

Detailed reactions shown in Appendix B for substituent 6 = CH3, l-4 = H.
The reaction occurs as shown if [3.2.1] cyclization predominates

and re-cyclization is negligible (reactions .7°-15", 6° in Appendix
B). kqg'/(kg” + kjp”) = ky;17/(ky1” + k;2”) is assumed to be 0.75.

The reaction occurs as shown if re-cyclization predominates and if
B~scission of G~carbonyl, B-hydroxy alkoxy radicals results primarily
in formation of carbonyl radicals. The same products are formed
regardless of whether [3.2.1] or [2.2.2] cyclization predominates
(reactions 17, 27, 77, 87, 167=32"). ko1"/(kgy1” + k92") = kp3"/(ko3”
+ ko4”) is assumed to be 0.75.

The reaction occurs as shown if re-cyclization predominates and if
B~scission of ¢-carbonyl, B-hydroxy alkoxy radicals results primarily
in formation of o~hydroxy radicals. The same products are formed
regardless of whether [3.2.1] or [2.2.2] cyclization predominates
(reactions 17, 27, 77, 8", 16°-30", 337, 34", 6", 14"). ko1"/(kyy” +
kogo®) = k23'/(k23' + ko4”) is assumed to be 0.75.

Estimated from the observed disappearance rates of benzaldehyde in
runs 337 and 339, after correcting for reaction of benzaldéhyde with
OH (Atkinson et al., 1979; Niki et al., 1978) and for benzaldehyde
formation from OH + toluene (Atkinson et al., 1979; Perry et al.,
1977a; Kenley et al., 1978). The hydroxyl radical concentrations
were estimated using the toluene disappearance rates, and the OH +

toluene rate constant (Atkinson et al., 1979; Perry et al., 1977a).
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21..

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

It is necessary to assume formation of nomradical products, or the
overall reactivities of runs 337 and 339 are overpredicted.

RCO3 is assumed to react with NO with the same rate constant as

CH407 (see note 9). The k(RCO3 + NO)/k(RCO3 + NO9) ratio assigned by
Carter et al. (1979) was used.

Assumed to occur with the same rate constant as that assigned for ROp +
HO7 and NO3 + HOs (Carter et al., 1979).

OH addition as shown is estimated (Benson, 1976) to be at least 3~7
kcal mole~! more thermochemically favorable than addition at any other
position, and is therefore assumed to predominate. Additionally, OH
radical additionm at this position yields the hydroxy nitrotoluene
isomers observed for the different cresol isomers.

Assumed to have same rate constant as assigned for reactiom 43 (see
note 12).

Assumed to be analogous to 03 additiom to the OB-toluene adduct,

i.e., kgg = ki and kg9 = k45 (see note 13).

Detailed reaction shown in Appendix B for substituent 1 = OH, 2 =

CH3, 3, 4, and 6 = H.

Detailed reactions shown in Appendix B for substituent 1 = OH, 6 =
CH3, 2-5 = H. ' '

Tncluded in the mechanism to account for the observed rapid disappearance
of cresols in the presence of 03 + NOp (0’Brien, 1979; Carter et al.,
1980), and the loss of cresol formed in NOg-toluene-air runs following
NO consumption. The rate constant was derived from subsidiary experi-~
ments (Carter et al., 1980). The mechanism is speculative, but its major
feature is that net radical formation does not cccur, since mechanisms
which assume that NOj + cresol gives radicals result in significant
overprediction of reactivity in NOg-cresol=-air runs.

Although glyoxal has large absorption coefficients in the 340-460 nm
wavelength region (Calvert and Pitts, 1966) where the intensity of

the photolyzing light is high, it appears to have low photodeccmposi-
tion quantum yields at atmospheric pressure (Calvert and Pitts, 1966).
Assumed to react with a similar rate constant as other aldehydes
(Atkinson et al., 1979).

This mechanism is assumed to be primarily H abstraction as shown
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32.

33.

34-

35.

36.

37.

38.

39.

40-

since OH radical addition to the double bond would be anticipated,

by analogy with the reaction of 0(3P) atom with acrolein and croton-
aldehyde (Gaffney et al., 1975) [when compared to O(3P) and OH +
ethene (Atkinson et al., 1979; Hampson and Garvin, 1978)] to have a
rate constant of <5 x 10712 cm3 molecule™!l sec~l.

03 addition to the double bond is anticipated to be slow, by analogy
with the reaction of O(3P) atoms with acrolein and crotomaldehyde
(Gaffney et al., 1975) when compared to ethene (Atkinson et al., 1979;
Hampson and Garvin, 1978).

The photochemistry of these species assumed to be analogous to that

of acrolein and crotonaldehyde (Calvert and Pitts, 1966) which are
believed to be photochemically stable under atmospheric conditions.
These initial additions to the double bond are estimated to be
exothermic by ~3 kcal mole~l. 1If the estimates of Demerjian et

al. (1974) (assuming an A factor of 1011+5 sec=l and an activation
energy of 11 kcal mole~l) are correct, these reactions should dominate

over competing processes. However, if their activation energy esti-

mate is low by 25 kcal mole=l, which is within the uncertainty range
of their estimation, the reaction would be expected to be unimportant.
Nitrate formation is arbitrarily assumed to occur ~10% of the time,
based on results for C4 and C5 alkyl radicals (Darnall et al., 1976).
Assumed to decompose with the same rate constant as peroxyacetyl-
nitrate (PAN) (Hendry and Kenley, 1977; Cox and Roffey, 1977).

Assumed to occur with the same rate constant as OH + isopropanol
(Atkinson et al., 1979). '

Reaction with Op forming HO9 and carbonyls has been shown to be

the primary fate of Ga~hydroxy radicals in air [Carter et al., J.

Phys. Chem. 83, 2305 (1979)].

The rates of photolysis for these acids are unknown. However, if

it is assumed that they photolyze to form radicals rapidly (analogous-
ly to methylglyoxal), model calculations greatly overpredict the
reactivity of the o-cresol-NO; system, regardless of which mechanistic
option is used.

Assumed to react with the same rate constant as OH + toluene. This

reaction is only significant in affecting primary nitrotoluene yields.
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V. INVESTIGATION OF THE EFFECT OF TEMPERATURE ON
PHOTOCHEMICAL SMOG FORMATION

The formation of photochemical smog is influenced by a number of
meteorological factors whose natural fluctuations contribute to the
observed variations in frequency and intensity of episodes at different
locations and times of year. Among the most important factors from a
fundamental gas phase chemical kinetic standpoint is temperature. Although
there has recently been comnsiderable progress in understanding the tempera-
ture dependencies of the many individual elementary processes occurring in
photochemical smog mechanisms, there has been very limited data avail-
able for the purpose of testing the temperature-dépendent aspects of these
kinetic mechanisms in their entirety. Analysis of air quality data is not
particularly useful in this regard because conditions of lower temperature
are usually also associated with conditions of reduced light intemsity or
duration, both of which are known to significantly affect photochemical
smog formation. Smog chamber studies are potentially more useful for
elucidating temperature effects, but the amount of smog chamber data
obtained at varying temperatures has been highly limited, and the impact
of chamber effects on temperature dependencies observed in such experi-
ments has not been adequately characterized.

In order to satisfy the need for well characterized smog chamber
data suitable for the validation of models of the effect of temperature
on photochemical smog formation, a series of variable temperature chamber
experiments has been performed employing the SAPRC evacuable chamber-
solar simulator facility. This included the irradiation of surrogate
hydrocarbon-NOy-air mixtures at average temperatures of 80C, 30°C and 51°C,
and, for control purposes, alkane~NOy—air mixtures at the same tempera-
tures. The alkane system is chosen as a control because its chemistry is
reasonably well understood (Carter et al., 1979). Efforts have been
made to assure that these experiments are well characterized, with experi-
mental variables unrelated to temperature effects, such as light intensity
and characteristics, reactant injections, moisture content, etc. held
constant. A description of the experimental design and procedures, and the
results of the 14 surrogate and the 10 control irradiations are given

below.
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Experimental Design. The composition of the surrogate hydrocarbon

mixture employed in this study is given in Table l4. It is based on the
mixture previously employed in SAPRC-ARB chamber experiments (Pitts et al.,
1975; 1976a; 1979a) which was designed to represent the ambient air pollutant
burden from all sources in the South Coast Air Basin. The hydrocarbon
mixture was modified to include n-hexane as a representative of the longer
chain alkanes, which are missing in the previous surrogate mixture.
(Recent results have shown that because of the possibility of a rapid,
1,5-H shift isomerization of sufficiently long alkoxy radicals, the reac-
tions of the longer alkanes in photochemical smog conditions are not
analogous to those of, for example, n-butane or 2,3-dimethylbutane.) The
relative concentrations of n-hexane and the other alkanes in the modified
surrogate were chosen so that (1) the total ppmC of alkame relative to the
other types of hydrocarbons was the same as in the previous SAPRC-ARB
surrogate mixture, and (2) the ratios of the different types of labile C-H
bonds was the same as those for the alkanes listed by Calvert for an 8:30
a.m. LARPP Los Angeles sample (Calvert, 1976). (Primary, seccndary,
tertiary, and C~H bonds that can, after reacting with OH, 09 and NO, form
alkoxy radicals which undergo the rapid 1,5-H shift isomerization, were
counted as separate types.) An additionai modification of the hydrocarbon
mixture was that the oxygenates were represented entirely by acetaldehyde
rather than primarily by formaldehyde; this was dome to simplify and make
more reproducible the hydrocarbon reactant injectioms.

Another modification of the reactant mixtures relative to the previous
surrogate programs was that in the initial NOy mixture, N0y was increased
from 10% to 25%. This makes the NO9:NO ratio more consistent with early
morning monitoring data, and is what is assumed in the EPA EKMA model
(Dodge, 1977b).

The composition of the control alkane-NO, rums consisted of equal
amounts of n-butane and neopentane as the reactant hydrocarboms, with the
initial NOy approximately 25% NO,. n-Butane was choseﬁ because its
mechanism has been reasonably well validated (Hemdry et al., 1978; Carter
et al., 1979), with its major uncertainties being attributed to chamber

effects. A dual rather than a single alkane system is preferred because
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Table l4. Composition of Surrogate Hydrocarbon Mixture
Used in Temperature Effects Study

Hydrocarbon Mole % % Carbon
Alkanes -- Total 64.0 65+3
Ethane 13.0 6.5
Propane 5.8 A
n-Butane 27.6 27.8
2,3-Dimethylbutane 9.3 l4.1
n~Hexane 8.3 12.5
Qlefins -- Total 13.3 10.1
Ethene 6.8 3.4
Propene 1.9 1.4
¢cis-2-Butene 2.4 2.4
2-Methyl-2-butene 2.2 2.8
Aromatics -- Total ' 9.2 17.9
Toluene 2.7 4.8
m-Xylene 6.5 13.1
Alkynes
Acetylene 8.2 4.1
Oxygenates
Acetaldehyde 5.2 2.6
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the change in the ratios of the two alkanes with time gives a good tech-
nique to estimate hydroxyl radical concentrations without the necessity to
correct for dilutiom. Neopentame was chosen as the second alkane because
it is the least reactive alkane which can reliably be analyzed om the same
chromatographic column as n-butane, allowing changes in their ratio to be
determined with maximum precision. Neopentane reactions account for less
than 24% of the hydrocarbon consumed, and its mechanism is expected to be
analogous to that of n-butane and other alkanmes; therefore its presence
should introduce no major uncertainties.

The blocks of surrogate-NOy—air and control n~butane/neopentane—N0,~
air rums were dome at varying hydrocarbon and NO, levels, with each experi-
ment performed at both high (510C) and low (SOC) temperatures. In addi-
tion, representative surrogate and n-butane/neopentane runs were done at
BOOC. The experimental protocol was such that surrogate and n-butane/neo-
pentane and runs, and runs with different initial hydrocarbon and NOy
levels were dispersed so that chamber memory effects, if any, should not
have a systematic impact on the data.

Experimental Procedures. All experiments in this program were per-

formed in the SAPRC 6800-liter, thermostatted evacuable smog chamber. The
evacuable chamber, the solar simulator light source, and the pure air
system employed have been described previously (Beauchene et al., 1973;
Doyle et al., 1977; Winer et al., 1980). In these experiments, continuous
monitoring was done using a Dasibi O3 analyzer, and using simultaneously a
TECO 14B and a newly acquired TECO 14B/E chemiluminescent NO-NOy analyzer.
Chromatographic samples were taken at 15-45 minute intervals for analysis
of reactant hydrocarbons, PAN and oxygenated products; samples for analysis
of formaldehyde using the chromotropic acid technique were taken hourly.
The intensity of the photolyzing light was momitored by periodic NOjp
actinometry experiments, and its relative spectral distributicn was deter-—
mined for each experiment by a spectrometer-photomultiplier system. The
experimental and amalytical procedures and techniques used in these experi-
ments were those generally employed in our evacuable chamber programs
reported elsewhere (Pitts et al., 1979a,b), except as noted below.

. . R o
For all runs temperature control was maintained to within +1 C and
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ky for NOy photolysis was held constant at 0.39 min~l. The spectral
distribution of the photolyzing light did not change significantly through-
out the program. Regardless of the temperature of the run, purified air
was humidified to ~15%7 RH at ambient temperature (~30°C) prior to entering
the chamber; this corresponds to ~5% RH at 51°C and ~60% RH at 8°C.

Efforts were made to minimize the introduction of nitrous acid (HONO)
into the chamber during injection of NO; by removing moisture HONO and
other impurities from the NO and NO9 used, and by not allowing high concen-
trations of NO or NO, to be exposed to each other or to water vapor prior
to and during the injection procedure. Because of the potential of
initially present HONO, due to its rapid photolysis, to affect the results
of the irradiation, the NOy purification and injection procedures are
described in detail and were used for all runs in this study.

NO was purified by passing it through a trap containing Linde Molec-
ular Sieve 13X cooled to -98°C with a methanol slush. The contents of the
trap were previously dried by being flushed with dry N, at 300°¢. NO2
was prepared by reaction of ~100 torr of the purified NO with ~1 atm of
excess Op overnight, followed by trapping the NO9 formed by pumping the
reaction mixture through a liquid Np-cooled trap. The Oy used to make the
NO9 was previously dried by being passed through a Linde Molecular Sieve
13X-filled trap cooled with liquid Ar. Both the purified NO and the syn-—
thesized NO were stored in bulbs (darkened for NO) attached to a conven-
tional high vacuum rack interfaced directly to the evacuable chamber.

NO and NO9 were introduced into the evacuated chamber prior to
the £fill of the chamber with humidified air, as follows. On the day prior
to the experiment, the desired pressures of NO and NOj were placed in
separate ~5 liter bulbs of accurately known volumes attached both to the
chamber and the vacuum rack. The chamber was evacuated to <107 torr and
pumped overnight. On the day of the run, the chamber was filled to ~10-20
torr with dry N9, followed by flushing the NO into the chamber with Nj.
After the NO was completely injected; the NO, was injected through a
separate port into the chamber.

Similar high vacuum techniques were also used in introducing surrogate
hydrocarbon mixture into the chamber in order to obtaim greater reproduci-

bility in hydrocarbon injection. All hydrocarbon reactants in the surrogate
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mixture except the liquids 2-methyl-2-butene and m-xylene were pre-mixed
and stored in the gas phase in a2 Pyrex bulb. Appropriate pressures in
accurately known volumes of this "gas surrogate” mixture and the m-xyleme
and 2-methyl-2-butene were mixed the day before the experiment and stored
in a liquid No cooled trap prior to being flushed into the chamber with

No. Surrogate injection was done after NOy injection but pricr to the pure
air fill. TFor the alkane runs, neopentane and n-butane were injected using
syringes after the pure air fill.

Results. The initial reactant concentrations, temperature, and humid-
ity for the experiments are summarized in Table 15 for the surrogate runs
and in Table 16 for the alkane control runs. Table 17 summarizes the
levels of reproducibility, average values and standard deviations of
initial reactant concentrations, temperatures, and humidity in runs where
duplicate values were desired.

The 6-hr ozone values and the estimated average hydroxyl (OH) radical
concentrations obtained in these rums are shown in Tables 18 and 19.

Both the 6-hr ozone value and the estimated average OH levels increase
significantly with increasing temperature. For both the surrogate and the
control rums, the average OH levels increase by factors of 3 to 4 with
increase in temperature from 8°¢C to SOOC.' The OH levels observed for 30°¢C
are approximately the geometrical mean of the corresponding runs ~22°%
warmer or cooler.

Detailed tabulations of the reactant and product data, and of the
physical parameters monitored during these runs are given in Appendix D.
In order to facilitate the utilization of these data in model valida-
tions, they will be made available on magnetic tape in computer readable
format upon request. A description of the organization of the tape and
associated computer usage will be provided with the tape.

Discussion. Since the primary purpose of this study is to provide
data suitable for model validatiom, a full discussion of the implicatioms
of the results presented here of the effects of temperature on photochemi-
cal smog formation must await the results of model calculatioms simulating
these runs. However, several observations can be made without the bemnefit

of such calculations.
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Table 15. Initial Reactant Concentration, Average Temperature, Humidity
and Water Content of Surrogate Hydrocarbon-NOy-Air Evacuable
Chamber Runs

Run  Avg. Ho02 Humid- Initial Concentrations
No.  Temp. ityb NOC NO,C  NOLC mHCY  co
°c) (03 ppm) (%  (ppm) (ppm) (ppm)  (ppmC)  (ppm)

362 29.6 4.3 20 0.082 0.029 0.111 0.67 0.6
365 7.9 6.7 63 0,072 0.027 0.099 0.68 2.4
366 51.7 5.2 5 0.078 0.034 0.1l1l1 0.71 0.4
367  48.3 6.3 5 0.097 0.021 0.118 0.46 0.4
368 8.7 1.7 29 0.068 0.033 0.102 0.44% 0.3
371 8.9 5.2 34 0.033 0.025 0.058 2.00¢€ l.4
372 51.6 6.1 > 0.040 0.023 0.063 1.96 0.2
375 8.2 5.0 38 0.210 0.079 0.289 1.94 -£
376  51.1 6.6 5 0.248 0.091 0.339 2.37 0.7
379 7.9 5.2 49 0.067 0.027 0.094 2.17 -

380 52.3 6.2 5 0.076 6.034 0.110 2.40 -

381 - 51.5 5.2 5 0.035 0.020 0.055 0.50 -

382 7.8 3.3 32 0.029 0.020 0.046 0.43 -

387  28.9 6.1 17 0.073 0.034 0.107 0.79 0.7

2Calculated from the wet and dry bulb temperature at the time of the pure
air fill.

bcalculated from the average temperature and the initial H0 temperature
using Hy0 vapor pressures.

CAverage of readings from TECO 14B/1 and 14B/E chemiluminescent NO-NOy
monitorse.

dcalculations based on the measured initial concentrations of the injected
ethane, propane, n-butane, 2,3-dimethylbutane, n-hexane, ethene, propene,
cis-2-butene, 2-methyl-2-butene, toluene, m-xylene, acetylene, and acetal-
dehyde.

€Data values for acetaldehyde missing. NMHC calculated using intended initial
acetaldehyde concentrations.

f. No data taken.
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Table 16. Initial Reactant Concentration, Average Temperature, Humidity
and Water Content of Alkane-NOy-Air Evacuable Chamber Runs

Initial Concentrations
Run Avg. H,04 Humid- Neo—
No. Temp. ityP NO© NOo¢  NOy® n-Butane pentane CO
(°c) (103 ppm) (%  (ppm) (ppm) (ppm) (ppmC) (ppm)  (ppm)

360 7.5 5.7 51 0.368 0.123 0.495 2.75 2.81 -€
361 51.9 6.1 5 0.392 0.132 0.524 2.83 2.81 1.1
363 25.9 5.2 20 0.153 0.060 0.213 1.49 1.50 0.3
369 745 4.3 33 0.138 0.052 0.190 1.42 1.39 0.8
370 51.2 5.5 5 0.157 0.062 0.219 1.55 1.55 0.8
373 7.6 Lod 31 0.350 0.125 0.475 1.40 1.40 0.7
374 50.8 5.6 5 0.391 0.137 0.528 1.55 1.57 -
383 9.5 6.3 41 0.030 0.022 0.052 1.39 1.39 6.3
384 50.2 6.9 5 0.037 0.019 0.056 1.64 1.64 0.6

386 29.6 5.2 14 0.147 0.058 0.204 1.54 1.53 0.4

8Calculated from the wet and dry bulb temperature at the time of the pure
air £ill.

bCalculated from the average temperature and the initial HoO temperature
using H90 vapor pressures.

CAverage of readings from TECO 14B/1 and 14B/E chemiluminescent NO-NOy
monitors.

dCcalculations based on the measured initial concentratioms of the injected
ethane, propane, n-butane, 2,3-dimethylbutane, n-hexane, ethene, propemne,
cis~2-butene, 2-methyl-2-butene, toluene, m-xylene, acetylene, and acetal-
dehyde.

€_ No data taken.
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The data in Tables 18 and 19 indicate that temperature strongly
affects radical levels in both the surrogate-NOy and the alkane-NOy runs.
Much, if mot all, of the effect of temperature om ozone formation can be
attributed to this increase of radical levels with temperature, since it is
the radical propagation reactioms converting NO to NOg which are responsi-
ble for 03 build-up. Therefore, an understanding of the cause of the
strong effect of temperature on radical levels is important to understand-
ing the effect of temperature on photochemical smog formation.

The increase in radical levels with temperature could be due to
increasing rates of radical initiatiom reactioms, or to decreasing rates
of radical termination processes, or to a combination of both. Prior to
the consumption of NOy, the major termination reactions are radical +
NO, reactions forming nitrates or peroxynitrates. In the alkane system
the major known radical initiation processes are ozone and aldehyde
photolysis (Demerjian et al., 1974; Hendry et al., 1978; Carter et al.,
1979). In the surrogate system, reactions of ozome with olefins and
photolysis of the a-dicarbonyls will also contribute to initiatiom, and the
higher radical levels cbserved in surrogate rums can be raticmalized on the
basis of these reactions. Although the radical levels in the surrogate
runs are on the average over four times higher than those of alkane rums at
the same temperature, the relative increase in OH concentration with
temperature increase from 8°¢c to BOOC and from 3OOC to 51°C is the same in
both systems. This suggests that the cause of the strong effect of tem-—
perature on radical levels is in some aspect of the mechanism common to
both systems.

In the alkane-NOy system, where the major organic photooxidation
products can be monitored, it is possible to estimate the total extent
of initiation or termination from the known processes. Estimates are made
using (1) observed yields of termination products (e.g., alkyl nitrates and
PAN), (2) estimatiomns of average OH + NOj rates using average measured
NO» values and estimated OH levels, and (3) integrated O3 and oxygenate
vields and calculated photolysis rate constants for the photolysis condi-
tions. Such estimates are given in Table 20 for three representative
alkane-NOy runs with similar initial reactant concentrations at the three

temperatures studied. At all three temperatures the total amount of
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Table 20. Estimated Integrated Initiation and Termination Rates from Known
Processes in Representative Alkane-NOx—-Air Chamber Runs

Temperature (°C) 8 30 51 | Notes

EC Run No. 369 386 370

6-hr Integrated Rates
(ppb radicals)

Initiation - Total 9 15 50
HZO
O3 +hv = 2 0H+ O2 0.4 2 10 a,b
HCHO + hv -+ Radicals 4 5 19 b,c
CH3CHO + hv » Radicals 1 2 8 b,c
CH3CH2COCH3 + hv =+ Radicals 3 3 5 b,c
CH3COCH3 + hv -+ Radicals 1 3 8 b,c
Termination - Total 17 56 241
ou + N0, ¥ mo, 11 36 205 a
CH,CO, + NO, & PAN i 12 26 e
Radicals + NOX - RONO2 5 8 10 e
Excess Initiation
6~hr Integrated Rate (ppb) 8 41 191
Avg. Rate (ppb min-l) 0.02 0.1 0.5

a) Estimated from the measured 6-hr 03 dose, the calculated rate of 03
photolysis to 01D, and the OlD rate constants (Hampson & Garvin, 1978)
as shown below:
360 360 hv 1 k(OlD + HZO)
[ (rate OH input)dt = 2| | [0,] dt| &k (0, + 07D) — T
0 0 - k(0D + H,0O + k(0D + M)

2

b) These estimates used photolysis rate constants for 03 (to OlD) for formal-
dehyde, acetaldehyde, and ketone respectively of 2 x 10'3, 9 x 10'4,
2 x 1077, and 4 x 1074 sec™l. These were calculated from the appropriate
absorption coefficients, quantum yields, measured intensities, and spectral
distribution of the photolyzing light in these rums. Absorption coefficients
and quantum yields for 03 and formaldehyde used are those recommended by
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Table 20. (Continued)

c)

d)

e)

Hampson & Garvin (1978) and Horowitz & Calvert (1978), respectively.
Acetaldehyde and ketome absorption coefficients and quantum yields were
those of Calvert & Pitts (1966); acetaldehyde quantum yields were those
of Weaver et al. (1977); and ketone photolysis to radicals was assumed
to be 100% efficient.

Estimated from the measured integrated aldehyde yield and the appro-
priate photolysis rate comnstant as shown

360 360
f (rate, radical input)dt = 2 f [RCHO] dt| k(RCHO + hv —+ radical)
0 0

Estimated from the measured average [NO;], the estimated average foH]
(Table 19) and the OH + NOj rate comnstant (Hampson & Garvin, 1978) as
shown

360 360
+ =

of rate (OH + NO,)dt = k (OH + NO) [OH]__, Of [No,] dt

Integrated rate identified with the observed yields of the appropriate

product(s). ”RONOZ" includes primarily methyl and butyl nitrates.
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termination is significantly greater than the total amount of initiation
from known processes, with the discrepancy increasing strongly with tem-—
perature. Since initiation and termination must balance, there is an

unknown radical source which becomes greater with increasing temperature.

The existence of unknown radical sources in smog chamber systems
is now generally recognized (Bufalini et al., 1977; Falls and Seinfeld,
1978; Hendry et al., 1978; Whitten et al., 1979; Carter et al., 1979) and
is a serious problem in modeling such systems. It is frequently attributed
to photolysis of HONO formed during the injection of NOy through the
interaction of NO and NOy with water vapor (Chan et al., 1976); but, as
discussed above, NOy injection in this study was done in such a way as to
minimize HONO formation. In any case, it is unclear how HONO photolysis
could be the cause of the observed increase of the unknown radical source
with temperature. In order for the concentration of HONO to be sufficient
to affect the system, it must be fairly close to equilibrium with NO, NOj
and Hp0, but the equilibrium HONO actually decreases with temperature
(Benson, 1976). Thus, the nature of the temperature-dependent radical
source is unknown, though it appears likely that it is due to offgassing of
some highly photoreactive contaminant from the chamber walls. It is
reasonable to expect such offgassing to iﬁcrease with increasing tempera-
ture.

Additional evidence for the increased importance of contaminant
offgassing at higher temperatures comes from the fact that in the 51°C
runs, the total NOy consumption is comsiderably less than what would
be expected on the basis of estimated rates of the Q0H + NOs reactiom.
Decreased NOy consumption could be attributed in part to increased
HNO3 interferences on the chemiluminescent NOyx monitor (Winer et al., 1974)
due to less efficient adsorption of HNO3 vapor on the walls of the sampling
tubes at higher temperature, but in a number of 51°C runs the total moni-
tored NOy actually increased. Because of the uncertainties in the NOy
measurements introduced by the possibility of a semi-quantitative HNO3
interference, the exact magnitude of the offgassing cannot be determined
from these data. It is quite possible that the unknown radical source and
the evidence for NO, offgassing at high temperatures are related, since

offgassing of a highly photoreactive nitrogen-containing species such as
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BONO or alkyl nitrites could account for both effects.

Conclusions and Future Research. There is a major effect of tempera-

ture on photochemical smog simulations in smog chamber systems, but current
evidence suggests that most of this could be an artifact introduced by
chamber effects. Until chamber effects relating to radical initiation are
more completely understood, it will not be possible to unambigucusly
validate photochemical models concerning temperature effects using smog
chamber data. More chamber characterization experiments are required,
particularly those with more quantitative data concerning offgassing at
higher temperatures.

We are conducting studies in the ongoing SAPRC-ARB chamber program on
the effect of temperature on photochemical smog formation in which relative
humidity will be varied. Because the data reported here suggest that
chamber effects may play a dominant role in these experiments, additional
chamber characterization and control experiments will be incorporated into
the program. Contaminant offgassing will be studied as a function of
temperature and humidity both in the dark and during irradiation. It is
hoped that these additional experiments will increase the level of char-

acterization, and thus the utility, of the experiments reported here.
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VI. STUDIES OF THE RELATIONSHIPS BETWEEN AMBIENT AMMONIA AND NITRIC ACID
AND PARTICULATE NITRATE: IMPLICATIONS FOR NITRATE ARTIFACT FORMATION

The need to reliably establish ambient levels of ammonium nitrate
particulates in ambient air (National Academy of Sciences, 1978) and the
evidence for Martifact effects" (Witz and MacPhee, 1977; Spicer and
Schumacher, 1977; Spicer, 1977; Spicer and Schumacher, 1978; Appel et al.,
1979; Meserole, 1978) in widely used sampling methods for particulate
nitrate have led to recent interest in the roles that the precursors
ammonia and nitrie acid play in the formation of ammonium nitrate in the
atmosphere and on filters. Unfortunately, direct and simultaneous measure-

.ments of ammonia and nitric acid in ambient air have previously been
unavailable. Indeed, the only data of a related nature are the pairs of
l-hr maxima for NH3 and HNO3 concentrations in West Covina reported by
Spicer (1974), who employed microcoulometric and modified chromatropic acid
(colorimetric) techniques for HNO3 and dual-catalyst chemiluminescence
detection for NHj3.

Stelson, Friedlander, and Seinfeld (1979) recently utilized these
data (Spicer, 1974) in an analysis of the applicability of the equilibrium

relationship in Equation 1 to the atmosphere. We wish to extend this
NH4NO3(s) < NH3(g) + HNO3(g) (1)

analysis using simultaneous, absolute concentratioms of NH3 and HNOj3 in
ambient air, which we measured with short (<6 min) integration times in
Riverside, California, in 1977 using a kilometer path-length Fourier
transform infrared (FT-IR) spectrometer (Tuazon et al., 1978; Tuazon et
al., 1980).

Experimental. High~resolution FT-IR spectra of ambient air have been

obtained during air pollution episcdes in the California South Coast Air
Basin at a downwind site (Riverside) during 1976 and 1977 (Pitts et al.,
1979a) using a long~path FT-IR system and experimental methods that have
been previously described (Tuazon et al., 1978; Tuazon et al., 1980). The
system consists of a Digilab Model 196 interferometer (0.5 cm~! maximum
resolution) interfaced to an eight-mirror long-path cell with a 22.5-m base

path and capable of achieving kilometer path lengths. The cell optics are
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gold-coated for maximum reflectivity in the infrared, and a HgCdTe liquid-
Ny cooled detector was employed for the 700-2000 cm~l region. The detec-
tion limits for NH3 and HNO3 afforded by this facility for a 5-min scanning
interval are 4 and 6 ppb, respectively, and the average uncertainty in each
quantity is approximately ome-half of the detection limit. From 249
spectra, 54 instances were found where the concentratioms of both ammonia
and nitric acid were above the detection limits. These cases were found
among spectra taken at half-hour intervals between late morning and early
evening during air pollution episodes in the months of July to October,
1977. Temperature and relative humidity data were obtained from instru-
ments operating in the ACHEX laboratory (Appel et al., 1978) immediately
adjacent to the kilometer path-length FT-IR facility. During selected
episodes, 24-hr high-volume particulate samples were also collected on
washed Gelman AE glass fiber filters and were subsequently analyzed for
ammonium, nitrate, and sulfate ions by the indophenol blue {Weatherburn,
1967), cadmium reduction-diazotization, and turbidimetric methods, respec-
tively.

Results. The data employed in the present analysis are given in Table
21 and plotted in Figure 44. These data met two conditions: (1) concen-
trations of both NH3 and HNOj exceeded the detection limits, amnd (2)
measurements were made during high oxidant episodes (i.e., O3 > 100
ppb). Relative humidity never exceeded 50% during these observations and
did not correlate significantly with concentration data. Temperatures
given in Table 21 are interpolated to the times of the spectral observa-
tions from readings recorded at 10-min intervals.

The mass concentrations determined for the NH4+, NO3™, and S04~ ioms
from particulate data are given in Table 22. Multiple linear regres-
sions using these data and a much larger data block obtained at the
same sampling site during the previous two years (Pitts and Grosjean, 1978)
suggest that the mixture consists of ammonium nitrate and two sulfates of
ammonia. A recent field study of high-volume szmpling artifacts for

particulate inorganics (Mischke, 1979) indicates small positive errors

for nitrate (flSZ) and a probable negative error for ammonium for 24-hr

samples obtained from highly polluted air at Riverside on Gelman AE filters.
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Table 21. Ambient Concentrations of Ammonia and Nitric Acid from
Kilometer Path-Length FT-IR Spectroscopic Measurements

1977 (Date) Time (PST) NH3 (ppb) HNO3 (ppb)  Temp.(°C)
7/21 1434 24 10 36.2
1452 19 7 35.5
1510 13 9 35.0
1532 11 10 34.2
1611 6 10 33.0
1718 9 12 32.4
7/25 1523 18 20 37.6
1542 19 17 37.3
1604 13 15 36.4
1622 14 12 36.3
1655 13 14 35.5
8/11 1057 13 8 31.3
1400 37 8 36.0
1435 21 13 35.4
1454 14 10 34.6
1516 16 10 34.2
1535 13 9 34.2
1553 10 11 33.5
1616 9 9 32.9
8/12 1132 15 16 33.2
1202 33 11 34.0
1230 38 9 344
1300 46 9 35.0
1400 29 9 35.8
1430 32 9 35.5
1459 22 9 34.5
1529 20 10 34.0
1603 13 11 3340
1612 9 10 32.2
1640 4 8 31.5
9/9 1113 17 9 33.5
1132 13 8 33.1
1200 16 8 3447
1235 47 6 35.3
10/3 1300 25 10 33.6
1405 54 9 33.7
10/4 1500 37 8 33.5
1530 28 9 31.9
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Table 21. (continued)

1977 (Date) Time (PST) NH; (ppb) HNO3 (ppb)  Temp.(°C)
10/11 1224 6 12 30.1
1244 5 9 30.9
1333 59 8 32.9
10/14 1230 23 9 35.2
1330 102 7 35.7
1400 93 8 34.7
1424 55 8 33.8
1444 46 8 33.7
10/17 1202 15 9 29.6
1231 20 11 29.6
1300 27 9 30.5.
10/18 1411 16 6 27.3
10/26 1130 5 10 27.3
1202 6 8 28.2
1231 9 8 31.3
1300 24 8 30.5
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and Nitric Acid Concentrations: (-—-) Detection
Threshold.
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Table 22. Particulate Analyses of 24-hr Samples

Date Mass Concentration yg m

(1977) NH,T NO3~ 804~ NH,NO042
7/21 13 42 12 54
7/25 4 18 13 29
8/11 17 60 25 77
8/12 14 50 20 64
9/09 2 21 NID 27
10/03 18 67 18 86
10/04 NI NI NI NI
10/11 20 65 6 84
10/14 16 50 21 64
10/17 27 74 26 96
10/18 33 86 31 111
10/26 20 64 16 83

dAmmonium nitrate equivalent to nitrate iomn data.

DNI means no informatiom available.

Consequently, the best estimates of ammonium nitrate concentrations can
be calculated from the nitrate data and are given in the fifth column of
Table 22. A more extensive amalysis of data for particulate samples at
this site is given by Pitts and Grosjean (1978). Although the data in
Table 22 are averages for 24~hr periods, the presence of particulate
ammoninum nitrate seems probable during many, if mot all, periods when
FT-IR spectra were obtained.

A small negative correlation (-0.31 with a 95% confidence level for
the range -0.53 to -0.05) between the NHj3 and HNO3 concentratioms in Table
21 indicates qualitatively that these concentrations are being affected
by chemical reaction or an equilibrium relationship {(i.e., Equation 1),
since the concentrations of two noninteracting pollutants are usually
positively correlated as a result of common meteorological influences.

Strict adherence to the equilibrium of Equation 1 would give a hyperbolic
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relationship between the NH3 and HNO3 concentrations and a correlation
coefficient between ~1.0 and 0.0. In this case the values of the coeffi-
cient depends on the variance of the independent variable, and approaches
zero for very large variances. The logarithm of the NH4-HNO3 concentration
product has a significant positive correlation with temperature (e.g.,
+0.55 with a 95% confidence level for the range +0.33 to 0.71), as expected
for the NH,NOj equilibrium. The data are insufficient, however, to

resolve any dependence of the logarithm of the concentration production on
humidity.

The effect of temperature on the logarithmic concentration products
at these low to moderate humidities is well represented by a regression
coefficient of about 0.2 deg‘l. This is consistent with the concentration
product representing an equilibrium constant for solid particulate, which
is the probable state of ammonium nitrate containing particles at these
temperatures and humidities (i.e., RH < 55%) (Dingemans, 194l1). The
temperature dependence of the equilibrium relationship of Equation 1 from
thermochemical data is compared to our experimental data in the scatter
diagram shown in Figure 45. The means of the concentration product and
temperature data and their least~squares regression coefficients are given
in Table 23 as changes in the free energy and enthalpy for Reactiom 1;
the same quantities, as estimated from compilations of thermochemical data,
are also given in Table 23 for comparisom.

It should be noted that temperatures were not measured directly in the
FT-IR multiple reflection cell but were inferred from adjacent ambient air
measurements. Deviation of up to 1°C were possible, which can have sig-
nificant effects when the enthalpy change is ~44 kcal.

Discussion. Much of the difference between the enthalpy change
calculated from the regression slope of our experimental data and the
enthalpy change from thermochemical data (see Table 23) may be due to
deviations from ambient temperature in the outdcor FI-IR cell. Since
temperature deviations are affected by diurmal variations of sﬁch factors
as radiation intensity and wind speed, they may not be completely random
and can result in a bias. The regression coefficient estimate is quite
sensitive to bias in the independent variable (in this case temperature),
and thus the enthalpy change calculated from our data could contain a

systematic error.
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Table 23. Thermodynamic Data for the NH,NO3 Equilibrium at 306.6 K2

Derived from Calculated from
Experimental Datab Thermodynamic DataC
Free—energy Change, kcal/mol 22.08 (+0.12) 21.78
Enthalpy Change, kcal/mol 30 (+12) 43.79

8Average of all temperatures in these experiments.

bThe temperature and free-energy change are the means of the 54 observa-
tions. Enthalpy is calculated from the slope of the unweighted regression
line. The uncertainties in parentheses are 957 confidence intervals.

CCalculated at 306.6 K from heat of formation data given by JANAF Tables
(Stull and Prophet, 1971) and by Wagman et al. (1968) using gas heat
capacities from Benson (1968) and solid heat capacities from Wagman et al.
(1968). The small heat of transition contribution for NH;NO3 at 305.4 K
was included (AH = 0.410 kcal/mol).

The free-energy change is calculated from the mean of all our observa-
tions, and this quantity is thus both much more precise than the enthalpy
change and less sensitive to systematic temperature errors. The very
good agreement (see Table 23) between the free-energy change calculated
from our NH3 and HNO3 data and that from tabulated thermodynamic data
may be somewhat fortuitous; the presence of possible bias due to several
factors such as lack of ammonium nitrate saturation for some air samples or
errors in temperature measurements cannot be ruled out. Surface effects
would tend to lower the experimental free-energy change, but the charac-
teristic particle size of nitrate in the eastern end of the South Coast Air
Basin is fairly large (e.g., ~0.5 m) and particle destabilization due to
the free energy of the surface should be negligible (i.e., <0.02 kcal/mol).
Moreover, most ammonium nitrate containing particles in a polluted atmos-
phere are probably impure, and the adsorption of impurities and water wvapor
tends to reduce thermodynamic surface effects.

Stelson et al. (1979) compared the NH,NO3 equilibrium constant calcu-
lated from thermodynamic data to some gas-phase HNO3 and NH3 data collected
at West Covina by Spicer (1974). Although no equilibrium constant was
calculated from the experimental data, a plot showed reasonable agreement

with the equilibrium constant from thermodynamic data (Stelson et al., 1979)
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and with NH,NO3 dissociation pressure measurements by Brandner et

al. (1962). Since experimental data presented here were obtained at a mean
temperature of 306.6 K, a small heat of tramnsition for a NH4NOj3 phase
change at 305.4 K was included in the calculations using thermodynamic data
(see Table 23). The experimental data and thermodynamics calculations
presented here are in good agreement with the conclusions of Stelson et al.
(1979) and support the hypothesis that gaseous ammonia and nitric acid are
in equilibrium with solid ammonium nitrate in the atmosphere.

The probable existence of this equilibrium in a polluted atmosphere
has direct utility for the calculation of particulate nitrate concentra-
tions from chemical models. However, its implications for nitrate-sampling
artifacts are unclear. Transfer of ammonium nitrate to and from a filter
sample via the precursors involves a fairly complex mass transfer process
at the interface; the rate of this process seems quite semsitive to surface
conditions. In a few experiments it was found that impure nitrate in
atmospheric filter samples volatilized into a simulated sampling flow of
precursor—-free air much more slowly than pure ammonium nitrate on a filter
(Meserole, 1978; Mischke, 1979). Inhibition of volatilization implies
iphibition of condensation, and thus further investigation into nitrate
sampling artifacts is needed. ‘

Conclusion. Although subject to uncertainties in temperature and in
particulate composition for individual air samples, our observatioms
support the hypothesis that particulate ammonium nitrate is in equilibrium
with its precursors, ammonia and nitric acid. Atmospheric measurements
under more carefully controlled conditions and a precise, direct determina-—
tion of the thermodynamic data for Reaction 1 would be required for com-—
plete confirmation. Nonetheless, the ammonium nitrate equilibrium constant
derived from tabulated thermochemical data is consistent with our atmos-—
pheric measurements of NH3 and HNO3 and is of direct utility in atmos-

pheric models for calculating particle nitrate concentrations.
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