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] Epoxyethane
[ ] Styrene

] Diesel exhaust particles and gas- and particle-phase polycyclic
aromatic hydrocarbons (PAH) and PAH-derivatives.

For each chemical, or group of chemicals, the available literature
data concerning the potentially important tropospheric removal processes
were evaluated. Since chemical compounds emitted into the troposphere can
be present solely in the gas phase, solely in the particle phase, or be
distributed between the gas- and particle-phases, the phase distribution

and the physical and chemical removal processes were considered.

B. Experimental Investigation of the Atmospheric Chemistry of Potential
Toxie Air Contaminants

As a result of the literature reviews carried out and after consulta-
tion with the ARB staff, a limited number of experimental studies were
conducted to investigate selected aspects of the atmospheric chemistry of
potential toxic air contaminants. The organic compounds, and the aspects
of their atmospheric chemistry, studied were: styrene, the kineties of
its reaction with 03 and the products formed from its reactions with OH
and N03 radicals and 03; 1,4-dioxane and nitrobenzene, kineties of their
reactions with 03; and p-dichlorobenzene, kinetics of its reactions with
NO3 radicals and 03.

The room temperature rate constants k obtained were:
k(03 + styrene) = (1.71 £ 0.18) x 10~ 7 cm3 molecule™ 5'1,
k(o3 + 1,4-dioxane) < 1.5 x 10720 op3 molecule™! 5'1,
k(03 + nitrobenzene) <1 x 10720 ¢op3 molecule™ 3—1,
k(03 + p-dichlorobenzene) <5 x 1072 cm3 molecule™! s~
and
k(ND3 + p-dichlorobenzene) <4 x 10~'7 cm3 molecule™! s~
Formaldehyde and benzaldehyde were identified and quantified from the
reactions of styrene with OH and NO3 radicals and 03, and plausible reac-

tion sequences formulated.
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I. PROJECT SUMMARY

There is now a general awareness that the chemical compounds present
in the atmosphere may pose problems to human health through exposure to
them in the air we breathe, and in 1984 the California Legislature enacted
AB 1807 to mandate the identification and control of toxic air contamin-
ants in California. <California's air toxics program is a two-step process
which involves the identification of a toxic air contaminant, followed by
the implementation of any necessary and appropriate control measures. An
important element of the Air Resource Board's exposure assessment for
potential toxic air contaminants concerns the atmospheric behavior of
chemicals emitted into the troposphere. Specifically, for a given
chemical it is necessary to have guantitative information concerning the
nature and rate of its removal from the atmosphere and, if these removal
processes are chemical, the products formed from these atmospheric reac-
tions. Furthermore, since a number of potential toxic air contaminants
are formed in situ in the atmosphere, a Kknowledge of these formation
pathways together with an assessment of the relative balance between
direct emission and in situ atmospheric formation is necessary. To
provide the necessary information concerning the atmospheric chemistry and
ambient concentrations of a series of potential toxic air contaminants,

the following three research tasks were conducted during this program.

A. Literature Review of the Atmospheric Chemistry of Potential Toxic Air
Contaminants

A literature review of the atmospheric chemistry of each of eight
potential toxic air contaminants was carried out, and the review submitted
to the ARB for use in its exposure document. The chemical compounds whose
atmospheric chemistry were reviewed were chosen by the ARB staff based on
their priority list. The eight chemicals (or group of chemicals) which

were dealt with in this program were (in chronclogical order):

. Chloroform (trichloromethane).
) 1,3-Butadiene

. Benzo|alpyrene

] Formaldehyde

Acetaldehyde



Table I-1.

Formation Yields of Aromatic Ring-Retaining Products Formed
From the Gas-Phase Reactions of the CH Radical with Benzene,
Toluene and the Xylenes Under Simulated Atmospheric Conditions®

Product Yield
Benzene Phenol 0.236 £ 0.044
Nitrobenzene {{0.0336 + 0.0078) +
(3.07  0.92) x 1076 [nO, 1)
Toluene Benzaldehyde 0.0645 = 0.0080
Benzyl nitrate 0.0084 * 0.0017
o-Cresol 0.204 £ 0.027
m- + p-Cresol 0.048 £ 0.009
m-Nitrotoluene {(0.0135 £ 0.0029) +
(1.90 = 0.25) x 107'® [NO,1)
o-Xylene o-Tolualdehyde 0.0453 % 0.0059

2-Methylbenzyl nitrate

2,3-Dimethylphenol

3,4-Dimethylphencl

3-Nitro-o-xylene

4-Nitro-o-xylene

1-4

{(0.0135 + 0.0051) «
(5.5 + 4.6) x 1077 [NO,]}

0.097 = 0.024

I+

0.064

I+

0.015

0.0059 * 0.0018

+

{(0.0111 = 0.0029) +
(9.9 + 2.2) x 10717 [NO,]]



C. Formation of Hydroxy-, Nitro-, and Hydroxynitro-Aromatics from the
Atmospheric Reactions of Aromatic Hydrocarbons

We investigated the aromatic ring-retaining products formed from the
OH radical reactions (in the presence of NOX) with benzene, toluene, and
the three xylene isomers, and specifically studied the dependence of the
formation yields of these products on the NO and NO, concentrations. In
addition, we investigated the formation of hydroxynitro-aromatics from the
OH and NO3 radical-initiated reactions of phenol and o-cresol. A1l
reactions were carried out in a 6400-L all-Teflon chamber (ITC), equipped
with blacklight irradiation, at 298 * 2 K and ~740 torr total pressure of
dry pure air diluent. The ring-retaining products identified, and their
formation yields, from the OH radical-initiated reactions of benzene,
toluene and the xylenes are given in Table I-1.

The product data obtained in this study provide important new
information concerning the overall mechanisms of the OH radical-initiated
reactions of the aromatic hydrocarbons. In particular, these data show
that the nitroaromatic formation yields do not extrapclate to zero at low
NO, concentrations, and it is hence expected that the nitroaromatic (and
nitro-polyecyclic aromatic hydrocarbons) products of these reactions will
be formed under tropospheric conditions, in agreement with the presence in
ambient air of a number of nitro-PAH that can only be formed in the atmos-
phere from the gas-phase reactions of the PAH. We conclude that the
initially formed hydroxycyclohexadienyl-type radicals react with NO, and
not with 0,, at least for NO, concentrations >2 x 1013 molecule cm'3, and
this finding necessitates the development of new chemical mechanisms for
the atmospheric chemistry of the aromatic hydrocarbons.

While nitrophenocls are formed from both the OH and NO3 radical-
initiated reactions of the phenols and cresols, the formation yields are
fairly low, and large concentrations of nitrophenolic compounds are not
expected to be formed under atmospheric conditions. For example, the
maximum yield of 2-nitrophenol from benzene (under conditions where the
initially formed phenol is removed by reaction with the N03 radical) is
~3.5-4% of the benzene reacted, and the analogous maximum yield of 2-

methyl-6-nitrophenol from toluene is ~1%.
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Table I-1 (econtinued)

Product Yield
m-Xylene m-Tolualdehyde 0.0331 = 0.00W1
3-Methylbenzyl nitrate 0.0061 = 0.0027
2,4-Dimethylphenol 0.099 + 0.023
2,b-Dimethylphenol 0.111 + 0.033
4-Nitro-m-xylene 0.0018 = 0.0009
5-Nitro-m-xylene {{0.0032 = 0.0012) +
(1.6 £ 0.8) x 10717 [NO, ]}
p-Xylene p-Tolualdehyde 0.0701 £ 0.0103
Y-Methylbenzyl nitrate 0.0082 + 0.0016
2,5-Dimethylphenol 0.188 £ 0.038
2-Nitro-p-xylene {(0.0120 £ 0.0035) +
(2.8 + 2.6) x 10717 [NO, 1}
aN02 concentrations given in molecule cm™3 units,
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identification phase of a toxic air contaminant involves a parallel effort
by the ARB and the DHS, with the DHS preparing a health evaluation and the
ARB providing an exposure assessment. The exposure assessment prepared by
the ARB includes information concerning the chemical's usage, emissions
(or potential emissions), lifetime and fate in the atmosphere, ambient
concentrations, and present (or potential) public exposure. These
evaluations and assessments from the ARB and DHS form the document which
is the basis for determining whether or not a chemical compound is listed
as a toxic air contaminant in California. If a chemical is identified as
a toxic air contaminant, then the process proceeds to the second step
invelving the setting and implementation of appropriate control measures.

An important element of the ARBs exposure assessment for potential
toxic air contaminants concerns the atmospheric behavior of chemicals
emitted into the troposphere. Specifically, for a given chemical it is
necessary to have quantitative information concerning the nature and rate
of its removal from the atmosphere and, if these removal processes are
chemical, the products formed from these atmospheric reactions.
Furthermore, since a number of potential toxic air contaminants are formed
in situ in the atmosphere, a knowledge of these formation pathways
together with an assessment of the relative balance between direct
emission and in situ atmospheric formation is necessary. To provide the
necessary information concerning the atmospheric chemistry and ambient
concentrations of a series of potential toxiec air contaminants, the
Statewide Air Pollution Research Center (SAPRC) conducted the following
specific research tasks:

e The available literature data concerning the atmospheric chemistry
and ambient concentrations of eight chemical compounds {or group of
compounds) which were in the process of review by the ARB as potential
toxic air toxics were reviewed, and a report on this subject submitted to
the ARB on each chemical (or group of chemicals).

e In cases where necessary information concerning the rates and
products of the potentially atmospherically-important reactions was
clearly lacking, selected experimental studies were carried out to obtain
these data.

e To investigate the atmospheric chemistry of aromatic compounds and
the formation of potential toxic air pollutants, the formation of



I1I. INTRCDUCTION

As a result of human activities in a society as economically advanced
as that in California, a spectrum of chemicals are emitted into the atmos-
phere from sources as diverse as fossil-fuel combustion (gasoline and
diesel-fueled vehicles, residential wood combustion and heating oil
combustion), industrial plants (refineries, chemical manufacturing),
solvent usage, agricultural practises (pesticide use and storage, agricul-
tural burﬁing) and landfills and other waste disposal faeilities. These
chemical compounds emitted into the atmosphere are present in the atmos-
phere in the gas or particle phases or are distributed between the gas and
particle phases. Once in the atmosphere in either the gas- or particle-
phases, these chemicals are transported by the prevailing winds, and
during this transport they experience physical removal processes and/or
chemical reactions leading to the formation in the atmosphere of transfor-
mation products.

There is now a general awareness that the chemical compounds present
in the atmosphere may pose problems to human health through exposure to
them in the air we breathe (in addition to the long-term problems asso-
ciated with depletion of the stratospheric ozone layer and contribution to
global warming caused by the emission into the atmosphere of certain long-
lived chemicals). Airborne toxic substances can cause both immediate and
long-term effects. For example, sudden accidental releases of toxic air
contaminants (an air pollutant which may pose a present or potential
hazard to human health) can create immediate and serious health effects,
and these kind of incidents are addressed through the Office of Emergency
Services. Determination of the long-term health effects which occur from
exposure to toxic air contaminants is the responsibility of the Air
Resources Board (ARB) and the Department of Health Services (DHS). As a
result of the concern over exposure to and effects from potential toxic
air contaminants, in 1984 the California Legislature enacted AB 1807 to
mandate the identification and control of toxic air contaminants in
California.

California's air toxics program is a two-step process which involves
the identification of a toxic air contaminant, followed by the imple-

mentation of any necessary and appropriate control measures. The
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I11. LITERATURE REVIEW OF THE ATMOSPHERIC CHEMISTRY OF
POTENTIAL TOXIC AIR CONTAMINANTS

A literature review of the atmospheric chemistry of each of eight
potential toxic air contaminants was carried out, and the review submitted
to the ARB for use in its exposure document. The chemical compounds whose
atmospheric chemistry were reviewed were chosen by the ARB staff based on
their priority list. The eight chemicals (or group of chemicals) which

were dealt with in this program were (in chronological order):

(A) Chloroform (trichloromethane), CHC13.
(B) 1,3-Butadiene, CH2=CHCH=CH2.
(C) Benzo[a]pyrene,
(D) Formaldehyde, HCHO.
(E) Acetaldehyde, CH3CH0.
Ve O\
(F) Epoxyethane, CH2———CH2.
CH2:CH2
(G) Styrene,
(H) Diesel exhaust particles and gas- and particle-phase polycyclic

aromatic hydrocarbons (PAH) and PAH-derivatives.
For each chemical, or group of chemicals, the available literature

data concerning the following potentially important tropospheric removal

processes were evaluated. Since chemical compounds emitted into the

ITI-1



troposphere can be present solely in the gas phase, solely in the particle
phase, or be distributed between the gas- and particle-phases, the phase
distribution and the physical and chemical removal processes had to be
considered. For compounds present in the atmosphere solely in the gas

phase, the following removal processes were considered:

Physical Processes

e Wet deposition,

] Dry deposition.

Chemical Processes

e Photolysis
Reaction with the hydroxyl (OH) radieal.
Reaction with the nitrate (N03) radical.

Reaction with ozone (03).

Reaction with the hydroperoxyl (HO,) radical.

For compounds present solely in the particle-phase, the physical removal
processes of wet and dry deposition of the particles were considered,
together with the possible chemical reactions of the adsorbed compounds,
Of course, for chemical compounds which were distributed between the gas-
and particle-phase, the complete suite of removal processes were
considered. In addition to reviewing the literature data concerning the
rates of these various removal processes, the available literature data
dealing with the chemical transformation products of these reactions were
reviewed.

The general format of these reports was as follows (taking the
acetaldehyde review as an example):

. Introduction

® Chemical Loss Processes

e Reaction with Ozone

Reaction with the Hydroxyl Radiecal
Reaction with the Nitrate Radiecal
Reaction with the Hydroxyperoxyl Radical

e & o o

Photolysis

I11-2



Physical Loss Processes
Tropospheric Lifetime and Fate
Atmospheric Formation

Ambient Atmospheric Concentrations

Conclusions

References
and the reviews as submitted in final form to the ARB (with the references

updated, wherever possible, but with no other changes) are given in

Appendices A through H.
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IV. EXPERIMENTAL INVESTIGATION OF THE ATMOSPHERIC CHEMISTRY
OF POTENTIAL TOXIC AIR CONTAMINANTS

As a result of the literature reviews carried out (see Section III
above) and after consultation with the ARB staff, a limited number of
experimental studies were carried out to investigate selected aspects of
the atmospheric chemistry of potential toxie air contaminants. The
organic compounds, and the aspects of their atmospheric chemistry, studied
were: styrene, the kineties of its reaction with O3 and the products
formed from its reactions with OH and NO3 radicals and 03; 1,4-dioxane and
nitrobenzene, kineties of their reactions with 03; and p-dichlerobenzene,
kinetics of its reactions with NO3 radicals and 03. These studies are

discussed in the sections below.

A. Styrene
The rate constant for the gas-phase reaction of 03 with styrene was

determined at room temperature, and the products of the gas-phase reac-

tions of styrene with OH and N03 radicals and 03 Wwere investigated.

1. Rate Constant for Reaction of Styrene with 03
The rate constant for the reaction of 03 with styrene was deter-
mined by monitoring the enhanced decay rates of 03 in the presence of
known excess concentrations of styrene. The removal processes of 03 in

this system were (Atkinson et al., 1982a):

O3 + wall » loss of 03 (1)
03 + styrene -+ products (2)

Under conditions where [styrenel >> [03]initial' then
-d1n[03]/dt = ky + kp[styrene] (1)

where k; is the 03 decay rate in the absence of added styrene and kK, is
the rate constant for reaction (2). Hence, plots of the 03 decay rate,
-dln[03]/dt, against the styrene concentration should have a slope of ks

and an intercept of k.

Iv-1



Experiments were carried out in a ~160 liter Teflon reaction chamber
which was initially divided into two approximately equal sub-chambers by
metal barriers. Ozone was injected into one sub-chamber, and the styrene
into the other, each in synthetic air diluent at concentrations designed
to achieve the desired initial reactant concentrations in the entire reac-
tion chamber. After the O3 and the styrene concentrations had been
measured in the appropriate sub-chamber, the metal barriers were removed
and the contents of the entire reaction chamber mixed for ~1 min. Ozone
was monitored throughout the experiments by a Monitor Labs model 8410
chemiluminescence analyzer, while styrene was monitored by gas chromatog-
raphy with flame ionization detection (GC-FID) using a 10 ft. x 0,125 in.
stainless steel column of 10% Carbowax E-600 on C-22 firebrick, operated
at 348 K. The initial reactant concentrations were (in units of 1013
molecule cm'3): styrene, 0-47; and 03, ~1.0-2.4,

The ozone concentrations were monitored for 4-55 min after the con-
tents of the two sub-chambers had been mixed, and in all cases the 03
decay rates (in the presence of styrene) were exponential over 4-8 half-
lives. The results of measurements of styrene concentrations and ozone
decay rates are given in chronological order in Table IV-1, and the 03
decay rates are plotted against the styrene concentration in Figure IV-
1. This plot is a good straight line, with the 03 decay rates in the
presence of styrene being two orders of magnitude higher than those in the

absence of styrene. A least-squares analysis leads to the rate constant
ko(styrene) = (1.71 £ 0.05) x 10~17 om3 molecule™! s~

at 296 * 2 K, where the indicated errors are two least-squares standard
deviations. Inclusion of an estimated overall uncertainty of *10% in the

GC-FID calibration factor for styrene leads to
ko(styrene) = (1.71 £ 0.18) x 1017 em3 molecule™! s

at 296 * 2 K. This rate constant is in good agreement with our previous
room temperature rate constant of (2.16 * 0.46) x 1017 cm3 molecule™! s-!
(Atkinson et al., 1982a) and in reascnable agreement with the rate
constant of 3.0 x 1017 om3 molecule™! s~! at 303 K reported by Bufalini
and Altshuller (1965).
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Table IV-1. Ozone Decay Rates in the Presence and Absence of Styrene,
1,4-Dioxane and Nitrobenzene at 296 £+ 2 K and ~T40 Torr
Total Pressure of Air

Organic Conecentration 103 x 03 Decay Rate
Organic {molecule cm'3) (5'1)
- 0.0133
2.09 x 10™ 3.75
Styrene 1.09 x 10'% 2.07
'3.63 x 10 6.31
4.72 % 10 8.07
- 0.0167
1,4-Dioxane 1.02 x 1012 0.0133
Nitrobenzene 1.22 x 10" 0.0100

2. Products of the Reactions of Styrene with OH and NO, Radicals and
93
These experiments to investigate the products formed from the

reactions of styrene with OH and N03 radicals and 03 were carried out in a
5800 liter evacuable, Teflon-coated, chamber equipped with a multiple
reflection optical system interfaced to a Nicolet 7199 Fourier transform
infrared (FT-IR) absorption spectrometer. When desired, radiation was
provided by a 24 kW xenon are. A schematic of this chamber facility is
shown in Figure IV-2.

All experiments were carried out at 298 + 2 K and at atmospheric
pressure of air. Hydroxyl radicals were generated by the photolysis of
ethyl nitrite in air, with NO being added to suppress the formation of 03
and of NO3 radicals

CoHgONO + hv » CpHg0 + NO
CoHs0 + 0y + CHaCHO + HO,

HO, + NO + OH + NO,
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N03 radicals were generated from the thermal decomposition of N205
+

and N02 was added to maintain the above equilibrium towards N205 and to
suppress secondary reactions of any radical species formed from the N03
radical reaction with styrene. The products and reactants were monitored
during the experiments by FT-IR absorption spectroscopy.

Styrene + QH. Duplicate runs {EC-1336 and EC-1337) were carried out
which consisted of irradiation of mixtures of styrene (2.4 x 1014 molecule
cm'3), ethyl nitrite (2.4 x 10‘Ill molecule cm'3), and NO (1.9 x 10”4
molecule cm'3) in air,

The initial yields of the expected products HCHO and CGH5CH0 were 90%
and ~75%, respectively, These yields declined with irradiation time,
owing to the reaction of these products with OH radicals and ensuing
secondary reactions. Thus, the decrease in yield of CGHSCHO was accounted
for in part by the formation and increase in the concentration of peroxy-
benzoyl nitrate (PBzN) with irradiation time. Another stable product was
observed which had a nitrate (-ONO,) group, as indicated by infrared
absorption bands at 1667, 1280, and 848 cm~!. Using the range of values
of absorption coefficients normally associated with the —0N02 groups of
organic compounds, it was estimated that this organic nitrate could
possibly equal the amount of styrene consumed which was not accounted for
by the amounts of C6H5CH0 and FBzN formed.

The benzaldehyde formation yield of ~0.75 observed in this work is in
reasonable agreement with the formation yield of 1.03 * 0.15 obtained by
Bignozzi et al. (1981) from the time-concentration profiles of styrene and
benzaldehyde in an irradiated NO, - styrene - air mixture.

The magnitude of the OH radical reaction rate constant (Atkinson,
1989) suggests that the reaction of the OH radical with styrene proceeds
by initial OH radical addition to the substituent -CH=CH, group

M
OH + CgHsCH=CH, = 06H56HCH20H and CgHgCHOHCH,
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In the presence of NO, and neglecting the formation of organic nitrates
from the reaction of the peroxy radicals with NO, the reactions subseguent
to this initial OH radical addition to the -CH=CH, group are expected to
be (Atkinson, 1990)

P
C6H5CHCH20H + 02 + CSHS HCHEOH

Q0° o’

I ]
C¢HsCHCH,OH + NO - CcH CHCH,OH + NO

5 2 5 2

0

I .
CHCH20H + C6H CHO + CH.OH

CeH 5 2

5

CH,OH + O

5 5 * HCHO + H02

and M

C.H CHOHCH2 + 02 - CBH

6Hs CHOHCHEOO'

5

C6H5CH0HCH200 + NO -+ C6H5CH0HCH20' + N02

C6H5CHOHCH20 - C6H5CHOH + HCHO

CGHSCHOH + O2 - C6H5CH0 + HO2

The observed high, and equal, yields of HCHO and C6H5CHO are in general
agreement with this reaction scheme.

Styrene + NO3. The dark reaction of N205 (9.6 x 1013 molecule cm'3)
with styrene (2.4 x 10™ molecule em™3) in air (EC-1334) resulted in the
disappearance of >94% of the N205 after 7 minutes. A similar run which

employed 1.2 x 1 molecule cm™3 of N205 and 2.4 x 10" molecule em™3 of

styrene (EC-1335), and which generated a higher amount of NO, (i.e., 1.2 x
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10“4 molecule cm™3 vs. 8.9 x 10'3 molecule cm“3), resulted in a slower
rate of NyOp disappearance (298% after 17 min). In both runs, HCHO and
06H5CH0 were formed in equal yields but in amounts which were only 10-12%
of the styrene consumed.

Three unidentified N-containing compounds were the most conspicuous
products of the styrene + N205 system. One of these unknown products
(product A) was formed during the very early stage of the reaction but
disappeared rapidly. The infrared absorption bands associated with
product A indicated that it contained both -ONO, (1670, 1281, 846 cm™')
and -OONO, (1726, 1297, 790 em™ 1) groups. A second unknown (product B)
was more stable than product A, but a steady decrease of its concentration
with time was also observed. The infrared spectra indicated that product
B contained -ONO, (1636, 1283, 852 em™') and -C=0 (1701 cm”) groups. The
most stable of the three N-containing unknowns was product C, which had
absorption bands attributed to -ONO, (1680, 1285, 843 cm’1) and -C=0 (1729
cm'1) groups.

Formaldehyde, benzaldehyde, product B and product C were the products
of styrene present at the time when N205 was totally consumed. Of the
balance of nitrogen not accounted for by NO, and HNO3 formation, B0% in
run EC-1334 and 86% in run EC-1335 could be found in products B and C, if
it is assumed that the combined amounts of these products were equal to
the styrene consumed minus benzaldehyde formed,

The N03 radical reaction with styrene is expected to proceed by
initial N03 radical addition to the -CH=CH, substituent group:

NO3 + C6H5CH=CH2 - C6H5CH(ON02)CH2 and C6H5CHCH2ONO2

followed by the reactions (taking the CGHSCHCH2ONO2 radical as an example)

00"
. [
CGHSCHCHZONO2 + 02 + C6H5CHCH20N02
00’ ?ONO2
C6H5CHCH20N02 + NO2 : C6H5CHCH20NO2

(possibly product 4)
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io' NO ? NO,,
CsCHCH,0N0, +§ = CeligCicip0n0, o} °

2

0
(where the 302' radical can include the CBH iHCHzoNO2 or 06H5CH(ONO2)CH200'

5
radicals)

o
C6H5éHCH20NO2 + O2 - C6H5COCH20NO2 + HO2

(possibly product C)

C.H EHCHZONO2 + C6H

6l CHO + CH20N02

5
J fast

HCHO + N02

Analogous intermediate or first-generation products [C6H5CH(ON02)CH200NO2
and C6H5CH(ON02)CHO] are expected to be formed from the C6H5CH(0NO2)CH2
radical.

Styrene + 03. Two experiments were carried out for the dark reaction
of styrene with ozone: run EC-1332 where 1.2 x 10" molecule cm™3 of 03
Wwas mixed with 2.4 x 1014 molecule cm™3 of styrene in air; and run EC-1333
where 1.2 x 10m molecule em™3 of styrene was injected into a mixture of
2.4 x 101u molecule cm™3 of 03 in air. In both cases, 295% of the
reactant with the lesser concentration was consumed after 15 minutes. The
reaction proceeded with a 1:1 stoichiometric disappearance of the
reactants for both runs. The readily identifiable, major products were
HCHO and C6H5CHO, each with a yield of ~40%. HCOOH was a minor product,
with a yield of ~1-2%. Unknown products were observed which exhibit
overlapped features in the -C=0 stretch region (~1750 cm'1) and other

relatively strong, broad bands in the 950-1450 em™ !

region.
The available kinetic and product data suggest that the reaction then

proceeds by

V-9



0] + C6H

3

5CH CH — [C H CH———CH

C6H5CH0 + [CH 00] C6H5CHOO] + HCHO

where [ 1% denotes an initially energy-rich biradical species. The subse-
quent reactions of the [(:.‘HQO(')]:t radical formed from the 03 + ethene reac-
tion have been discussed in detail previously (Atkinson and Lloyd, 1984;
Atkinson and Carter, 1984; Atkinson, 1990)}. At atmospheric pressure of

air and room temperature

. . M ..

[CH200] — CH,00 ( 37%)
—_— C02 + H2 (~13%)
—s CO + H20 (~444)
— 20 + CO, ( ~6%)

with the thermalized éH206 biradical being expected to react with water
vapor to form HCOOH under atmospheric conditions. The reactions of the
[CBH5éH06]* radical are not presently known. The product data obtained
are reasonably consistent with the above reaction scheme, providing that
the [CgHzCHOO1* biradical does not produce CgHsCHO in high yield.

3. Rate Constants for the Reactions of 1,4-Dioxane and Nitrohenzene
with 0
=3

Rate constants, or upper limits thereof, were determined for the

gas-phase reactions of 1,U-dioxane and nitrobenzene with 03 at 296 £ 2 K
and atmospheric pressure of air. The 1,4-dioxane and nitrobenzene con-
centrations and the measured 03 decay rates are given in Table IV-1. The
03 decay rates in the presence and absence of 1,4-dioxane or nitrobenzene
were indistinguishable, and hence only upper limits to the rate constants

could be obtained. Assuming that the entire 03 decay rates observed in
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the presence of 1,4-dioxane or nitrobenzene were due to reaction leads to

upper limits to the rate constants of

k5(1,4-dioxane) <1.5 x 10720 ¢em3 molecule™! s

and

ke(nitrobenzene) <1 x 10'20 cm3 molecule"1 s"1.

4, Rate Constants for the Reactions of p-Dichlorobenzene with N03
Radicals and 03

Experiments were carried out in a 5800 liter evacuable chamber
(Figure 1V-2), with the reactants being monitored during the experiments
by long pathlength FT-IR absorption spectroscopy. The experiments were
carried out in the dark.

For the O3 reactions, the decays of p-dichlorobenzene were monitored
in the presence of excess concentrations of 03. Since these conditions
are conducive to the occurrence of secondary reactions (Atkinson and
Carter, 1984}, cyclohexane was added to the reactant mixtures in amounts
sufficient to scavenge any OH radicals formed. p-Dichlorobenzene decayed
slowly to the chamber walls in the dark in the absence of added 03, at a
rate of ~3.5 x 10'6 s’1, and the observed p-dichlorobenzene decay rates in

014 molecule cm'3 of 03 were actually slightly less

the presence of 5.1 x 1
than in the absence of 03. Thus, no evidence of any reaction of p-
dichlorobenzene with 03 was obtained. From the observed p-dichlorobenzene
decay rates in the presence of O3 (uncorrected for wall decay), a very
conservative upper limit to the rate constant for the gas-phase reaction

of 03 with p-dichlorobenzene of

-21 1 &1

k2(03 + p-dichlorobenzene) <5 x 10 em3 molecule™! s
at 298 * 2 K was obtained.

An upper limit to the rate constant for the gas-phase reaction of the
N03 radical with p-dichlorobenzene was obtained using a relative rate
technique in which the decay rates of p-dichlorobenzene and a reference
organic (cyclohexane in this case) were monitored in the presence of NO4

radicals. NO3 radicals were generated from the thermal decomposition of
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The decay rates of p-dichlorobenzene after addition of N2O5 to the chamber
were slower than the p-dichlorobenzene decay rates prior to N2O5 addition
(which were 3.7 x 10'6 s’], very similar to the decay rates observed in
the 03 experiments). The amounts of cyclohexane reacted were 5.5-6.2%
over the 2.4 hr duration of the reactions, while 1.5% of the p-dichloro-
benzene had disappeared from the gas phase. Since this disappearance of
p-dichlorobenzene could be totally accounted for by wall decay, no
evidence for any gas-phase reaction of p-dichlorobenzene with the N03
radical was obtained. From the observed p-dichlorobenzene disappearance
from the gas phase and the amounts of cyclohexane reacted, a very

conservative upper limit to the rate constant ratio of
k(NO3 + p-dichlorobenzene)/k(NO3 + cyclohexane)} <0.25

was obtained at 298 + 2 K. With a room temperature rate constant for the

reaction of the N03 radical with cyclohexane of 1.3 x 10"16 cm3 molecule™’

s~1 (atkinson et al., 1988), this leads to
k(N03 + p-dichlorobenzene) <4 x 10-17 cm3 molecule~! s~

at 298 + 2 K.
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V. FORMATION OF HYDROXY-, NITRO- AND HYDROXYNITRO-AROMATICS FROM
THE ATMOSPHERIC REACTIONS OF AROMATIC HYDROCARBONS

Aromatic hydrocarbons are important constituents of gasoline fuels
(Lonneman et al., 1986; Sigsby et al., 1987) and vehicle emissions
(Lonneman et al., 1986; Sigsby et al., 1987; Zweidinger et al., 1988), and
comprise a significant fraction of the organic compounds observed in urban
atmospheres (Nelson and Quigley, 1984; Grosjean and Fung, 1984}, Under
tropospheric conditions, the alkyl-substituted benzenes react only with
the OH radical (Atkinson, 1988), and the room temperature rate constants
for most of these OH radical reactions are reliably known (Atkinson,
1989). At atmospheric pressure and temperatures <325 K, these OH radical
reactions proceed by H-atom abstraction from the alkyl substituent
group(s) and the C-H bonds of the aromatic ring [reaction (1)], and by OH

radical addition to the aromatic ring [reaction (2)}. For example, for

toluene
CH2
CHy — H,0 + (1)
OH + — CH3
OH
H
— (plus other isomers) (2)
However, despite numerous studies (see, for example, Hoshino et al., 1978;

Darnall et al., 1979; Takagi et al., 1980, 1982; Atkinson et al., 1980,
1983; Shepson et al., 1984; Dumdei and O'Brien, 198Y4; Tuazon et al., 1984,
1986; Leone et al., 1985; Bandow et al., 1985; Bandow and Washida,
1985a,b; Gery et al., 1985, 1987), the reaction mechanisms subsequent to
these initial steps and the products formed under atmospheric conditions,
and their yields, are still not well known.

The reactions subsequent to the H-atom abstraction pathway [reaction
(1)} under atmospheric conditions lead to the formation of aromatic
carbonyls and nitrates (Atkinson and Lloyd, 1984). However, the reactions

subsequent to formation of the OH-aromatic adducts [reaction (2)] are much



less well understood. Ring cleavage appears to be the dominant reaction
pathway, as evidenced by the formation of a-dicarbonyls and a variety of
other oxygenated ring-opened compounds (Darnall et al., 1980; Takagi et
al., 1980, 1982; Atkinson et al., 1983; Shepson et al., 1984; Dumdei and
O'Brien, 1984; Tuazon et al., 1984, 1986; Bandow et al., 1985; Bandow and
Washida 1985a,b; Gery et al., 1985, 1987).

In this work, we investigated the aromatic ring-retaining products
formed from the OH radical reactions (in the presence of NOX) with
benzene, toluene, and the three xylene isomers, and specifically studied
the dependence of the formation yields of these products on the NO and N02
concentrations. In addition, we investigated the formation of hydroxy-
nitro-aromaties from the OH and N03 radical-initiated reactions of phenol

and o-cresol.

A, Product Formation from the OH Radical-Initiated Reactions of Benzene,
Toluene and the Xylenes

1. Experimental
All reactions were carried out in a 6400-L all-Teflon chamber
(ITC), equipped with blacklight irradiation, at 298 *+ 2 K and ~740 torr

total pressure of dry pure air diluent. Hydroxyl radicals were generated

by the photolysis of methyl nitrite in air at wavelengths >300 nm. NO and
NO, were also added to the reactant mixtures, which had initial
concentrations of (in units of 10'3 molecule cm3): CH30NO, 2.3-32; NO,
2.1-37; NO,, 0-33; aromatic hydrocarbon, 2.4-5.4. The light intensity was
maintained at 100% of the maximum intensity, corresponding to an NO,
photolysis rate of ~8 x 10'3 s'l, and the irradiation times were varied
from 0.5-15 min.

The aromatic hydrocarbons were monitored during the experiments by
gas chromatography with flame ionization detection (GC-FID), using a 10 ft
¥ 0.125 in. stainless steel column of 10% Carbowax 600 on C-22 firebrick
(100/110 mesh), operated at 348 K. After calibration with authentic
samples, the aromatic products were quantified by GC-FID, with 100 cm3 gas
samples being collected from the chamber ontc Tenax GC solid adsorbent,
with subsequent thermal desorption at 525 K onto a 15 m DB-5 Megabore
fused silica column held at 333 K, and then temperature programmed from

333 to 523 K at 8 K min'1. Gas samples were also collected onto Tenax GC
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mass spectrometry (GC-MS), using a 50 m HP-5 column in a Hewlett-Packard
5890 GC over interfaced to a Hewlett-Packard 5970 Mass Selective Detector
operated in the scanning mode.

During these experiments, the NO and the sum of the initial NO and
NO, concentrations were monitored by a chemiluminescence analyzer, which
had a maximum measurement level of 2.4 x 1014 molecule em™3 for either NO
or NOy. Since CH3ONO was also monitored as (NOX-NO) by this instrument,
only NO could be monitored after the introduction of CH3ONO into the
chamber. In order to obtain reliable estimates for the N02 concentrations
during the irradiations, computer calculations were carried out using the
initial experimental conditions and an up-to-date chemical mechanism
inecorporating CH3ONO chemistry, the full array of inorganic reactions and
toluene chemistry (Carter, 1990). (Since the chemistry of irradiated
CH30NO-NO-N02~organic-air mixtures is dominated by the CH3ON0—NO—NO2-air
reactions, the results of these calculations were not significantly
dependent on the validity of the aromatic chemistry.)

The sources of the chemicals used, and their stated purities, were as
follows: benzene, phenol and benzyl chloride (all Analytical Reagent
Grade), Mallinckrodt; toluene (99+%), Matheson, Celeman and Bell; benzal-
dehyde (98+%), o-cresol (99+%), m-cresol (99+%), p-cresol (99+%), o-nitro-
toluene (99+%), m-nitrotoluene (99%), p-nitrotoluene (99%), a-chioro-o-
xylene (99%), a-chloro-m-xylene (98%), a-chloro-p-xylene (98%), 2,3-
dimethylphenol (97%), 2,4-dimethylphenocl (97%), 2,5-dimethylphenocl (99+%),
2,6-dimethylphenol (99.8+%), 3,4-dimethylphenol (99%), 3,5-dimethylphenol
(99+%), 3-nitro-o-xylene (97%), U-nitro-o-xylene (99%), 2-nitro-m-xylene
(99%), 4-nitro-m-xylene (98%), 5-nitro-m-xylene (99+%), m-tolualdehyde
(97%) and p-tolualdehyde (97%), Aldrich Chemical Company; nitrobenzene
(reagent ACS grade), Eastman Kodak Company; 2-nitro-p-xylene, Lancaster
Synthesis; o-tolualdehyde, Pfaltz and Bauer, Inc.; silver nitrate
(99.88%), Anachemia Chemicals Ltd.; NO (99%), Matheson Gas Company.
Methyl nitrite was prepared as described by Taylor et al. (1980) and was
stored under vacuum at 77 K. NO, was prepared by reacting NC with an
excess of O, prior to introduction into the chamber. Benzyl nitrate and
the methylbenzyl nitrates were prepared, in solution, for GC-MS confirma-

tory purposes from the addition of the corresponding benzyl chloride or a-
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chloroxylene to silver nitrate dissolved in acetonitrile, as described by
Ferris et al. (1953).
2. Results

A series of CH30NO—NO—N02-aromatic hydrocarbon-air irradiations
were carried out, and the initial reactant concentrations are given in
Tables V-1 (benzene), V-2 (toluene), V-3 (o-xylene), V-4 {m-xylene) and V-
5 (p-xylene). From retention time matching with authentic samples, the GC
analyses showed that phenol and nitrobenzene were formed as products in
the CH30N0—N0-N02-benzene-air irradiations. The identity of these two
products was confirmed by GC-MS analysis. At longer irradiation times,
especially under conditions where the initially present NO was largely
consumed (for example, run ITC-1295), other product peaks were observed in
the GC analyses, and these were most likely nitrophencls formed from
further reaction of the phenol with OH and/or N03 radicals.

In an analogous manner, GC analyses of the irradiated CH30NO-N0—M02—
toluene-air mixtures showed benzaldehyde, o-cresol, m- + p-cresol {which
were not separated on either the 15 m DB-5 Megabore column or the 50-m HP-
5 capillary column), m-nitrotoluene and p-nitrotoluene to be products, and
these were confirmed by GC-MS. The GC-MS analyses showed that a product
peak tentatively identified by GC from retention time matching as o-
nitrotoluene was actually a mixture of o-nitrotoluene and benzyl nitrate,
with benzyl nitrate being the major constituent of this product peak
{these two products were partially resolved on the 50 m HP-5 column). As
for the benzene system, at longer irradiation times, especially under
conditions where the initially present NO was largely consumed, other
product peaks were observed and these were identified as nitrocresols by
GC-MS. These nitrocresols were probably formed from OH radical and/or N03
radical reactions with the initially formed cresols.

From retention time matching with authentic samples, the GC analyses
showed that the products of the CH3ON0-NO-N02-xylene-air irradiations were
in each case the tolualdehyde, dimethylphenols, nitro-xylenes and the
methylbenzyl nitrate, and the identities of these products were confirmed
by GC-MS analyses.

The observed concentrations of NO, benzene, phenol and nitrobenzene
during the CH3ONO—NO-N02-benzene-air irradiations are given in Table V-1,

and the observed concentrations of NO, toluene, benzaldehyde, o-cresol, m-
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Table V-1. Reactant and Product Concentrations (molecule cm'3) During
Irradiated CH3ON0-N0-N02-Benzene Air Mixtures

10~'3 x Concentration 10~*! x Concentration
ITC Nitro-
Run # CH3ONOa NO NO,, Benzene Phenol benzene
1289 24,2 248 0@ 5.090 - -
20.5 (3.5]P 4.805 4.27 (7.47)C 2.27
19.2 [4.8) 4 622 4,47 (10.7) 2.92
19.7 [4.3] 4.514  5.66 (16.1) 2.70
1290 30.1 242 0@ 5.090 - -
19.7 [4.3] 4,752 3.42 (6.56) 1.90
18.2 (5.8] 4,582  4.40 (11.3) 3.02
18.7 [5.3] . 457  4.51 (14.0) 3.26
1291 14,1 13.6 1.6 5.198 - -
7.7 [7.5] 4.858 4.68 (8.98) 1.97
6.4 [8.8] 4,666 5.28 (13.8) 2.92
6.3 {B.9] 4.502 5.36 (16.3) 2.92
1292 23.7 13.7 128 5.419 - -
14,4 [11.3] 5.162  4.34 (6.98) 2.90
14.5 [11.2] 5.018  5.15 (10.6) 3.51
15.6 [10.1] 4.922 5.08 (12.2) 3.87
1263 5.2 6.5 0.67 4,733 - -
3.5 [3.7] 4 452 4,96 (8.93) 1.46
2.5 [4.7] 4.318 5.62 (13.1) 1.80
2.3 [(4.9] 4.258 5.64 (14.5) 2.09
1294 26.3 243 248 4860 - -
~254 [23) 4.762 3.08 (3.80) 1.78
~254 [23] 4.656  3.74 (5.73) 2.24
~254d [23] 4.596 4.04 (6.94) 2.90
1295 3.0 2.6 0.46 4,862 - -
0.38 [(2.7] 4,486  6.22 (13.1) 1.17
0 [3.1] 4.356 5.55 e 1.49
0 [3.1] 4 277 3.08 e 1.44
1296 5.1 2.6 2.9 4,862 - -
0.94 [4.6] 4.872 4.83 (8.77) 1.83
0.20 [5.3] 4,457 5.83 e 2,22
0.10 [5.4] 4,370 5.47 e 2.24
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Table V-1 (continued) - 2

10'13 x Concentration 10'11 X Concentration

ITC Nitro-

Run # CH3ONOa NO NO,, Benzene Phenol benzene
1297 12.2 6.0 7.4 4,680 - -

.2 [9.2] 4,399 3,70 (6.72) 1.68

3.6 [9.8] b 291 5.00 (11.1) 2.75

3.7 [9.9] 4.238 4.64 (11.3) 2.12
1298 26.1 ayd 0@ 4.g980 - -

20.4 [3.6] 4.829 3.61 (4.92) 1.58

19.0 [5.0] 5,606 4,57 {9.50) 2.14

20.2 [3.8] 4,510 k.57 (11.2) 2.27

8Based upon the amounts introduced to the chamber.

Byalues in [ ] are the NO, concentrations estimated from the NO data,
assuming that ([NO] + [NO,]) = constant (see text).

CYalues in ( ) are correc%ed for reaction with the OH radical (see text).
Estimates from computer modeling of irradiated CH3ON0-NO-organic—air
systems.

®NO, radical reactions also contributing to removal of phenol; corrections
cannot be made.
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+ p-cresol, benzyl nitrate + o-nitrotoluene (assuming equal FID responses
for benzyl nitrate and o-nitrotoluene), m-nitrotoluene and p-nitrotoluene
during the CH3ONO—NO~N02-toluene-air irradiations are given in Table V-2.

The observed concentrations of NO, xylene, tolualdehyde, dimethyl-
phenol(s), nitro-xylene(s) and methylbenzyl nitrate (assuming equal FID
responses for the methylbenzyl nitrates and the nitro-xylenes) during the
CH3ON0—NO-N02-xy1ene-air irradiations are given in Tables V-3 through V-
5. In the p-xylene system, the 2-nitro-p-xylene and U4d-methylbenzyl
nitrate were only partially resolved on the DB-5 megabore column used for
the GC-FID analyses, and hence the concentrations of these individual
products given in Table III are subject to significant uncertainties (the
sum of the concentrations of these products is more precise).

As noted in the Experimental section above, only the NO, concentra-
tions prior to the addition of CH3ON0 could be measured, and total oxides

1014 molecule cm'3 could not be

of nitrogen concentrations »>2.4 x
measured. The initial CHSOND and, in some cases, the initial NO and/or
NO, concentrations were calculated from the amounts of NO, NO, and CH3ON0
introduced into the chamber and the known volume of the chamber. The
computer calculations showed that to a very good approximation the sum of
the NO and the NO, concentrations in irradiated CH30NO—NO—NO2-organic-air
mixtures remains constant. This finding is consistent with OH radical

formation from the overall photooxidation of CH30NO

02

CH,ONO + hv — OH + HCHO + NO2

3

being balanced by OH radical removal, predominantly with NO,,

M
OH + NO, - HNO3

and with the OH radical reactions with the organic compounds present
leading to the conversion of NO to NO,. The measured or estimated NO and
N02 concentrations during the CH30NO-NO-N02-air irradiations are also

given in Tables V-1 through V-5,



The products formed from these OH radical-initiated reactions can
also be removed by reaction, but, providing that the product species only
reacted with the OH radical, the measured concentrations can readily be
corrected to take into account these losses, as deseribed in detail
previously (Atkinson et al., 1982b). For benzaldehyde, the tolualdehydes,
phenol, the cresols, and the dimethylphenols, other loss processes must
also be considered in addition to the OH radical reaction. Thus,
benzaldehyde (and presumably also the tolualdehydes) also photolyzes (see
Atkinson and Lloyd, 1984) but, at the OH radical concentrations in these
irradiations [(0.4-2) x 108 molecule cm™3 averaged over the duration of
the irradiations, as calculated from the aromatic hydrocarbon time-concen-
tration profiles], the OH radical reaction was calculated to be the
dominant loss process. Phenol, the cresols and the dimethylphenols also
react rapidly with the NO3 radical {(Atkinson et al., 1984, 1988), and this
reactive loss process was shown from the computer calculations to become
important under conditions where the NO,/NO concentration ratio exceeded
~7-8. Thus, for the longer irradiation times in the benzene runs ITC-1295
and 1296, the toluene runs ITC-1268, 1269, 1270, 1278 and 1282, the o-
xylene runs ITC-1406, 1407, 1409, 1410 and 1543, the m-xylene run ITC-15T1
and the p-xylene runs ITC-1562 and 1565, the NO3 radical reactions were
calculated to contribute »10% of the overall removal rates of phenol, the
cresols, or the dimethylphenols, and these data were not used in the
determination of the formation yields of these products. The occurrence
of these NO3 radical reactions in these irradiations was confirmed by the
decrease in the measured phenol, cresol or dimethylphenol concentrations
Wwith increasing irradiation time. For all other runs, the dominant
phenol, cresol or dimethylphenol removal process throughout the
irradiation was by reaction with the OH radical. The OH radical rate
constants at 298 K used to take into account product removal by OH radical
reaction were (in units of 10-12 em3 molecule™ " 5'1): benzene, 1.23;
phenol, 26.3; nitrobenzene, 0.14; toluene, 5.96; benzaldehyde, 12.9; o-
cresol, 40; m- + p-cresol, 48; o-nitrotoluene, 0.70; m-nitrotoluene, 0.95;
o-xylene, 13.7; m-xylene, 23.6; p-xylene, 14.3; o-, m- and p-tolualdehyde,
each 17.3; 2,3-dimethylphenocl, 80.2; 3,4-dimethylphenol, 81.4; 2,4-
dimethylphenol, 71.5; 2,6-dimethylphenol, 65.9; 2,5-dimethylphenol, 80.0;
3- and H-nitro-o-xylene and 2-nitro-p-xylene, each ~2.1; b-nitro-m-xylene,

~3.0; 5-nitro-m-xylene, ~1.9; and methylbenzyl nitrates ¢5.
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Use of these OH radical reaction rate constants allowed the observed
product concentrations during the irradiations to be corrected to take
into account the losses of the products by OH radical reaction, and the
corrected concentrations are given in Tables V-1 through V-5.

In addition to the experiments described above, several control
experiments were carried out. Irradiation of a m-nitrotoluene (8.6 x 1012
molecule cm'3)~N0(2.H X 10”'l molecule cm"3)-air mixture for 10 min at the
maximum light intensity resulted in <10% loss of the m-nitrotoluene,
showing that any photolysis of the nitrotoluene was of negligible impor-
tance. The observation that photolysis of m-nitrotoluene was not impor-
tant is consistent with our previous data for nitrobenzene (Atkinson et
al., 1985). Irradiation of a toluene (4.8 x 10'3 molecule cm'3)—N0 (2.4 x
1014 molecule cm"3)—air mixture gave rise to no observable products by GC
analysis. An experiment was also carried out in which 2.4 x 1014 molecule
cm"3 each of NO and NO, were introduced into the chamber together with o-
cresol, and samples taken for GC analyses from this reaction mixture in
the dark and after irradiation for 3 min at the maximum light intensity.
Products were observed both in the dark and after irradiation which were
tentatively identified as being nitrocresols (having the same GC retention
times as those products formed after prolonged irradiation of CH3ON0—NO—
NOz-toluene—air mixtures). None of the nitrotoluenes were observed from
this o-cresol—NO—NOz-air reaction mixture, either in the dark or after
irradiation. These control experiments indicate that the products for
which data are given in Tables V-! through V-5 were formed as products of
the gas-phase reaction of the OH radical with benzene or toluene, in the
presence of NO,.

The product data given in Tables V-1 through V-5 are evaluated in the
following sections. Since a more extensive study was carried out for
toluene (22 irradiations) than for benzene {10 irradiations), o-xylene (16
irradiations), m-xylene (5 irradiations) or p-xylene (5 irradiations), the
toluene data are dealt with first.

Toluene. The data given in Table V-2 for the yields of benzaldehyde,
o-cresol and m- + p-cresol (corrected to take into account losses whenever
these were solely due to reaction with the OH radical) do not show any
obvious dependence on the NO or NO, concentrations during the irradia-

tions. Plots of the amounts of these products formed, corrected for OH
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radical reaction, against the amount of toluene reacted are shown in
Figures V-1 (benzaldehyde) and V-2 (o-cresol and m- + p-cresol). Within
the scatter of the data, these plots are reasonably straight lines,
indicating (especially for the crescls which have high correction factors)
that the correction factors to take into account OH radical reaction of
these products were appropriate. Least-squares analyses of the data given
in Table V-2 and shown in Figures V-1 and V-2 lead to benzaldehyde and
cresol formation yields of:  benzaldehyde, 0.0645 * 0.0033; o-cresol,
0.204 + 0.014; and m- + p-cresol, 0.048 * 0.007. Inclusion of the
estimated overall uncertainties in the toluene and product GC-FID
calibration factors, of 5% and *10%, respectively, leads to formation
yields of benzaldehyde, 0.0645 + 0,0080; o-cresol, 0.204 % 0.027; and m- +
p-cresol, 0.048 = 0.009.

The GC-MS response factors of selected ions of the three nitrotoluene
isomers were determined, and GC-MS analysis of an irradiated CH30NO—NO—
NO>-toluene-air mixture showed the o-nitrotoluene: m-nitrotoluene: p-
nitrotoluene product ratio to be 0.07:1.0:0.35. Thus, m-nitrotoluene was
the most abundant of the nitrotoluene isomers formed, and the following
analysis deals with this isomer. The data given in Table V-2 indicate
that the m-nitrotoluene yield depends on the NO, concentration during the
irradiation, with the yield increasing with increasing average NO, concen-
tration (compare runs ITC-1270 and 1278 versus runs ITC-1274, 1275 and
1279). However, as shown by the plot of the amount of m-nitrotoluene
formed against the amount of toluene reacted in the analogous runs ITC-
1260, 1261, 1263, 1273 and 1276 (Figure V-3), the m-nitrotoluene yield did
not inecrease with the extent of reaction commensurate with the marked
inerease in the N02 concentration with the extent of reaction (also shown
in Figure V-3).

To further explore the relationship between the m-nitrotoluene forma-
tion yield and the NO, concentration, the data given in Table V-2 were
analyzed in two ways. In the first approach, the incremental m-nitro-
toluene yields [(A[m-nitrotoluene]/A[toluene])t1_t } have been plotted
against the average NO, concentrations during these time intervals
[0'5([N02]t] + [N021t2)], and this plot is shown in Figure V-4B. Despite
the (expected) high degree of scatter, the m-nitrotoluene yield appears to

increase with the NO, concentration, with a non-zero intercept. Least-
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Figure V-1. Plot of the amount of benzaldehyde formed, corrected for
reactive loss with the OH radical (see text), against the
amount of toluene reacted.
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Figure V-2. Plots of the amounts of o-cresol and m- plus p-c¢resol formed,
corrected for reactive loss with the OH radical (see text),
against the amount of toluene reacted.
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Plots of the NO, (top) and m-nitrotoluene (bottom) concentra-
tions against the amount of toluene reacted for ITC runs
1260, 1261, 1263, 1273 and 1276. The line drawn through the
m-nitrotoluene data is the least-squares fit.
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B - from individual data points (see text).
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squares analysis of these data in Figure V-UB yields a slope and intercept
of (1.69 % 0.56) x 10°'® cu=3 molecule™! and 0.0146 + 0.0067, respective-
ly. Since the plots of the amounts of m-nitrotoluene formed during these
reactions against the amounts of toluene reacted were reascnably linear
(see, for example, Figure V-3), in the second approach the m-nitrotoluene
yield for each irradiation (obtained from least-squares analysis of the m-
nitrotoluene versus toluene data) was plotted against the mean N02
concentration for that irradiation ([N02]av = n—12?{NO2]n), as shown in
Figure V-4A. (In most cases the NO, concentrations did not vary markedly
during the irradiations). As anticipated, due to the "averaging" effect
of this analysis, the plot in Figure V-4A is much less scattered than that
in Figure V-U4B, but also shows that the m-nitrotoluene yield increases
reasonably linearly with the NO, concentration, and again has a distinct
non-zero intercept when extrapolated to zero N02 concentration. A least-
squares analysis of the data shown in Figure V-UA leads to a slope and
intercept of (1.90 * 0.25) x 10'16 em3 molecule™! and 0.0135 + 0.0029,
respectively. The slopes and intercepts of the plots shown in Figure V-4a
and V-4B are identical within the two standard deviation error limits, and
show that while the m-nitrotoluene yield does increase with the N02
concentration, it does not extrapolate to zero as the NO2 concentration
approaches zero.

The m- and p-nitrotoluene data given in Table V-2 show that the
average p-nitrotoluene: m-nitrotoluene ratio was 0.35, in agreement with
the GC-MS wvalue for a single CH3ONO-NO-N02-toluene-air irradiation.
Within the appreciable scatter in the data, it thus appears that the p-
nitrotoluene formation yield (scaled by a factor of 0.35) parallels that
for m-nitrotoluene. Assuming that the o-nitrotoluene formation yield is
consistently 0.07 that of m-nitrotoluene allows the benzyl nitrate + o-
nitrotoluene concentration data (Table V-2) to be corrected for the minor
presence of o-nitrotoluene. The benzyl nitrate formation yield is then
calculated to be 0.0084 * 0.0017, where the indicated error is two least-
squares standard deviations and does not take into account any systematic
errors arising from uncertainties in the o-nitrotoluene yields or in the
GC-FID response factor for benzyl nitrate.

Benzene. The phencl (corrected for reaction with the OH radical) and

nitrobenzene data are given in Table V-1. Analogous to the situation for
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the cresols, the phenol formation yield appeared to be independent of the
NO, concentration, and a plot of the phenol concentrations during the
CH30NO-NO-NO2-benzene-air irradiations {corrected to take into account OH
reaction losses) against the amount of benzene reacted is shown in Figure
V-5. This plot is a reasonably good straight line, and a least-squares
analysis leads to the formation yield of phenol from benzene of 0.236 =
0.034, Inclusion of the estimated overall uncertainties in the GC-FID
calibration factors for benzene and phenol leads to a yield of 0.236 %
0.044,

The nitrobenzene data are analogous to the m-nitrotoluene data from
the toluene system in that the formation yield is higher in the irradia-
tions with higher average NO, concentrations (compare, for example, runs
ITC-1294 and 1295). Figure V-6 shows a plot of the nitrobenzene yields,
obtained from the data for each irradiation, against the mean NO, concen-
trations (using data analysis analogous to that shown in Figure V-4A). As
for the feormation of m-nitrotoluene from toluene, the nitrobenzene forma-
tion yield increases with the N02 concentration, with a non-zero intercept
when extrapolated to zero NO, concentration. Least-squares analysis of
the data shown in Figure V-6 leads to a slope and intercept of (3.07 %
0.92) x 107'® cm3 molecule™! and 0.0336 * 0.0078, respectively. (Analysis
of the data by the method used for Figure V-4B leads to a similar slope
and intercept, although with significantly higher uncertainties).

Xylenes. The products observed and quantified from the CH3ONO-N0-
NO,-xylene-air irradiations were: from o-xylene, o-tolualdehyde, 2-
methylbenzyl nitrate, 2,3-dimethylphenol, 3,4-dimethylphenocl, 3-nitro-o-
xylene and 4-nitro-o-xylene; from m-xylene, m-tolualdehyde, 3-methylbenzyl
nitrate, 2,4-dimethylphenocl, 2,6-dimethylphenol, #-nitro-m-xylene and 5-
nitro-m-xylene; and from p-xylene, p-tolualdehyde, 4-methylbenzyl nitrate,
2,5-dimethylphencl and 2-nitro-p-xylene, Neither 3,5-dimethylphenol nor
2-nitro-m-xylene were observed from the m-xylene reaction system, in
agreement with the previous study of Gery et al. (1987),

Within the experimental uncertainties, the data given in Tables V-3
through V-5 for the tolualdehyde and dimethylphenol yields {corrected to
take into account losses whenever these were solely due to reaction with
the OH radical) do not show any obvious dependence on the NO or NO,

concentrations during the irradiations. Plots of the amounts of these
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Figure V-5. Plot of the amount of phenol formed, corrected for reactive
loss with the OH radical (see text), against the amount of
benzene reacted.

v-26



.12~

Q

]

> 0.08

w

<

L

N

=

w

o

& 0.04

=

=z o]

0 1 ] 1 ] 1 J
) | 2 3x10'¢

[NO,] molecule cm™3

Figure V-6. Plot of the nitrobenzene formation yield against the NO,
concentration {averaged data from each irradiation).

v-27



products‘formed, corrected for OH radical reaction, against the amounts of
0-, m- or p-xylene reacted are shown in Figures V-7 (tolualdehydes) and V-
8 (dimethylphenols). Within the scatter of the data, which is appreciable
for the dimethylphenols, these plots are reasonable straight lines, and
the least-squares formation yields of the tolualdehydes and dimethyl-
phenols from the OH radical-initiated reactions of o-, m- and p-xylene are
given in Table V-6,

The amounts of the various methylbenzyl nitrates and nitro-xylenes
formed during these irradiated CH30NO-N0-N02—xylene air mixtures were in
all cases low, <3.4 x 101" molecule cm™3 for o-xylene, <1.0 x 101" mole-
cule cm™3 for m-zylene and s2.1 x 1011 molecule em™3 for p-xylene. The
highest concentrations of the methylbenzyl nitrate and nitro-xylene
products were formed in the o-xylene reactions. As observed for the
formation of m-nitrotoluene from toluene (Figure V-3), for a given experi-
ment the amount of 4-nitro-o-xylene formed (the most abundant of the two
nitro-o-xylenes) increased essentially linearly with the amount of o-
xylene reacted, despite the fact that the NO, concentration was not always
constant. Thus, for example, the amount of UY-nitro-o-xylene formed
increased essentially linearly with the amount of o-xylene reacted during
the closely similar runs ITC-1401, 1402, 1403, 1404, 1411 and 1539, for
which the NO2 concentrations increased from approzimately zero at the
beginning of the irradiations to ~1.0 x 1014 molecule cm™3 at the end of
the experiments.

The methylbenzyl nitrate and nitro-xylene yields were determined for
each irradiation by least squares analysis of the methylbenzyl nitrate or
nitro-xylene versus xylene data. These formation yields of the methyl-
benzyl nitrates and nitro-xylenes, determined for each irradiation, are
plotted against the mean NO, concentration for that irradiation ([N02]av =
n'12?[N02]n) in Figures V-9 (methylbenzyl nitrates) and V-10 (nitro-
xylenes). The formation yields of these nitrate and nitro-products as
given by least-squares analyses of the data shown in Figures VI-9 and V-10
are given in Table V-6.

It should be noted that the amounts of 5-, and especially, 4-nitro-m-
xylene formed from m-xylene were low, with complete data sets not being
obtained for most of the irradiations (Table V-4), and hence the formation

yields of these two nitro-m-xylenes have significant associated
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Figure V-7. Plots of the amounts of o-, m- and p-tolualdehyde formed
(corrected to take into account reaction with the OH radical,
see text) against the amounts of o-, m- and p-xylene,

respectively, reacted in irradiated CH3ON0-NO-N02-xylene-air
mixtures.,
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Figure V-8.
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Plots of the amounts of 2,3- and 3,4-dimethylphenol, 2,4- and
2,6-dimethylphenol, and 2,5-dimethylphenol (corrected to take
into account reaction with the OH radical, see text) against
the amounts of o-, m- and p-xylene, respectively, reacted in
irradiated CH,ONO-NO-NO,-xylene-air miztures., (The data for
2,3- and 5,6-aimethylph§nol have been displaced vertically by
1.0 x 10'¢ molecule em™3 for clarity).
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Figure V-9,
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average N02 concentrations during the experiments.
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experimental uncertainties. In addition, the 3-nitro-o-xylene formed did
not always appear to increase linearly with the amount of o-xylene reacted
{Table V-4), again leading to large uncertainties in the formation yields
(the two least-sguares standard deviations being of a similar magnitude to
the formation yields in many cases).

As can be seen from the plots in Figures V-9 and V-10 and the least-
squares formation yield data given in Table V-6, the formation yields of
3—nitro-ofxylene from o-xylene, 3-methylbenzyl nitrate and UY-nitro-m-
xylene from m-xylene, and 4-methylbenzyl nitrate from p-xylene exhibited
no dependence on the N02 concentration within the two least-squares
standard deviations. Furthermore, any dependencies of the formation
yields on the NO, concentration were close to the experimental uncertain-
ties for 2-methylbenzyl nitrate from o-xylene and 2-nitro-p-xylene from p-
xylene. Only for the formation of UY-nitro-o-xylene from o-xylene was
there a clear dependence of the formation yield on the NO, concentration
(Figure V-10 and Table V-6). For all of the methylbenzyl nitrates and the
nitro-xylenes (noting the problems with the low amounts formed in certain
cases and the above noted problems with the formation of 3-nitro-o-xylene
from o-xylene), the formation yields extrapolated to zero NO, concentra-
tion were positive and were greater than four least-squares standard
deviations from zero.

3. Discussion

The ring-retaining products observed in this work from the OH
radical-initiated reactions of benzene, toluene and the xylenes (in the
presence of NOX) at room temperature and atmospheric pressure are compared
with the available literature data in Table V-6.

Benzene. Phenol and nitrobenzene have previously been observed as
products of the OH radical reaction with benzene by Hoshino et al. (1978):
and Bandow et al. (1985). However, no formation yields have been reported
prior to the present study.

Toluene. The ring-retaining products observed in this work have been
previously reported from several studies. For benzaldehyde, the present
formation yield is in reasonable agreement with those of Atkinson et al.
(1980, 1983), Shepson et al. (1984), Leone et al. (1985), Bandow et al.
(1985) and Gery et al. (1985). The benzaldehyde yields reported by Spicer
and Jones (1977) and O'Brien et al. (1979a) are widely divergent and must
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be judged to be incorrect. While benzyl nitrate was reported as a product
in the previous studies of Hoshino et al. (1978), O'Brien et al. (1979b),
Atkinson et al. (1980) and Gery et al. (1985), the only quantitative data
concerning the benzyl nitrate yield arise from the studies of Hoshino et
al. (1978) and Gery et al. (1985). Hoshino et al. (1978) determined a
formation yield ratio of benzyl nitrate/benzaldehyde of 0.12, in excellent
agreement with the present ratio of 0.13. The benzyl nitrate yield deter-
mined here is in good agreement with that of 0.007 * 0.004 reported by
Gery et al. (1985).

The formation of the cresol isomers have been reported previously
(Table V-6), although, as in this work, m- and p-cresol were generally not
separated by the analytical techniques used. For o-cresol, the present
formation yield of 0.204 * 0.027 agrees well with the values of Atkinson
et al. (1980), Leone et al. (1985) and Gery et al. (1985), but is signifi-
cantly higher than the formation yield derived by O'Brien et al. (1979a).
Furthermore, the present data for m- and p-cresol are in excellent agree-
ment with the value of Gery et al. (1985). Previous studies obtained
formation yield ratios of o-cresol: m- + p-cresol of 80:20 (Hoshino et
al., 1978} and o-cresol: m-crescl: p-cresol of 81:2:17 (Gery et al.,
1985), in excellent agreement with our ratio of o-cresol: m- + p-cresol of
81:19,

Nitrotoluenes have been identified as products of the OH radical
reaction with toluene under simulated atmospheric conditions in several
previous studies. Hoshino et al. (1978) observed m- and p-nitrotoluene,
but no o-nitrotoluene, with the p-nitrotoluene yield generally being less
than that of the m-nitrotoluene isomer. O'Brien et al. (1979b)} also
observed only m- and p-nitrotoluene (although o-nitrotoluene and benzyl
nitrate co-eluted, the peak was shown to be due to benzyl nitrate and not
to o-nitrotoluene). Gery et al. (1985) observed the formation of all
three nitrotoluene isomers, with the formation yield ratio o-nitrotoluene:
m-nitrotoluene: p-nitrotoluene being 7:72:21, in good agreement. with the
present GC-MS ratio of 5:70:25. The data presented by Gery et al. (1985)
allow an m-nitrotoluene formation yield of 0.07 to be calculated for an
average inlet (to the stirred flow reactor) NO, concentration of 2.4 x
1014 molecule cm™3. While this value compares well with our formation

yield of 0.06 at that concentration of NO,, the NO,/NO, concentration
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ratio would be less than unity in the experiments of Gery et al. (1985),
and hence the corresponding formation yield calculated from our data will
be somewhere between 0.014 and 0.06.

o-Xylene. The ring-retaining products observed in this study agree
with the previous observations of Takagi et al. {1980), Shepson et al.
(1984), Bandow and Washida (1985a) and Gery et al. (1987) (Table V-6).
The formation yield of o-tolualdehyde determined here is in excellent
agreement with the data of Shepson et al, (1984) and Bandow and Washida
(1985a) and is in reasonable agreement with the yield reported by Takagi
et al, (1980), but is a factor of 3.8 lower than the yield measured by
Gery et al. (1987). The present 2-methylbenzyl nitrate formation yield
agrees well with the previous data (Takagi et al., 1980; Gery et al.,
1987). While the overall dimethylphenol yield and the isomer distribution
measured here are reasonably consistent with the data of Gery et al.
(1987), the total dimethylphenol yield is an order of magnitude higher
than that reported by Takagi et al. (1980). That the present dimethyl-
phenol yield is higher than the previous measurements may be due to the
high reactivity of the dimethylphenols, relative to o-xylene, and to
neglect of (Takagi et al., 1980), or incomplete accounting for (Gery et
al., 1987), the secondary reactions of the dimethylphenols in the reaction
systems employed. The nitro-o-xylene yields reported by Takagi et al.
(1980) and Gery et al. (1987) are reasonably consistent with the present
data, with the 3-nitro-o-xylene yields measured by Takagi et al. (1980)
and Gery et al. (1987) at initial NO, concentrations of (0.48-2.5) x 1014
molecule em™3 of 0.005 and 0.07, respectively, being in agreement with the
present yield of 0.0059, independent of the NO, concentration. Further-
more, while a factor of ~3 higher than the present data, the 4-nitro-o-
xylene yield determined by Takagi et al. (1980) increased with the initial
NO, concentration over the range (0.48-2.5) x 1014 molecule cm'3, from
0.028 at 4.8 x 10'3 molecule em™3 to 0.062-0.136 at (2.3-2.5) x 10M4
molecule cm™3.

m-Xylene. The available ring-retaining product formation yields are
given in Table V-6. Again, the ring-retaining products observed in this
work are in agreement with previous studies (Bandow and Washida, 1985a;
Gery et al., 1987), the most extensive of which was that of Gery et al.
(1987). The present m-tolualdehyde formation yield is in good agreement
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with that of Bandow and Washida (1985a), but is a factor of 3.7 lower than
the yield reported by Gery et al. (1987). However, the present 3-methyl-
benzyl nitrate yield agrees well with that of Gery et al. (1987). The
overall dimethylphenol yield and the isomer distribution measured here are
in agreement with the data of Gery et al, (1987) [it should be noted that
the relative importance of secondary reactions of the dimethylphenols is
tess in the m-xylene system than in the o-xylene system]. In agreement
with the observations of Gery et al. (1987), the major nitro-m-xylene
formed is the 5-isomer, with the 2-nitro-m-xylene not being observed in
either study. However, the nitro-m-xylene yields measured by Gery et al.
(1987) at an initial NO, concentration of ~1.9 x 10™ molecule cm™3 are
significantly higher than the present data, by a factor of 2-4.

p-Xylene. The available ring-retaining product data are given in
Table V-6. The only literature data concern the formation of p-tolual-
dehyde, and the yields determined by Becker and Klein (1987) and,
especially, Bandow and Washida (1985a) are in good agreement with our
present data.

Mechanistic Implications. The present data for the formation of

phenol from benzene, benzaldehyde, benzyl nitrate, and the cresols from
toluene and the tolualdehydes, dimethylphenols, methylbenzyl nitrates and
nitro-xylenes from the xylenes are in general agreement with the available
literature data. However, the present study provides the first reported
phenol yield from benzene and shows that while in some cases the nitro-
aromatic formation yields increase approximately linearly with the NO,
concentration, in all cases the formation yields of these products
extrapolate to a non-zero value as the N02 concentration approaches zero,

As noted above, these OH radical reactions proceed by H-atom abstrac-
tion (from the substituent alkyl groups and from the C-H bonds of the
aromatic ring) [reaction (1)] and by OH radical addition to the aromatic
ring [reaction (2)]. Evaluation of the kinetic data (Atkinson, 1989)
yields the rate constant ratio k,/(k1 + ky) (for toluene) = 0.12 at 298 K
(with an estimated uncertainty of ~50%).

The reactions of the benzyl radical under atmospheric conditions are
expected to be (Atkinson and Lloyd, 1984; Atkinson, 1990)
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CH20N02

—— (3)
CH2 CH200'
NO
+ O — —
2 .
CH20
L + NO2 (4)
02
CHO
+ H02

Thus, the sum of the formation yields of the aromatic-aldehyde and benzyl
or methylbenzyl nitrate should equal the rate constant ratio kTI(k1 +
ky). The sums of these product yields (0.073, 0.059, 0.039 and 0.078 for
toluene, o-xylene, m-xylene and p-xylene, respectively) are reasonably
consistent with the values of k,/(k; + k,) derived from the kinetic data
(Atkinson, 1989) of 0.12, 0.09, 0.05 and 0.09, respectively.

The reactions subsequent to the OH radical addition reaction (2) are
not completely understood at the present time. In particular, the reac-
tions under tropospheric conditions of the hydroxycyclohexadienyl and
alkyl-substituted hydroxycyclohexadienyl radicals formed by OH radical
addition to the aromatic ring, leading to ring-retaining and ring-cleavage
products, are not known. Rate constants have been determined for the gas-
phase reactions of the hydroxycyclohexadienyl and methylecyclohexadienyl
radicals formed from benzene and toluene with NO (Zellner et al., 1985;
Zetzsch et al., 1989), NO, (Zellner et al., 1985; Zetzsch et al., 1989)
and O, (Zellner et al., 1985). The most recent and extensive data of
Zetzsch et al. (1989) show that while these hydroxycyclohexadienyl

-1

radicals react rapidly with NO, (with rate constants of (2-4) x 10 em3
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molecule™’ s"1 at room temperature}, the reaction with NO is slow, with

upper limits to the rate constants of <(1-3) x 10’14 cm3 molecule™’ s~
(Zetzsch et al., 1989). Moreover, based upon the experimental uata pre-
sented by Zellner et al. (1985), an upper limit to the rate constant for
the reaction of the hydroxycyclohexadienyl radical with 0, of <2 x 10'16
em3 molecule™! s™! can be estimated.

However, these kinetic studies, which did not detect any reaction of
O, with the hydroxycyclohexadienyl radicals formed in reaction (2), do not
preclude reaction with O2 being dominant under atmospheric conditions (or
indeed under the experimental conditions employed in this study, since the
0,/NO, concentration ratio was 210”).

The presently accepted chemical mechanisms assume that the hydroxy-
cyclohexadienyl radicals formed in reaction (2) react with 0, as well as

with N02. For example, in the case of benzene the reactions have been

OH
— @ +HO2 (5a)
HO ,H

assumed to be,

+0, ——

2
HO H
— 02 (5b)
HO H HO H
H NO
N02 2
+ N02 + + + H20 (6a)
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followed by subsequent reactions of the HO-aromatic-O, adduct formed in
reaction (5b) leading to ring-opened products (Atkinson and Lloyd,
198l4). With this reaction scheme, the nitroaromatic product yield(s)} are
predicted to be proportional to the NO,/0, concentration ratio and thus
extrapolate linearly to zero as the NO, concentration approaches zero.

The present observations that the nitroaromatic formation yields do
not approach zero as the NO, concentration approaches zero are clearly not
consistent with the above mechanism. Rather, our data imply that the
competing processes controlling the formation of the nitroaromatics and of
other primary products at low NO, concentrations either (a) do not involve
NO,,
species which then reacts to form the nitroaromatic, or (b) involve only

but instead involve the formation of some nitroaromatiec precursor

reactions with NO,. In particular, the reactions controlling nitro-
aromatic formation cannot involve competition between a reaction with NOx
and some process(es) not involving NO, (such as reaction with 05), as
assumed in the presently accepted mechanisms. Since the hydroxycyclo-
hexadienyl radical reacts only slowly with Oy, if at all, it appears that
the more likely possibility is alternative (b).

These data of Zetzsch et al. (1989), that reaction of the hydroxy-
cyclohexadienyl radicals with NO, is much more rapid than reaction with
NO, is consistent with the present data which do not show any obvious
dependence of the nitroaromatic formation yields on the NO concentration
or on the NO/N02 concentration ratio (compare, for example, runs ITC-1293
and 1298 for benzene and runs ITC-1263, 1267 and 1277 for toluene).
However, the observation that the nitroaromatic formation yield increases
as the NO, concentration increases indicates that there must be a second
reaction pathway leading to nitroaromatic formation, with this second
reaction route involving competition between an NO, reaction and another
process. The observed lack of dependence of the nitroaromatic yields on
the NO concentration indicates that this competitive reaction route also
does not involve NO.

These observations suggest the following general reaction scheme for

hydroxycyclohexadienyl radicals under our experimental conditions.
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OH

— + HONO {6b)
HO H
NO2
+ N02 e + H20 {6a)
—s A (6¢)
l—. other products (6d)

where A is an intermediate species which either reacts with NO, to form

nitroaromatics or reacts with O, or unimolecularly to form other products

A + other products (7a)
NO2
A + NO. » » ' (7b)

The "other products" formed in reactions (6d) and (7a) could include the
various aromatic ring fragmentation products which are observed, but the
available data are not sufficient to indicate the relative importance of
these two possible routes,

This general reaction scheme is consistent with our experimental data
in that it prediets that the nitroaromatic yields fit the equation

nitroaromatic formation yield = a + b [NO,]
as observed (Figures V-4, V-6, V-9 and V-10). Although completely specu-
lative, if the intermediate A is (for the benzene reaction) a hydroxy-

nitro-1,3-cyclohexadiene, this species may add NO, and ultimately lead to

the formation of nitroaromatics

v-45



H H H NO

+ NO, —= — + H20 + N02

Such a (speculative) reaction will be sterically hindered for alkyl and,
especially, aryl substituent groups, and indeed the effect of N02 concen-
tration on the nitroaromatic yield decreases along the series benzene >
toluene > xylenes,

Under ambient atmospheric conditions, the m-nitrotoluene, nitro-
benzene and nitroxylene yields from toluene, benzene and the xylenes,
respectively, are then expected to be similar to, or slightly greater
than, the intercept values of the plots shown in Figures V-4, V-6, and V-
10. Thus, these nitroaromatics, and by analogy the nitropolycyelic
aromatic hydrocarbons (nitro-PAH), will be formed with non-negligible
yields in the ambient atmosphere. While the NO, and NO concentrations
employed in this study were generally higher than typical ambient urban
atmospheric concentrations, the lower range of the NO and NO, concentra-
tions employed here overlaps with those observed under ambient condi-
tions. Therefore, assuming that the dependence of nitro-PAH yields on the
NO, concentration is not greatly different from those observed here for
nonfused aromatics, the nitro-PAH formation yields we have measured under
laboratory conditions (~0.1% to 5%) (Arey et al., 1989 and references
therein; Atkinson et al., 1990) should be reasonably applicable to ambient
atmospheric conditions.

Thus, although the present work has resolved one previous inconsis-
tency between laboratory data and ambient air measurements, it raises new
and major problems concerning the mechanisms of the gas-phase reactions of
the OH radical with aromatic hydrocarbons. While the observed NO to N02
conversion during the NO,-air photooxidations of the aromatic hydrocarbons
might be due, in large part, to the reactions of the products of these
reactions, the pathways leading to ring cleavage need to be elucidated.
Moreover, the dependence of the nitroaromatic yield on the NO, concentra-
tion observed in this study must be predicted by chemical mechanisms for

the OH radical-initiated reactions of the aromatic hydrocarbons.
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B. Hydroxynitro-Aromatic Formation from the OH and NO, Radical-Initiated
Reactions of Phenol and o-Cresol -

1. Experimental

Experiments were carried out in the 6400 liter all-Teflon chamber

in a similar manner as described in Section V.A. above. To investigate
the OH radical-initiated reactions, irradiations of CH3ONO - NO - phencl -
air and CH3ONO - NO - o-cresol - air mixtures were carried out, with OH
radicals being generated by the photolysis of methyl nitrite in air. The
initial reactant concentrations in these experiments were (in units of
1013 molecule cm'3): CH30NO, 24; NO, 24; phenol, 3.8, or o-cresol, 2.4-
2.5. Irradiations were carried out at 20% of the maximum light intensity
for 2-20 mins (phenol) or 2-9 mins (o-cresol).

For the NO3 radical-initiated reactions, N03 radicals were generated

from the thermal decomposition of N205
M

and NO, was present to avoid secondary reactions and to extend the reac-
tions beyond the mixing time. The initial reactant concentrations in
these experiments were {in units of 10'3 molecule cm‘3): NO,, 24; phenol,
3.3-3.4, or o-cresol, 2.4-3.1; and two additions of N205 [at initial
concentrations in the chamber of (1.0-1.3) x 10'3 molecule cm'3] were made
to the chamber during the experiments.

Gas samples of 100 cm3 volume were withdrawn from the chamber onto
Tenax GC solid adsorbent for analysis by GC-FID as described in Section
V.A. above, using a 15 m Megabore DB-5 column. In addition, gas samples
of 0.5-3 liter volume were collected on Tenax GC solid adsorbent for GC-MS
analyses, as also described above.

In addition to these experiments with phenol or o-cresol as the
crganic reactant, two CH3ONO - NO - benzene - air (ITC-1579 and 1599) and
one CH3ON0 - NO - toluene - air (ITC-1585) irradiations were carried out,
these having initial CH3ONO and NO concentrations, respectively, of (in
units of 10'3 molecule em™3): 5.0 and 1.85 (ITC-1579); 2.5 and 0.99 (ITC-
1585); and 27.1 and 0.95 (ITC-1599). These irradiations were carried out

as described in Section V.A. above, with irradiation times of 2-20 min
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(ITC-1579) and 2-14 min (ITC-1585), both at the maximum light intensity,
and 2-10 min at 20% of the maximum light intensity (ITC-1599).

2. Results and Discussion

OH Radical Reactions with Phenol and o-Cresol, The products

observed and quantified were 2-nitrophenocl from phenol and 2-methyl-6-
nitrophenol from o-cresol. Other product peaks observed in the GC-FID
analyses and confirmed by the GC-MS analyses were 1,2-dihydroxybenzene
(catechol) and UY-nitrophenol from phenol and 2-methyl-4-nitrophencl from
o-cresol.' Additionally, a dihydroxytoluene was tentatively identified
from its mass spectrum as a product of the OH radical reactions with o-
cresol.

Since 2-nitrophenol is ~30 times less reactive towards the OH radical
than is phenol, reactive losses of the nitrophenols during the OH radical-
initiated reactions of phenol and o-cresol were negligible, and hence no
corrections for secondary reactions were necessary., Least-squares anal-
yses of the experimental data yielded formation yields of 2-nitrophenol
from phenol of 0.055 % 0.015 and of 2-methyl-6-nitrophenol from o-cresol
of 0.030 * 0.01l4, where the indicated errors are the two least-squares
standard deviations combined with estimated overall uncertainties in the
GC-FID calibration factors for the products and reactants of *10% each.
Two possible reaction routes leading to nitrophenol formation involve

initial OH radical addition to the aromatic ring

H H
OH
H
OH + + (plus other isomers)
} NO,
OH
OH
H
N02

|

3-nitrophencl (plus other isomers)
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and H-atom abstraction from the -OH group
OH 0-

OH + + H.,O +

NO2

2- and 4-nitrophenol

The observation of 2-nitrophenol and 4-nitrophenol as products from phenol
and of 2-methyl-6-nitrophenol and 2-methyl-4-nitrophencl from o-cresol are
consistent with the reaction route involving H atom abstraction from the
-OH substituent group. Furthermore, the measured formation yields of 2-
nitrophenol and 2-methyl-6-nitrophencl are of a similar magnitude to the
fractions of the overall OH radical reactions with phenol and o-cresol
which proceed by H atom abstraction from the -OH group, of ~0.09 and
~0.06, respectively {(Atkinson, 1989).

gg3 Radical Reactions with Phenol and o-Cresol. Again, the

products observed and quantified from the N03 radical-initiated reactions
of phenol and o-crescl were 2-nitrophenol and 2-methyl-6-nitrophenol,
respectively. In addition, M4-nitrophenol from phenol and 2-methyl-Ui-
nitrophenol from cresol were identified as products in the GC-MS analyses
of the NO3 radical-initiated reactions. In the interpretation of the
product data obtained, a major uncertainty concerns the rate constants for
the reactions of the NO3 radical with the nitrophenols and nitrocresols,
relative to the rate constants for the parent phenol or cresol. Since the
cresol rate constants are a factor of ~5 higher than that for phenol
(Atkinson et al., 1988), it is expected that the nitrophencl products will
be significantly less reactive towards the NO3 radical than are the parent
phencls. Hence, secondary reactions of the product nitrophenols with the
N03 radicals during these reactions should be of minor significance. That
this is the case is supported by the 2-methyl-6-nitrophenol product data
from the NO3 radical reactions with o-cresol. For an essentially iden-
tical amount of o-cresol reacted the measured amounts of 2-methyl-6-nitro-

phenol were in excellent agreement (Figure V-11), although the percentage
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2-NITROPHENOL

o
I

10~'2 x [NITROPHENOL ] molecule cm™>
N
|

2-METHYL-6-NITROPHENOL

! | 1 |
0 | 2 3x10™
-A[PHENOL]; -Alo-CRESOL 1 molecule cm 2

Figure V-11. Plots of the amounts of 2-nitrophencl and 2-methyl-6-
nitrophenol against the amounts of phenol and o-cresol,
respectively, reacted in N205—NO3-N02-air mixtures.
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consumption of o-cresol in the two experiments were very different at 67%
and 90%. If the nitrocresol reacted with the N03 radical with the same
rate constant as o-cresol, the correction factors for these two experi-
ments to take into account secondary reactions of the nitrocresol would
differ by a factor of 2 and similar amounts of 2-methyl-6-nitrophenol
formed from the same amount of o-cresol reacted would not be observed.

The amounts of the nitrophenols formed in these NO3 radical reactions
are plotted against the amounts of the parent phenols consumed in Figure
V-11, assuming that the nitrophenol products are much less reactive
towards the NO3 radical than are the phenols. Good straight line plots
are obtained, and least-squares analyses lead to product formation yields
of 2-nitrophenol from phenol of 0.156 * 0.057 and 2-methyl-6-nitrophencl
from o-cresol of 0.051 t 0.008, where the indicated errors are the two
least-squares standard deviations combined with estimated overall
uncertainties of #10% in the GC-FID calibration factors of the phenols and
the nitrophenols. The present data are in general agreement with the
previous observations of Grosjean (1985) of the formation of 2-methyl-6-
nitrophenol and 2-methyl-Y-nitrophenol from the reaction of the NO3
radical with o-cresol, with a combined formation yield of 0.025-0.20.
Taking into account the products formed and the rate constants for the
reactions of the NO3 radical with phenol and the cresols (see, for
example, Atkinson et al., 1984, 1987), the reaction mechanism leading to

the formation of the nitrophenols appears to be

OH

NO, + + HNO, +

OH H
and
NO
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and this reaction sequence is in agreement with the product study of Niki
et al. (1979) of the Cl atom-initiated reaction of benzaldehyde in the
presence of NO,.

To determine whether or not the formation yields of 2-nitrophenol
from phenol and of 2-methyl-6-nitrophenol from o-cresol are consistent
with the nitrophenolic products formed from the OH radical-initiated reac-
tions of benzene and toluene in the presence of NO,, irradiations of
CH30NO - NO - benzene - air and CH30N0 - NO - toluene - air mixtures were
carried out, with the goal being to generate sufficient NO3 radicals

during the latter stages of the irradiations, from the reaction,
NO2 + 03 -+ N03 + 02,

that N03 radical reactions with the initially formed phenols became an
important loss process., In accordance with the discussion in Section V.A.
above, NO3 radical reactions only became important under conditions where
the NO,/NO concentration ratio was >7-8, wWith OH radical reactions
dominating when the NO,/NO concentration ratio was <7-8.

The measured amounts of phenol and 2-nitrophenol are plotted against
the amount of benzene reacted in Figure V-12. For run ITC-1579 (lower
plot in Figure V-12) the NO,/NO concentration ratio was always <5, and
only the OH radical reactions were operable in this irradiation. The
solid lines in Figure V-12 (lower plot) show the predicted phenol and 2-
nitrophenol concentrations, using the product yields determined in this
work for the OH radical-initiated formation of phencl from benzene (taking
into account OH radical reaction of the phenol) and of 2-nitrophenol from
phencl. For run ITC-1579, the agreement between the meaSured and predict-
ed concentrations is good.

During run ITC-1599 (Figure V-12, upper plot), the NO to NO, conver-
sion was sufficient that reaction with the NO3 radical was expected to
become important, and the OH radical and NO3 radical-dominated portions of
this irradiation are shown by the sclid and dashed lines, respectively.
Again, the phenol concentration is calculated for its formation from
benzene and subsequent loss, both by OH radical reaction. As expected,
the measured phencl concentrations are in reasonable agreement with the

predicted values when reaction of phenol was dominated by OH radical
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(0)

10~ x [PHENOLJ molecule cm™3
1
~N
10710 x [2-NITROPHENOL ] molecule cm™3 (A)

I
0 2 4 6x10'2

-8 [BENZENE] molecule cm3

Figure V-12. Plots of the amounts of phenol (Q) and 2-nitrophencl
(&) formed against the amounts of benzene consumed in
irradiated CH,ONO-NO-benzene-air mixtures. The lines are
the calculateg phenol and 2-nitrophenol concentrations. The
phenol data were calculated on the basis of only OH radical
reaction and are shown as a dashed line (- — -) when NO
radical reaction would dominate as a phenol loss process.
The calculated 2-nitrophenol conecentrations from OH radical
reaction of phenol are shown as the solid lines and the 2-
nitrophenol concentration calculated for NO, radical
reaction of phenol is shown as the dashed line. Upper plot,
run ITC-1599; lower plot, run ITC-1579.
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reaction, with a rapid decrease in the measured phenol concentration rela-
tive to the calculated curve occurring when the NO3 radical reaction
became important. The 2-nitrophenol concentration is initially calculated
for its OH radical-initiated formation from phenol and then with the addi-
tional N03 radical-initiated formation (-~ — —) from phenol. The measured
2-nitrophenol concentration is in general agreement with the predictions,
showing a sharp rise as the phenol concentration drops although the pre-
dicted 2-nitrophenol concentration did not increase as rapidly as measured
values.

The toluene, o-cresol and 2-methyl-6-nitrophenol data are shown in
Figure V-13 for the run ITC-1585, where again the solid and dashed lines
denote the portions of the reaction when OH radieal and N03 radical reac-
tion, respectively, dominated as a loss process for the o-ecresol. The
agreement between the predicted and measured o-cresol concentrations is
initially good during the OH radical reaction dominated portion of the
run. Again, as expected, there is a marked decrease in the o-cresol con-
centration when the NO3 radical reaction became important, and the
measured and predicted 2-methyl-6-nitrophenol concentrations are in good
agreement throughout the irradiation.

3. Conclusions

The product data obtained in this study provide important new
information concerning the overall mechanisms of the OH radical-initiated
reactions of the aromatic hydrocarbons. 1In particular, these data show
that the nitroaromatic formation yields do not extrapolate to zero at low
N02 concentrations, and it is hence expected that the nitroaromatic (and
nitro-polycyclic aromatic hydrocarbons) products of these reactions will
be formed under tropospheric conditions, in agreement with the presence of
a number of nitro-PAH in ambient air that can only be formed in the atmos-
phere from the gas-phase reactions of the PAH (see Arey et al., 1989 and
references therein). We conclude that the initially formed hydroxycyclo-
hexadienyl-type radicals react with NO, and not with O,, at least for NO,
concentrations >2 x 1013 molecule cm'3, and this finding necessitates the
development of new chemical mechanisms for the atmospheric chemistry of
the aromatic hydrocarbons.

While nitrophencls are formed from both the OH and N03 radical-

initiated reactions of the phenols and cresols, the formation yields are
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fairly low, and large concentrations of nitrophenolic compounds relative
to the parent aromatic species are not expected to be formed under
atmospheric conditions. For example, the maximum yield of 2-nitrophenol
from benzene (under conditions where the initially formed phenol is
removed by reaction with the N03 radical) is ~3.5-4% of the benzene
reacted, and the analogous maximum yield of 2-methyl-6-nitrophenol from
toluene is ~1%. As always, the toxicological and ecological impacts of
the products must be assessed before the importance of these atmospheric

formation pathways can be evaluated.
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A, Introduction

The atmospheric fates of chemical compounds emitted into the
troposphere are governed by a number of chemical and physical removal
processes. As the result of laboratory studies carried out over the past
20 years, the potentially important, gas-phase, chemical reaction pathways

which must be considered includes:

e Photolysis during daylight hours
Reaction with the hydroxyl (OH) radical during daylight hours

Reaction with the hydroperoxyl (HO,) radical, mainly during
afternoon/evening hours

Reaction with the nitrate (NO3) radical during nighttime hours
Reaction with nitrogen dioxide (NO,)

Reaction with ozone (03)

Reaction with gaseous nitric acid (HNO3)

For the great majority of organic compounds, the most important of these
remain photolysis and reaction with hydroxyl (OH) and nitrate (N03)
radicals and with ozone (03).

However, for a limited number of organic compounds, one or more of
the other reactive chemical species in the troposphere cited above may
react at sgignificant rates. For example, HO2 radicals react with
formaldehyde and, more slowly, with acetaldehyde and glyoxal; NO, reacts
Wwith dialkenes; and gaseous HNO3 reacts with basic compounds such as the
amines,

Additionally, for chemical compounds present in the adsorbed phase,
photolysis and reaction with 03, N205, NO5, HN03, HONO, H,S0y and hydrogen
peroxide (H,0,) may contribute to their degradation. For certain of these
reactions involving adsorbed organics, synergistic interactions may be of
importance.

The physical removal processes can be defined in a simplistic manner
as accretion (or coagulation) of particles, and dry and wet deposition of
gases and particles. Removal of gases and particles at ground surfaces
{including snow and other moist surfaces) is referred to as dry
deposition, while removal of these species by precipitation is referred to

as wet deposition. Our current understanding of these processes, which
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are dynamic in nature, must be considered to be semi-quantitative at the
present time, and in general there is a lack of experimental data con-
cerning these processes for most organic compounds (Bidleman 1988).

The atmospheric lifetime t of a chemical is defined as the time to
decay to a concentration of 1/e (=0.368) of the initially present
concentration of that chemical. Also,

1 1 1
T T

chemical B physical

where T pamical and Tphysical are the lifetimes of the chemical with
respect to only chemical reaction and only physical loss processes,
respectively. These chemical and physical lifetimes are composites of
those for the individual loss processes, for example

1 s L H O R ),

*chemical "photolysis “oH

where Tphotolysis' TOH* TNO and 1o are the lifetimes with respect to
photolysis, reaction with the OH radical, reaction with the NO3 radical,
and reaction with 03, respectively. In turn, these reactive loss

processes are determined by the rate constants, k,, for reaction and the

x’
ambient atmospheric concentrations, [X], of the reactive intermediates.

For example

1
— = k. [OH]
T oH OH

For photolysis, the photolysis rate depends on the absorption cross
section (o), the photolysis quantum yield (¢) and the radiation intensity
(J), all of which are wavelength dependent:



~800 nm
f 0,6,J, di
~290 nm

1
Tphotolysis

kphotolysis

In this report, we describe the available literature data concerning
the chemical and physical removal processes for chloroform, and estimate
its resulting atmospheric lifetime. We will also briefly summarize some
of the available 1literature concerning typical ambient atmospheric
concentrations of chloroform. Chloroform is gaseous under atmospheric

conditions, and hence only the gas-phase processes need be considered.

B. Chemical Loss Processes

1. Ozone
No experimental data are available concerning the rate constant
for the gas-phase reaction of chloroform with ozone. However, the fact
that any elementary reaction between 03 and the alkanes has a room
temperature rate constant of 510'23 cm’ molecule~! s~ (Atkinson and
Carter 1984), combined with the lower reactivity of haloalkanes compared
to the alkanes towards H-atom abstraction processes (Atkinson 1986, 1987),
allows us to place an upper limit on the room temperature rate constant
for the reaction of O3 with CHCly of k(0g + CHC13) ¢<10723 cm3 molecule™!
5'1.
2. OH Radicals
Kinetie data for the reaction of OH radicals with chloroform have
been obtained by Howard and Evenson (1976), Cox et al. (1976), Davis et
al. (1976), Jeong and Kaufman (1982) and Klopffer et al. (1986). These
data are given in Table 1, and those of Howard and Evenson (1976), Cox et
al. (1976), Davis et al. (1976) and Jeong and Kaufman (1982) are plotted
in Arrhenius form in Figure 1 [both adapted from Atkinson (1989)1].

The room temperature rate constant obtained from the relative rate
study of Cox et al. (1976) is uncertain by a factor of ~2, because of
uncertainties in the number of NO to NO, conversions occurring after the
initial OH radical reaction. The rate constant derived from the study of
Klopffer et al. (1986) is not used in the evaluation of the rate constant
for this reaction because of a lack of details concerning their
experimental conditions.
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(1976}, O Howard and Evenson (1976).



It can be seen that the absolute rate constants of Howard and Evenson
(1976), Davis et al. (1976) and Jeong and Kaufman (1982) are in excellent
agreement. Thus, a unit-weighted, least-squares analysis of the data of
Howard and Evenson (1976), Davis et al. (1976) and Jeong and Kaufman
(1982), using the equation k = AT2e'B/T, yields the recommended expression
of

k(CHCl3) = (6.30 :1:68) x 1018 12 o-(504 % 56)/T on3 molecule™! s~

over the temperature range 2u45-487 K, where the error limits are two
least-squares standard deviations (Atkinson 1989). From this expression,
values of the rate constant for reaction of OH radicals with CHCl3 at
298 K (room temperature) and 265 K (the average tropospheric temperature)

are

1.03 x 10~13 cm3 molecule'1 s-1 at 298 K

E]

k(CHCl3)
and
6.6 x 10'1” cm3 molecule™! s™1 at 265 K

k(CHCl3)

with an estimated overall uncertainty of *20% at 298 K and #35-40% at 265
K. The rate constant at 298 K is identical to those recommended by
Atkinson (1986) and the recent NASA evaluation panel (DeMore et al. 1987).

3. §Q3 Radicals

No experimental data are available concerning the rate constant

for gas-phase reaction of N03 radicals with chloroform. However, by
analogy with the experimental data for the Cu'cg alkanes (Atkinson et al.
1988) and the observation that the rate constant for H-atom abstraction
from CHClz by OH radicals is lower than those for the >C, alkanes
(Atkinson 1986, 1988), the room temperature rate constant for the reaction
of NOy With CHCl; is expected to be k(NOg + CHCl3) <10~"7 cn3 molecule™!
s~1.

4. Other Chemical Species

Based on chemical considerations, none of the other reactive
species present in the troposphere (cited in the Introduction) are
expected to react with chloroform, certainly not at rates which are

significant relative to its rate of reaction with OH radicals.
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5. Photolysis
Several determinations of the absorption cross section of chloro-

form have been reported in the literature (Robbins 1977, Hubrich and Stuhl
1980, Simon et al. 1988). The long wavelength cutoff in the UV absorption
spectrum of chloroform (the wavelength for which the absorption cross-
section ¢ falls below a value which corresponds to photolysis being of
negligible importance [i.e., ¢ <10723 cm2]) is reported to be at 260 nm
(Hubrich and Stuhl, 1980). Based on these data, chloroform will not
undergo photolysis in the troposphere at any measurable rate (WMO 1986,
DeMore et al. 1987), since only radiation of wavelength >290 nm penetrates
into the troposphere.

Thus, the only significant chemical removal process for CHC13 in the

troposphere is by reaction with the OH radical.

C. Atmospheric Reactions

Since the OH radical reaction is the only significant loss process,
only this reaction need be considered in evaluating the products formed
from the atmosphere degradation of CHCl3.

Chloroform is expected to undergo H-atom abstraction by OH radicals

to form water and the CC13 radical
OH + CHCl3 =+ CCly + H0 (M

The CCl3 radical will then react rapidly with molecular oxygen to form the
peroxy radical (Cooper et al. 1980)

CCly + 0, =+ CCl30, (2)
with a room temperature rate constant of 5.1 x 1012 cm 3 molecule™! s'1,
followed by reaction with NO (if present), HO, radicals or other peroxy
radicals (RO,) [Reactions (3-5)1

CC130, + NO » CC130 + NO, (3)
CCl30, + HO, » CC1300H + O, (4)
CC130, + RO, ~» CCl30 + RO + 0 (5)

A-§



Only for the NO reaction is a rate constant available, of 1.7 x 10-11 cm3
molecule™! s~! at 298 K (Dognon et al. 1985).

Although the reactions with HO, or RO, given above have not been
experimentally studied, the products are those expected based upon other
alkyl peroxy radical reactions.

The CClBO radical then undergoes rapid unimolecular decomposition to
produce COCl, (phosgene) and a Cl atom (Rayez et al. 1987), with a rate
constant >1 x 10° sec™! at 298 K. The Cl atoms will react with other
organics (mainly CHu) present in the atmosphere to yield HCl which is then
rained out of the troposphere.

D. Physical Loss Processes

Information concerning physical removal processes for chloroform is
very limited. No data appear to have been reported for dry deposition. A
calculated washout ratio of 8.35 at 293 X has been reported (Dana et al.
1985). This washout ratio can be compared to ratios of 105 to 106 for
compounds which are efficiently removed by precipitation events (such as
phenol and particles). Since the washout ratio for CHC13 is some four to
five orders of magnitude less than that corresponding to efficient wet
deposition, it 1is clear that wet deposition of chloroform will be
negligible compared with chemical reaction with OH radicals.

E. Atmospheric Formation Processes

No chemical formation processes for CHCl3 in the atmosphere have been
identified.

F. Atmospheric Lifetimes

The presently accepted 12-hr daytime average tropospheric OH radical
concentration in the northern and southern hemispheres is 1.5 x 106
radicals em™3 {(Prinn et al. 1987), which is derived from a knowledge of
the total worldwide emissions of CH3CC13 and the present atmospheric
burden of CH3CC13. Using this value, and the rate constants given above
for 265 K (the "average" temperature of the troposphere) and 298 K, a
range of atmospheric lifetimes for chloroform of 150 {assuming a
temperature of 298 K) to 233 days (for a temperature of 265 K) is

cbtained. This is in reasonable agreement with calculated atmospheric
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lifetimes of 120 and 180 days reported by Rasmussen et al. (1982) and
Khalil et al. (1983), respectively, based upon measurements of the
atmospheric concentrations of CHC13 and the estimated anthropogenic CHC13
emissions into the troposphere,

Clearly, chloroform is a persistent compound in the troposphere, and
it will be dispersed from its anthropogenic emission sources not only
regionally and over continental distances, but also globally (in agreement

with atmospheric measurements).

G. Ambient Concentrations

The average observed concentrations of chloroform in seven U. S.
cities in 1980 and 1981 have been reported by Singh et al. (1982) to range
from 73 parts per trillion (ppt) in St. Louis to 703 ppt in Riverside,
CA. The minimum and maximum concentrations observed in Riverside between
July 2-12, 1980 was 109 and 4,750 ppt, respectively. In a separate study,
Singh et al. (1981) reported the diurnal variation of chloroform in
Pheonix, AZ, to range between ~50 and 330 ppt.

With respect to tropospheric background levels of chloroform, average
values of 30 and 19 ppt were reported for 1981 for the northern and
southern hemispheres, respectively, leading to a global tropospherie
average of 25 ppt (Khalil et al. 1983). No data were given for the rate
of increase in the tropospheric background levels of chloroform.

H. Conclusion

The only significant loss process for chloroform in the troposphere
is reaction with hydroxyl radicals, leading to a tropospheric lifetime in
the range of 150 to 230 days.
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A. Introduction

The atmospheric fates of chemical compounds emitted into the
troposphere are governed by a number of chemical and physical removal
processes. As the result of laboratory studies carried out over the past
20 years, the potentially important gas-phase chemical reaction pathways

which must be considered includes:

e Photolysis during daylight hours
Reaction with the hydroxyl (OH) radical during daylight hours

Reaction with the hydroperoxyl (H02) radical, mainly during
afternoon/evening hours

Reaction with the nitrate (NO3) radical during nighttime hours
Reaction with nitrogen dioxide (NO,)

Reaction with ozone (03)

Reaction with gaseous nitrie acid (HN03)

For the great majority of organic compounds, the most important of these
remain photolysis and reaction with hydroxyl (OH) and nitrate (NO3)
radicals and with ozone (03).

However, for a limited number of organic compounds, one or more of
the other reactive chemical species in the troposphere may react with
organic compounds at significant rates. For example, HO, radicals react
with formaldehyde and, more slowly, with acetaldehyde and glyoxal; NO,
reacts with dialkenes; and gaseous HND3 reacts with basic compounds such
as the amines.

Additionally, for chemical compounds present in the adsorbed phase,
photolysis and reaction with 03, N205, NO5, HNO3, HONO, H,S0; and hydrogen
peroxide (H,0,) may contribute to their degradation. For certain of these
reactions involving adsorbed organies, synergistic interactions may be of
importance.

The physical removal processes can be defined in a simplistic manner
as accretion (or coagulation) of particles, and dry and wet deposition of
gases and particles. HRemoval of gases and particles at ground surfaces
(including snow and other moist surfaces) is referred to as dry
deposition, while removal of these species by precipitation is referred to

as wet deposition. Our current understanding of these processes, which



are dynamic in nature, must be considered to be semi-quantitative at the
present time, and in general there is a lack of experimental data con-
cerning these processes for most organic compounds (Bidleman 1988).

The atmospheric lifetime 1 of a chemical is defined as the time to

decay to a concentration of 1/e (=0.368) of that initially present. Also,

1 - 1 . 1 (1)
T

T chemical | physical

where T,p.njna1 and Tphysical are the lifetimes of the chemical with
respect to only chemical reaction and only physical 1loss processes,
respectively. These chemical and physical lifetimes are composites of

those for the individual loss processes, for example

1 1 1 1 1

= —_— — e — ., (2)

Tehemical Tphotolysis ToH NO ‘o

where 1 ToHr TNQ, and 1o are the lifetimes with respect to

photolysis?
photolysis, reaction with tho OH radical, reaction with the N03 radiecal,

and reaction with 03, respectively. In turn, these reactive loss

processes are determined by the rate constants, k for reaction and the

x’
ambient atmospheric concentrations, [X], of the reactive intermediates.

For example

For photolysis, the photolysis rate depends on the absorption cross
section (o), the photolysis quantum yield (¢), and the radiation intensity

(J), all of which are wavelength dependent:
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~800 nm
1

T o.¢.J, di
Tphotolysis Ao

= k . =
photolysis ~290 nm A

In this report, we describe the available literature data concerning
the chemical and physical removal processes for 1,3-butadiene
(CH2=CH-CH=CH2) and estimate its resulting atmospheric lifetime. We will
also summarize the atmospheric chemistry of this compound. Since
1,3-butadiene is gaseous under atmospheric conditions, we consider only

the gas-phase processes.

B. Chemical Loss Processes

1. Ozone

Kinetie data for the gas-phase reaction of ozone with 1,3-
butadiene have been obtained by Hanst et al. (1958), Japar et al. (1974),
Becker et al. (1974), Toby and Toby (1975) and Bahta et al. (1984), and
these data are given in Table 1. The data from all these studies are in
reasonable agreement. Since the individual rate constants at the
temperatures studied were not given by Becker et al. (1974) or Toby and
Toby (1975), a least-squares analysis of the entire data set cannot be
carried out. A unit-weighted average of the room temperature rate
constants of Hanst et al. (1958), Japar et al. (1974), Becker et al.
(1974) and Bahta et al. (1984) [neglecting the rate constant study of Toby
and Toby (1975) because of the magnitude of the error limits associated
with it] leads to

k(O3 + 1,3-butadiene) = 7.4 x 10-18 cm3 molecule™! s~ at 298 K.
Combining this 298 K rate constant with a temperature dependence of B =
2500 K derived from the temperature dependencies of Becker et al. (1974)
and Bahta et al. (1984) leads to the recommendation of

k(03 + 1,3-butadiene) = 3.26 x 107 ¢72500/T cn3 mojecute=! s71.

At 265 K (the average temperature of the troposphere), the rate constant

is 2.6 x 10'18 em3 molecule”™! s™1.
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2. OH Radicals
The available kinetic data of Lloyd et al. (1976), Atkinson et

al. (1977), Barnes et al. (1982), Ohta (1983), Atkinson and Aschmann
(1984) and Liu et al. (1988) are given in Table 2 and are plotted in
Arrhenius form in Figure 1 [both adapted from Atkinson (1989)]. 1t can be
seen that the room temperature rate constants from the studies of Lloyd et
al. (1976), Atkinson et al. (1977), Barnes et al. (1982), Ohta (1983),
Atkinson and Aschmann (1984) and Liu et al. (1988) are in very good
agreement. Furthermore, the temperature dependencies obtained by Atkinson
et al. (1977) and Liu et al. (1988) are in good agreement.

A unit-weighted least-squares analysis of the absolute rate constant
data of Atkinson et al. (1977) and Liu et al, (1988) at temperatures <500
K yields the Arrhenius expression of

-1 e(448 * 1MH/T

+0,5H) x 10

k(1,3-butadiene; T <500 K) = (1.4&_0.40

emS molecule” ' s”
over the temperature 299-U483 K, where the indicated errors are two least-
squares standard deviations. The relative rate data of Atkinson and
Aschmann (1984) for a series of alkenes and dialkenes, when combined with
the literature absolute rate constants (Atkinson 1989), leads to the

recommendation of

k{1,3-butadiene) = 6.78 x 101" cm3 molecule™! s~

at 295 K. Combined with the above temperature dependence, this yields the

recommended Arrhenius expression of

+0.56)

11 (448 + 117)/T
-0.42 €

k(1,3-butadiene; T <500 X) = (1.48 x 10

cm3 molecule-1 s'1

over the temperature range 295-483 K, where the indicated errors are two

least-squares standard deviations, and

k(1,3-butadiene) = 6.66 x 10~ em3 molecule~! s~ at 298 X,
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Figure 2. Arrhenius plot of rate constants for the reaction of the
OH radical with 1,3-butadiene. (%) Lloyd et al. (1976);
(@) Atkinson et al. (1977); (x) Barnes et al. (1982};
(0O) Onhta (1983); (&) Atkinson and Aschmann (1984);
(O) Liu et al. (1988); ( ) recommendation (see text).
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with an estimated overall uncertainty at 298 K of +20%. Using the
Arrhenius expression given above, the OH rate constant at 265 X is 8.03 x
10-1" em3 molecule'1 s7T.

The relative rate constants of Lloyd et al. (1976), Barnes et al.
(1982) and Ohta (1983) are in very good agreement with this recommenda-
tion.

By analogy with the alkenes such as ethene, propene and the butenes,
this rate constant is that for the OH radical addition pathway and will be
very close to the high-pressure limit, at least up to ~500 K. Indeed, the
above recommendation (Atkinson 1989) provides a good fit to the rate
constants measured by Liu et al. (1988) in one atmosphere of argon diluent
up to ~700 K.

3. NO3 Radicals

Kinetics data for the reaction of N03 radicals with 1,3-
butadiene have been obtained by Canosa-Mas et al. (1988), Rahman et al.
(1988) and Atkinson et al. (1988), and these data are summarized in

Table 3. The recommended rate constant of
k(1,3-butadiene) = (1.0 % 0.2) x 1013 cm3 molecule~! s~1 at 298 k
for the reaction of NO3 radicals with 1,3-butadiene is based upon the

study of Atkinson et al. (1988).
4, Other Chemical Species

Based on chemical considerations, none of the other reactive
species present in the troposphere (cited in the Introduection) are expect-
ed to react with 1,3-butadiene, certainly not at rates which are signifi-
cant relative to its rate of reaction with OH and NO3 radicals or with
ozone,

5. Photolysis

1,3-Butadiene will not undergo photolysis in the actinie region,

since it does not absorb radiation above ~230 nm (Calvert and Pitts 1966),

C. Physical Loss Processes

No data concerning the physical removal processes for 1,3-butadiene

are available. However, neither wet nor dry deposition is expected to be



Table 3. Room Temperature Rate Constants for the Gas-Phase Reaction of
the N03 Radical with 1,3-Butadiene

k(cm3 mc:lecule"I 5'1) Reference

(2.2 + 0.6) x 10™13 Canosa-Mas et al. (1988)
(1.7 = 0.3) x 10713 Rahman et al. (1988)
(9.79 = 1.17) x 10~ % Atkinson et al. (1988)

important as a loss process compared with the chemical reactions with CH

and N03 radicals and 03.

D. Atmospheric Formation Processes

No chemical formation processes for 1,3-butadiene in the atmosphere

have been identified.

E. Atmospheric Lifetimes

The rate constants cited above for the gas-phase reactions of OH and
N03 radicals and 03 with 1,3-butadiene can be combined with measured or
estimated ambient atmospheric concentrations of OH and NOS radicals and 03
to calculate the atmospheric lifetimes of 1,3-butadiene with respect to
these potential gas-phase reactions, For this purpose, we use ambient
atmospheric concentrations of 1.5 x 106 molecule cm'3 for OH radicals
during a 12-hr daytime period (Prinn et al, 1987) [an average tropospheric
concentration for the northern and southern hemispheres derived from a
knowledge of the total worldwide emissions of CH3CCl§ and the present
atmospheric burden of CH3CC13], 2.4 x 108 molecule cm™
during a 12-hr nighttime period (Platt et al., 1984, Atkinson et al. 1986)
and 7 x 10! molecule em™3 for 03 during a complete 2U4-hr day (Logan

for NO3 radicals

1985). The calculated lifetimes due to these gas-phase reactions are
given in Table 4.

From these calculated atmospheric lifetimes, it is clear that
reaction with 03 will be a minor reaction pathway for 1,3-butadiene and
that reaction with OH radicals during the day and with N03 radicals at
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Table U. Calculated Atmospheric Lifetimes of 1,3-Butadiene with Respect
to Gas-Phase Reaction with OH and NO3 Radicals and 03

Reaction with At Temperature Lifetime
T (K) 1
ond 265 2.3 hr
298 2.8 hr
N03b , 298 12 hr
030 265 6.4 days
298 2.2 days

3For a 12-hr gverage daytime OH radical concentration of 1.5 x 106
molecule em™ (Prinn et al. 1987).
For a 12-hr §verage nighttime NO, radical concentration of 2.4 x 108
molecule em™> (Platt et al. 19847 Atkinson et %% 1986).
CFor a 24-hr average O3 concentration of 7 x 10' " molecule em™3 [30 ppb]
(Logan 1985).

night will be the dominant removal pathways for this reactive compound.
Clearly, 1,3-butadiene will be of importance only close to its emission

sources and within the airshed in which it is emitted.

F. Atmospheric Reactions

1. Reaction with 03
As discussed by Atkinson and Carter (1984), the gas-phase
reaction of 03 with 1,3-butadiene involves initial addition to form an

energy-rich "molozonide", which is then expected to decompose rapidly

A\
0 0

I ]
0, + CH =CHCH=CH > CH —CH—CH:CH

3
. ¥
HCHO + CH2 CHCHOO CH =CHCHO + CHZOO ]



with the relative importance of pathways (a) and (b) not being known. The

initially energy-rich [CH200]* biradical can be collisionally thermalized

or decompose (Atkinson and Carter 1984):

M . .
o CH200

C
[CHZOO] —

———— CO2 + H2

—— CO + H20

———+ H + HCO2

¥

H + CO2
with the thermalized biradical CH200 reacting predominantly with water
vapor under atmospheric conditions:

CH200 + H20 + HCOOH + H20

{formic acid)

The fate of the [CH2=CHéH06]* biradical is not presently known.

Thus, the available data suggest that the major products of the 03
reaction with 1,3-butadiene will be formaldehyde (HCHO) and acrolein
(CH,=CHCHO), together with products including formic acid {HCOOH}, coO,
C0,, H,, and HO, radicals, which arise from subsequent reactions of the
"Criegee" biradiecals.

2. OH Radical Reaction

Under atmospheric conditions, the reaction of the OH radical
with 1,3-butadiene proceeds essentially entirely (>99%) by initial OH
radical addition (Atkinson 1989)
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OH + CH2=CHCH=CH2 »> HOCHzCHCH=CH2 and CHZCHOHCH=CH2

These initially formed radicals will rapidly (in <{1ps) add 0, to yield the
peroxy radicals

HOCH,CHCH=CH,, and 6OCH CHOHCH=CH
2| 2 2

00"

2

In the presence of NO, these peroxy radicals are expected to yield N02 and
the corresponding alkoxy radieal,

00" o’

1 |
HOCH2CHCH=CH2 + NO + HOCH2CHCH=CH + N02

2

'OOCHchOHCH=CH2 + NO + "OCH CHOHCH:CH2 + NO

2 2

although it is possible that a small amount (<5%) of an organic nitrate
may be formed. For example

00° ONO2

]
HOCH2CHCH=CH2 + NO » HOC]'{2CHC[':I=CI'i2
Under conditions where the NO mixing rations are <30 parts-per-trillion,
the above peroxy radicals will react with HO, (to form hydroperoxides,
ROOH) and/or other peroxy radicals (to form, at least in part, the above
alkoxy radicals) in competition with the reactions with NO given above.

The alkoxy radicals shown above are expected to decompose rapidly.



0"
|
HOCH2CHCH=CH2 +> CHZOH + CH2=CHCHO

0,

HCHO + HO2

OCH2CHOHCH=CH -+ HCHO + CH2=CHCH0H

2

0,

CH2=CHCH0 + HO2
Thus, in the presence of NO the major products are expected to be HCHO and
CH,=CHCHO, and this is observed. Thus, Heuss and Glasson (1968) obtained
~37-40% yields of HCHO and CH,=CHCHO (uncorrected for losses) in an
irradiated NO-1,3-butadiene-air mixture. However, furan

:0:
has been observed as a minor product (~4-6%) from the OH radical reaction
with 1,3-butadiene, both in the presence and absence of NO (Ohta 1984,

Atkinson et al. 1989).
NO, Radical Reaction. As for the OH radiecal reaction, the N03

radical reaction proceeds by initial addition
ONO2

+ CH,=CHCH=CH, + 02NOCH2CHCH=CH2 and 'CH20HCH=CH2

NO; + CHj

This radical will rapidly add 02, and the resulting peroxy radicals are
then expected to react to HO, radicals and/or other peroxy radicals.
However, the reaction mechanisms and products formed from these reactions

are as yet unknown,
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G. Ambient Concentrations

Although high resolution gas chromatograms exhibiting evidence of
trace amounts of 1,3-butadiene in urban air have been reported in the
literature (Matuska et al. 1986), we have not found any quantitative data
for the atmospheric concentrations of this compound published in the past

decade.

H. Conclusion

1,3-Butadiene will be removed from the atmosphere both by gas-phase
reaction with OH radicals during the day and with NO3 radicals at night,
with calculated atmospheric lifetimes of a few hours and half a day,
respectively, for the two processes. Thus, 1,3-butadiene will be confined

to a local radius of impact largely within the airshed in whieh it is

emitted.
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A, Introduction

The atmospheric fates of chemical compounds emitted into the
troposphere are governed by a number of chemical and physical removal
processes. As the result of laboratory studies carried out over the past
20 years, the potentially important gas-phase chemical reaction pathways
which must be considered includes:

e Photolysis during daylight hours
® Reaction with the hydroxyl (OH) radical during daylight hours

Reaction with the hydroperoxyl (HOz) radical, mainly during
afternoon/evening hours

Reaction with the nitrate (NO3) radical during nighttime hours
Reaction with nitrogen dioxide (NOE)
Reaction with ozone (03)

Reaction with gaseous nitric aecid (HNO3)

For the great majority of organic compounds which are present in the gas
phase, the most important of these loss processes remain photolysis and
reaction with hydroxyl (OH) and nitrate (N03) radicals and with ozone
(03).

However, for a limited number of gaseous organic compounds, one or
more of the other reactive chemical species in the troposphere may react
with organic compounds at significant rates. For example, H02 radicals
react with formaldehyde and, more slowly, with acetaldehyde and glyoxal;
N02 reacts with dialkenes; and gaseous HNO3 reacts with basic compounds
such as the amines,

For chemical compounds present in the adsorbed phase, photolysis and
reaction with 03, N205, N02, HNO3, HONO, H2SOu and hydrogen peroxide
(H202) may contribute to their degradation. For certain of these
reactions involving adsorbed organics, synergistie interactions may be of
importance.

The physical removal processes can be defined in a simplistic manner
as accretion (or coagulation) of particles, and dry and wet deposition of
gases and particles. Removal of gases and particles at ground surfaces
(including snow and other moist surfaces) is referred to as dry

deposition, while removal of these species by precipitation is referred to



as wet deposition. Our current understanding of these processes, which
are dynamic in nature, must be considered to be semi-quantitative at the
present time, and in general there is a lack of experimental data con-
cerning these processes for most organic compounds (Bidleman, 1988).

The atmospheric lifetime t of a chemical is defined as the time to
decay to a concentration of 1/e (=0.368) of that initially present. Also,

1 1 1
; = + (1)

Tchemical  ‘physical

where Tohemical &nd Tphysical are the lifetimes of the chemical with
respect to only chemical reaction and only physical loss processes,
respectively. These chemical and physical lifetimes are composites of
those for the individual loss processes, for example

L - 1 - —_ L (2)
o

Tchemical Tphotolysis "oH TNO3 3

where Tphotolysis® TOH® TNO and 15 are the lifetimes with respect to
photolysis, reaction with the OH radical, reaction with the NO3 radical,
and reaction with 03, respectively. In turn, these reactive loss

processes are determined by the rate constants, k for reaction and the

X!
ambient atmospheric concentrations, [X], of the reactive intermediates.

For example

! -
—— = KylOH]

"OH
For photolysis, the photolysis rate depends on the absorption ecross

section (o), the photolysis quantum yield (¢), and the radiation intensity
(J), all of which are wavelength dependent:
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~800 nm
1

-_— g, ¢.J. da
Tphotolysis ATATA

= k . =
photolysis ~290 nm

In this report, we describe the available literature data concerning

the physical and chemical removal processes for benzo[alpyrene:

Benzo[a]pyrene (BaP) is a member of the chemical class known as
polyeyelie (or polynuclear) aromatic hydrocarbons (PAH), which are formed
in combustion systems at high temperatures (Boekhorn et al., 1982; Prado
et al., 1985; Togan et al., 1985; Kittelson et al., 1985) and hence are
em@tted from essentially all combustion sources. In addition to being
present in combustion emissions, including cigarette smoke, BaP is also
found in fossil fuels (IARC, 1983). BaP has been shown to be carcinogenic
to experimental animals (IARC, 1983).

BaP has a vapor pressure at 298 K (room temperature) of 5.6 x 1079
torr (Yamasaki et al,, 1984) and because of this low vapor pressure [which
would lead to a maximum mixing ratio in the gas phase of 0.008 parts-per-
billion (ppb)}] BaP is expected to exist in the atmosphere in the adsorbed
phase. No evidence for "blow-off" of BaP from filters onto downstream
solid adsorbent traps has been seen (Arey et al., 1987; Coutant et al.,
1988), nor has vapor phase BaP been observed (Coutant et al., 1988).
Thus, atmospheric BaP is particle-associated and gas-phase reactions of
BaP are of no importance. The processes to be considered are then

® Physical loss processes for the partieles on which, or in
which, BaP resides.

& Adsorbed-phase reactions of BaP on the particles.
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B. Physical Loss Processes

The particles with which BaP is associated will undergo wet and dry
deposition. The average atmospheric lifetimes for particles due to dry
deposition as a function of particle diameter, as presented by Graedel and
Weschler (1981), are given in Table 1. The particles with which BaP is
associated generally exhibit a particle size range of <3 um (Pierce and
Katz, 1975) and hence the atmospheric lifetime of these particles due to
dry deposition is expected to be of the order of 10 days.

In the case of wet deposition, a Washout Ratio W, defined as,

W=2¢C /C

rain’ *air

relates the particle concentration in the rain (C ) to that in the

rain

ambient air (C The deposition rate, F, is given by

air)'

F=WJCair

where J 1s the precipitation rate. For particles of 0.1-10 um diameter
and for particle-associated organies such as the polychlorinated biphenyls
(PCBs) and the C20-C23 n-alkanes the washout ratio W is 10°%! (Eisenreich
et al., 1981; Ligocki et al., 1985). With a washout ratio of this
magnitude, essentially complete scavenging of the particles and their
associated organics occurs during a rain event (Leuenberger et al.,
1985). Of course, rain-out is an episodic event which, in California,
will lead to generally shorter BaP lifetimes in the winter months than
during the summertime.

Thus, considering only its physical atmospheric removal processes,
the lifetime of BaP due to particle dry deposition is expected to be
around 10 days, with an additional efficient, but episodiec, removal

process involving the rain-out of particles.
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Table 1. Average Atmospheric Lifetimes for Particles Due to Dry
Deposition (From Graedel and Weschler, 1981)

Diameter (um) Lifetime (days)
0.002 0.0
0.02 1
0.2 10
2 10
20 1
200 0.01

C. Chemical Loss Processes

In addition to the physical removal of the particles with which the
BaP is associated, the BaP can also be transformed by a number of chemical
processes in the adsorbed phase. These include photolysis and reaction
with 03, 305, NO, and/or HNO3 and N205, and a large number of experimental
investigations of these potential reaction pathways have been carried out
(see, for example, Pitts et al., 1978, 1980, 1985, 1986; Katz et al.,
1979; Jédger and Hanus, 1980; Korfmacher et al., 1980; Peters and Seifert,
1980; Butler and Crossley, 1981; Blau and Gusten, 1981; Grosjean et al.,
1983; Brorstrdm et al., 1983; Van Vaeck and Van Cauwenberghe, 1984;
Behymer and Hites, 1985, 1988; Brorstrom-Lundén and Lindskog, 1985; Kamens
et al., 1985, 1986, 1988; Lindskog et al., 1985; Yokley et al., 1985,
1986; Gusten, 1986; Valerio et al., 1987T; Arey et al., 1988; Coutant et
al., 1988; Nielsen, 1988). Interpretation of the experimental data
obtained from the laboratory studies is rendered difficult due to the
diverse substrates used, and in many cases conflicting data have been
obtained. As discussed below, some differences may be attributed to the
availability of the BaP for reaction, i.e., whether it was present as an
 adsorbed surface layer or included in the particles, or whether the

particles were "freshly" emitted or were "aged" particles.
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Reaction with 03. The results obtained concerning the stability of

BaP adsorbed onto surfaces in the presence of 03 are disparate. Thus,
Katz and coworkers (Katz et al., 1979) and Peters and Seifert (1980)
observed that BaP reacted in the presence of ambient levels of 03, and
Pitts et al. (1980) identified the BaP-U4,5-epoxide as a product of the
reaction of 03 with BaP deposited onto glass fiber filters. These studies
indicated a BaP lifetime with respect to reaction with 03 (at ambient
concentrations, i.e., levels reached in polluted atmospheres) of the order
of an hour. In contrast, Grosjean et al. (1983) observed no loss of BaP,
either deposited onto blank filters or on filters coated with ambient
particles, fly ash or diesel particles, when exposed to 100 ppb of ozone
for three hours. Brorstrom et al. (1983) observed no definitive evidence
for losses of BaP (or other PAH) under high-volume sampling conditions
with the addition of 200 ppb of 03. However, it should be noted that in
this latter study, no BaP was added to the ambient particles.

In contrast, the relatively recent studies of Van Vaeck and Van
Cauwenberghe (1984), Lindskog et al. (1985) and Pitts et al. (1986) all
obtained data showing that BaP exhibited significant losses (typically
50%) when exposed to 50-1500 ppb of 03 for time scales of 0.5-6 hr. Thus,
Van Vaeck and Van Cauwenberghe {1984) observed that the percentage
conversion of BaP in diesel exhaust particles, when exposed to 1.5 ppm of
03 under high-volume sampling conditions, increased slightly with the
exposure time, from 62% at 0.5 hr to 87% at 4 hr. Lindskog et al. (1985)
observed conversions of BaP, on soot generated in a smoke generator, at 6
hr exposure times [45% relative humidity (Rﬁ)] increasing from 3% at 0.1
ppm 03 to 80% at 1.0 ppm 03. Pitts et al. (1986) observed an
approximately 50% conversion of BaP, independent of the 03 concentration
(0.05-0.29 ppm 03 at 1% RH) and of the humidity (1-50% RH at 0.20 ppm 03),
for a 3 hr exposure time. In the study of Pitts et al. (1986), BaP was
either adsorbed on filters or present in particles collected close to a
freeway, and the exposures were both passive (in a chamber) and in a flow
system. Another recent study found degradation of BaP on ambient
particles enriched with BaP and exposed to 0.18 ppm 03, but no degradation
on ambient particles sampled with an 03 enriched (0.18 ppm) vapor stream
(Coutant et al,, 1988).
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These data are generally consistent with the fact that BaP reacts
with 03, providing that the BaP is available for reaction. This is
suggested by the often initially rapid BaP degradation followed by
significantly slower BaP losses (Pitts et al., 1986; Coutant et al.,
1988). Those experiments in which BaP was coated or deposited onto
surfaces should then exhibit reactive losses of BaP, as generally observed
(Katz et al., 1979; Peters and Seifert, 1980; Pitts et al., 1980, 1986).
Fresh diesel particles (Van Vaeck and Van Cauwenberghe, 1984) and ambient
particles collected near a freeway (Pitts et al., 1986) also showed BaP
losses upon exposure to 03. In contrast, BaP included in particles, as
may be expected to be the case for aged particulate matter or particles to
which condensation of secondary aerosol has occurred (expected to be the
case in urban atmospheres), will not be available for reaction with
gaseous ozone and hence under these conditions BaP will be observed to be
nonreactive (Brorstrém et al., 1983; Coutant et al., 1988),

Reaction with Oxides of Nitrogen. A number of studies have been

carried out to investigate the reaction of BaP when BaP-associated
particles are exposed to oxides and oxyacids of nitrogen (Pitts et al.,
1978, 1985; Jiger and Hanus, 1980; Butler and Crossley, 1981; Grosjean et
al., 1983; Brorstrom et al., 1983; Ramdahl et al., 1984; Yokley et al.,
1985; Lindskog et al., 1985; Brorstrém-Lundén and Lindskog, 1985; Kamens
et al., 1986; Arey et al., 1988). Although all of these studies observed
losses of BaP and, generally, formation of nitro-BaP upon exposure of BaP-
containing particles to N02 and/or HN03, the data reported are conflicting
as to whether N02 or HN03 is the reactive species. In recent studies in
which HNO3 was removed from the NO, exposure gas, no reaction of adsorbed
BaP with NO, was observed (Grosjean et al., 1983; Yokley et al.,, 1985).
In contrast, Lindskog et al. (1985) did not detect any reaction of BaP on
soot with HONO or HNO3, but did observe reaction with NO2 and N02 + HND3
mixtures. In this latter study, the buffering effect of the soot may have
played a role, and oxy- rather that nitro-PAH derivatives were generally
observed as products.

It seems likely that HNO3 is a nitrating agent for adsorbed BaP, and
that NO, without HN03 will not react. Whether the HNO3 acts as a catalyst
for reaction by NO, or is the sole nitrating agent has not been resolved.

These BaP reactions are substrate dependent (J4iger and Hanus, 1980;
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Ramdahl et al., 1984; Yokley et al., 1985) and, as noted above for the 03
reactions, presumably require that the BaP be accessible for reaction.

In those studies in which several PAH were examined, the formation of
the nitro-derivatives followed the reactivity ranking of the PAH toward
electrophilic nitration (Nielsen, 1984). According to Nielsen's ranking,
BaP and anthracene are in the same reactivity grouping and more reactive
than benz[alanthracene and pyrene, which in turn are more reactive than
benzo[elpyrene and chrysene with, finally, fluoranthene, phenanthrene and
naphthalene being the least reactive of the PAH commonly found in ambient
air. The presence of nitro-BaP in combustion emissions {(Gibson, 1982,
1983; Paputa-Peck et al., 1983) is consistent with the high reactivity of
BaP toward electrophilic nitration, and its presence in ambient air
(Gibson, 1982; Wise et al., 1985) may be due to these combustion
emissions.,

In ambient air, NO, and HNO3 Wwill both be present. Recently, Arey et
al. (1988) studied the disappearance of BaP-dy,, adsorbed onto ambient
particles, and the formation of nitro-BaP-dyy under high-volume sampling
conditions during a wintertime high-NO, (maximum NO, concentrations
approximately 1 ppm) pollution episode in the Los Angeles air basin. BaP-
dqp losses of ~40% were observed during the daylight sampling period on
one of the two days, and 6-nitro-BaP-d11 was observed as a produet in
~0.01% yield during the 12-hr sampling periods. Thus, the formation of 6-
nitro-BaP under ambient conditions is likely to be unimportant, especially
if most of the ambient particle-adsorbed BaP is unavailable for reaction.

Photolysis. Numerous studies have been carried out to investigate
the photolysis and photooxidation of BaP on various surfaces (Korfmacher
et al., 1980; Blau and Gusten, 1981; Behymer and Hites, 1985, 1988; Kamens
et al., 1985, 1986; Yokley et al., 1986; Valerio et al., 1987). All
studies employing a range of substrates have concluded that photolysis
rates are highly substrate dependent (Korfmacher et al., 1980; Behymer and
Hites, 1985, 1988; Yokley et al., 1986), with the darker substrates
leading to lower photolysis rates, presumably due to stabilization of the
BaP incorporated in the particles (Behymer and Hites, 1985, 1988; Yokley
et al., 1986).

Kamens et al. (1988) observed that the BaP photolysis rate (on

freshly generated wood and gasoline combustion soot) depended on the



temperature and ambient water concentration, with a BaP lifetime at 293 K
and ~50% relative humidity at midday of ~1 hr. In contrast, for dark fly
ashes, half-lives on the order of several days were observed (Behymer and
Hites, 1988). Once again it can be concluded that BaP is reactive, and
thus may be expected to photolyze in ambient atmospheres, but the extent
to which this occurs will depend on the exact nature of the BaP adsorbed
state,

Ambient Air Data. Further information concerning the atmospheric

reactions and lifetimes of BaP arises from ambient air data. Arey et al.
(1988) have shown that under wintertime high-NO, conditions in southern
California (with mid-day temperatures attaining 95 °F) losses of BaP-d12
during 12-hr sampling periods were <l0%, and nitration of BaP—d12 was of
negligible importance. Losses of particle-incorporated BaP would,
presumably, have been lower, From an analysis of ambient air and
combustion emissions data, Schuetzle and Frazier (1986) found that the
benzo[e]pyrene/benzolalpyrene ratio (BeP/BaP) in ambient air of ~1.8 was
very similar to the ratio cobserved in emission sources. Since BaP is much
more reactive than BeP toward electrophilic reaction (Nielsen, 1984),
reaction with 03 (Van Vaeck and Van Cauwenberghe, 1984) and photolysis
(Behymer and Hites, 1988), this observation suggests that once the BaP and
BeP are adsorbed on particles they do not undergo significant degradation
in the atmosphere.

Nielsen (1988) investigated the dependence of the BaP/BeP ratio on
the wind direction, and hence the vicinity of the source, in Denmark.
Higher BeP concentrations were associated with local sources, and the
BaP/BeP ratio was found to correlate with the BeP concentration,
suggesting that BaP was being degraded in the atmosphere. The author
concluded that the BaP decay rate was relatively fast (Nielsen, 1988).

Atkinson et al. (1988) measured PAH and PAH-derivatives at seven
sites throughout California. Consistent with the work of Nielsen (1988),
the sites with the highest BaP/BeP ratios, Mammoth Lakes (BaP/BeP = 1.5)
and Concord (BaP/BeP = 1.3), also had the highest BeP concentrations.
Furthermore the BaP/BeP ratio was lowest at Glendora (BaP/BeP = 0.35) a
site where significant atmospheric reaction had occurred, as evidenced by
the formation of 2-nitropyrene from pyrene (Atkinson et al., 1988). (For
a complete discussion of the PAH transformations in the atmospheres



sampled see Section X of Atkinson et al,, 1988.) The apparent inconsis-
tency in the data of Schuetzle and Frazier (1986) and those of Nielsen
(1988) and Atkinson et al. (1988) probably reflects differences due to
comparisons of averaged values from generally aged emissions (Schuetzle
and Frazier, 1986) versus BaP concentrations resulting from a single
emission source (such as wood smoke at Mammoth Lakes) and/or fresh
emissions (Nielsen, 1988; Atkinson et al., 1988).

Although it is difficult to estimate a lifetime for BaP from these
laboratory and ambient air data, it must be concluded that, due to
chemical reaction and/or photolysis, the lifetime of whatever fraction of
the BaP is available for reaction is on the order of a few hours in
polluted urban atmospheres during summertime. This lifetime will depend
on the nature (chemical reactivity) of the atmosphere into which the BaP
is emitted. For BaP within the particles and unavailable for reaction, or
BaP stabilized due to adsorption, the expected particle lifetimes leads to
an atmospheric lifetime of BaP of <10 days due to dry deposition of the
particles.

D. Atmospheric Formation Processes

There are no atmospheric formation pathways for BaP. As mentioned in
the Introduction, BaP is present in essentially all combustion systems.
These combustion sources of BaP include emissions from automobiles,
industrial processes, domestic heating systems, waste incineration
facilities, tobacco smoking, agricultural burns and several natural
sources, including forest fires and volcanic eruptions (Nikolaou et al.,
1984).

E. Atmospheric Concentrations in California

Recently the California Air Resources Board has funded studies which
included the measurement of ambient BaP concentrations at several
locations in California (Flessel et al., 1984; Winer et al., 1987;
Atkinson et al., 1988). The BaP data from these studies for sampling
sites in Richmond, Martinez, Concord, Pittsburg, Claremont, Torrance,
Glendora, Yuba City, Mammoth Lakes, Oildale, Reseda, Pt. Arguelloc and San
Nicolas Island are given in Tables 2-4. Where available, the BeP
concentration data are also given. It should be noted that the majority



of these measurements (not including the background sites of Pt. Arguello
and San Nicolas Island) were made during pollution episode conditions and,
therefore, will be in the upper range of the concentrations to which the
populations at these sites are exposed.

The BaP concentrations ranged from not quantifiable at the background
sites of Pt. Arguello and San Nicolas Island (the limit of detection is
estimated to have been ¢ 10 pg m'3) to a high at Mammoth Lakes during the

wood-burning season of ~12 ng m'3.



Table 2. Ambient Benzo[a]pyrene Concentrations for Locations in Contra
Costa County, CA (From Flessel et al., 1984)

Location Site and Dates? Benzo{a]pyrene (ng m"3)
Richmond 8/6/81 Day 0.1
8/6-7/81 Night 0.1
8/7/81 Day 0.1
Martinez 8/6/81 Day 0.1
8/6-7/81 Night 0.1
8/7/81 Day 0.1
Concord 8/6/81 Day 0.1
8/6-7/81 Night 0.1
8/7/81 Day 0.1
Pittsburg 8/6/81 Day 0.1
8/6-7/81 Night 0.1
8/7/81 Day 0.1
Richmond 10/20-21/81 Night 0.1
10/21/81 Day 0.2
10/21-22/81 Night 0.1
Martinez 10/20-21/81 Night 0.8
10/21/81 Day 0.4
10/21-22/81 Night 0.1
Concord 10/20-21/81 Night 1.1
10/21/81 Day 0.4
10/21-22/81 Night 1.5
Pittsburg 10/20-21/81 Night 0.2
10/21/81 Day 0.2
10/21-22/81 Night 0.2
Richmond 1/13-14/82 Night 2.0
1/14/82 Day 0.8
1/14-15/82 Night 2.6
Martinez 1/13-14/82 Night 0.4
1/14/82 Day 0.2
1/14-15/82 Night 1.5



Table 2 (continued) - 2

Location Site and Dates?® Benzo[a]pyrene {ng m'3)
Concord 1/13-14/82 Night 2.6

1/14/82 Day 0.6

1/14-15/82 Night 2.6
Pittsburg 1/13-14/82 Night 1.3

1/14/82 Day 0.5

1/14-15/82 Night 1.1

8for complete details of sampling and pollution episode conditions see
Flessel et al. (1984).

Table 3. Ambient Benzola]pyrene and Benzo[e]pyrene Concentrations for
Claremont and Torrance, CA (From Winer et al., 1987)

ng w3
Benzo[a]- Benzofe]-
Location Site and Dates® pyrene pyrene
Claremont  9/14/85 0600-1200 hr 0.09 0.28
Claremont 9/14/85 1200-1800 hr 0.04 0.13
Claremont 9/14/85 1800-2400 hr 0.14 0.36
Claremont 9/15/85 0000-0600 hr 0.03 0.13
Torrance 2/24-25/86 Night 1.6 2.1
Torrance 2/25/86 Day 0.6 2.1

8See Winer et al. (1987) for full details of pollution episodes sampled.
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Table 4. Ambient Benzo[a]pyrene and Benzo[e]pyrene Concentrations for
Locations Throughout California (From Atkinson et al., 1988)

ng m3 P

Benzo[al- Benzol[e]-
Location Site and Dates® pyrene pyrene
Glendora Sample #1 Day 0.26 0.62
8/13/86
Glendora Sample #2 Night 0.62 1.54
8/13-14/86
Glendora Sample #3 Day 0.18 0.41
8/15,16,17,18/86
Glendora Sample #U Night 0.18 0.65
8/15-16,16-17,17-18,18-19/86
Glendora Sample #5 Day 0.23 0.83
8/20/86
Glendora Sample #6 Night 0.32 0.95
8/20-21/86
Yuba City  Sample #1 Day 0.13 0.35
10/16,18,20/86
Yuba City Sample #2 Day 0.32 0.66
10/17,23/86
Yuba City Sample #3 Night 0.22 0.34
10/16-17,18-19,20-21,23-24/86
Concord Sample #1 Day 1.77 1.91
12/8,5/86; 1/19/87
Concord Sample #2 Day 3.23 2.77
1/18,21,22/87
Concord Sample #3 Night 6.15 §. 22
12/6-7,7-8,8-9/86
Concord Sample #4 Night 8.15 5.76
1/17-18,18-19,21-22/87
Concord Sample #5 Night 1.93 1.52

12/10-11/86; 1/14-15/87
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Table U4 (continued) - 2

ng m'3 b

Benzo[a]- Benzo[e]-
Location Site and Dates® pyrene pyrene
Mammoth Lakes  Sample #1 Day 3.56 2.57
2/14,16,17,21,22,26,28/87
Mammoth Lakes Sample #2 Night 12.49 8.00
2/16-17,17-18,20-21,27-28;2/28-3/1/87
Mammoth Lakes  Sample #3 Night 3.14 2.05
2/14-15,15-16,21-22,22-23,25-26/87
Oildale Sample #1 Day 0.42 0.44
3/30,31/87; 4/1,2,7,8,9,10/87
Oildale Sample #2 Night 0.17 0.25
3/29-30/87; 4/9-10,10-11/87
Oildale Sample #3 Night 0.88 0.98
3/31-4/1/87; 4/1-2,7-8,8-9/87
Reseda Sample #1 Day 0.47 0.7
5/28,29,30,31/87; 6/1,2,14,15/87
Reseda Sample #2 Night 0.13 0.28
5/27-28,28-29,29-30,30-31,5/31-6/1;
6/1-2,2-3,13-14,14-15/87
Pt. Arguello Sample #1 Day c 0.005
7/4,5,6,7,8,9,10,11,12/87
Pt. Arguello Sample #2 Night c 0.008
7/4-5,5-6,6-7,7-8,8-9,9-10,10-11,11-12/87
San Nieclas Island Composite c 0.005

6/19,24,25; 7/13,14,15; 8/27,28,29; 9/2,3/87;
6/19-20,24-25,25-26/87; 7/13-1k4,14-15,15-16/87;
8/27-28,28-29,29-30/87; §/3-4/87

4see Atkinson et al. (1988) for full details of compositing.
bAverage of replicate GC/MS injections.
Camount present too low to quantify.
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