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ABSTRACT

The atmospheric chemistry of sixteen organic compounds, all directly
relevant to the California Air Resources Board's responsibilities for
assessing and regulating toxic air contaminants, has been experimentally
investigated using the Statewide Air Pollution Research Center's environ-
mental chamber facilities. Specifically, we determined the kineties
and/or the products of the gas-phase reactions of hydroxyl (OH) radicals,
ozone (0,), and nitrate (NO,) radicals with ethylene oxide, vinyl
chloride,™ 1, 1-dichloroethene, cis- and trans-1,2-dichloroethene, trichlor-
oethene, tetrachloroethene, acrolein, allyl chloride, benzyl chloride, o-,
m- and p-cresol, naphthalene, 1,4-benzodioxan and 2,3-dihydrobenzofuran.

These kinetic data were used to calculate corresponding atmospheric
lifetimes for each compound, for the three possible reaction pathways.
Except for the three cresol isomers and 2,3-dihydrobenzofuran, which also
react rapidly with NO, radicals, the dominant reaction pathway for the
compounds studied is by reaction with the OH radical. None of the com-
pounds investigated react sufficiently fast with 0, under atmospheric
conditions for this process to represent a significant atmospheric removal
pathway. Based on their atmospheric lifetimes of ~5 min to 10 hrs, the
cresols, 1,4-benzodioxan and 2,3-dihydrobenzofuran are expected to have a
local range of influence. Vinyl chloride, 1,1-dichloroethene, acrolein,
allyl chloride and naphthalene, with lifetimes between ~1 and ~5 days,
will be regionally distributed while benzyl chloride c¢is- and trans-
dichloroethene, trichloroethene and ethylene oxide, with lifetimes from ~1
week to ~1 yr, can be globally distributed, as well as having more local
effects.

Where feasible, product studies were conducted, principally using
in situ Fourier transform infrared spectroscopy and gas chromatography, to
determine the atmospheric reaction products produced from the parent com-
pounds investigated. These product studies provided valuable mechanistic
data, especially for the reactions of the chloroethenes, allyl chloride
and acrolein with the OH radical.

The OH radical rate constant data obtained in this program were com-
bined with available literature data in order to further develop appro-
priate structure-reactivity relationships. Such relationships permit
cost-effective estimation of the atmospheric lifetimes for additional
organic compounds whose low volatility or chemical complexity make direct
experimental investigation difficult or impossible.
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I. PROJECT SUMMARY

A. Introduction and Statement of the Problem

Concern over the occurrence and effects of airborne toxic and hazard-
ous chemicals has emerged over the past ten years as a dominant air pollu-
tion issue on a regional, statewide and national basis. During this time,
recognition has grown that a wide range of sources may be responsible for
emissions of significant quantities of potentially hazardous compounds.
Among these sources are toxic waste disposal sites and landfills, releases
from industrial or commercial processes, and emissions resulting from the
application of pesticides and herbicides during agricultural operations.

Under California Assembly Bill 1807, the Tanner Bill, the California
Air Resources Board (ARB) has been given major responsibility for criti-
cally assessing the presence and impacts of airborne toxie chemicals in
California's atmospheres. The overall objective of this assessment is to
provide a reliable and comprehensive data base for the purposes of risk
assessment analyses and possible standard setting or other regulatory
actions.

Important elements of the data base which must be developed for each
compound under consideration as a potential toxic air contaminant include
(a) the atmospheric degradation pathways of the compound, (b) its corres-
ponding atmospheric lifetime, and (c¢) the products formed from the parent
compound, and their fates. From such information, exposure assessments
can be developed and the radius of impact of a toxic or hazardous volatile
compound can be characterized as being local, regional or global in scope.

Although atmospheric lifetimes have been estimated (since they cannot
be directly measured) for a large number of relatively simple organiecs,
few data were available for the specific compounds of interest to the ARB
which were investigated in this study. Moreover, there are at present no
reliable predictive techniques for many of the large number of other
potentially toxic or hazardous compounds emitted into the atmosphere from

a wide range of sources.
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B. Objectives

The specific objectives of this program were:

e To experimentally determine the rates of reaction of selected
potentially hazardous or toxic organic compounds (and of certain compounds
which can serve as models for important classes of volatile toxic chemi-
cals) with key atmosbheric reactive species such as hydroxyl (OH) radi-
cals, ozone (03) and nitrate (NO3) radicals. The specific compounds
investigated included: ethylene oxide, vinyl chloride, 1,1-dichloro-
ethene, cis- and trans-1,2-dichloroethene, trichloroethene, tetrachloro-
ethene, acrolein, allyl chloride, benzyl chloride, o-, m-, and p-cresol,
naphthalene, 1,4-benzodioxan and 2,3-dihydrobenzofuran, with the latter
two compounds acting as "model" compounds for the dibenzo-p-dioxins and
dibenzofurans and their chlorinated and brominated homologs.

e To calculate the atmospheric lifetimes of these selected toxic or
model compounds using the rate constant data obtained in this program in
combination with the known or assumed atmospheric concentrations of these
reactive species (i.e., OH and NOs radicals and 03).

e To experimentally determine, where feasible, the products formed
from the reactions of the above compounds with key atmospheric species,
thereby permitting a preliminary assessment of whether such atmospheric
transformations result in the formation of more toxic, or less toxic,
products.

e To utilize the rate data obtained in this program, along with
appropriate literature data, to further develop structure-reactivity rela-
tionships which may be applied to more complex organic compounds than has

previously been possible.

C. Methods of Approach

In this project, experiments involving OH and N03 radical reactions
were conducted primarily in the SAPRC 5800-liter evacuable, Teflon-coated
environmental chamber, with irradiation provided by.a 24 XKW Xenon arc, or
in a 6400-liter all-Teflon chamber with blacklamp irradiation. Experi-
ments concerning 03 reactions were carried out in ~175-liter FEP Teflon
reaction bags.

In the kinetic experiments, the disappearance of organic reactants

was monitoréé by gas chromatography and/or 1long pathlength Fourier
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transform (FT-IR) absorption spectroscopy prior to and during the irradia-
tions. In addition, the reaction products and the reaction mechanisms of
OH-radical initiated reactions with organics were studied in the 5800-
liter evacuable chamber using either in situ longpath FT-IR spectroscopy
or off-line GC or GC-MS analysis of grab samples from the chamber.

All of the experimental techniques employed were proven methods which
have been validated at SAPRC over the past decade. Detailed information
concerning these and other experimental methods used in this program are
provided‘in Section III of this report, as well as in Section IV for the

individual compounds studied.

D. Summary of Results and Coneclusions

The atmospheric lifetimes against chemical reaction with OH radicals,
ozone and NO3 radicals were calculated for 16 compounds of atmospheric
importance, either because they have been determined to be hazardous or
toxic, or because they can serve as model compounds for important classes
of hazardous substances. The calculated atmospheric lifetimes for these
three gas-phase atmospheric removal processes are‘given in Table I-1.

The data in Table I-1 show that, except for a few cases, the dominant
of these reaction pathways for the compounds studied is by daytime
reaction with the OH radical. The exceptions to this are the three cresol
isomers and 2,3-dihydrobenzofuran, which also react rapidly with N03
radicals. These compounds can therefore undergo substantial atmospheric
degradation at night by reaction with NO3 radicals, as well as with OH
radicals during daylight hours. It is important to note, however, that
dibenzofuran, and its chlorinated and brominated analogues, for which 2,3-
dihydrobenzofuran served as a model compound, will not react with N03
radicals because of structural effects which are discussed in Section
IV. However, the data obtained for 2,3-dihydrobenzofuran allows the
atmospheric lifetimes ‘for the dibenzofurans to be estimated, and thus it
served as an appropriate-model compound for this purpose.

As can be seen from Table"I=1, none of the compounds investigated
react sufficiently rapidly‘with’og'under atmospheric conditions for this
process to represent a significant atmospheric removal pathway. Similar-
ly, although naphthalene reacts with N205, its calculated atmospheric
lifetime due to this reaction of ~80 days means that this reaction pathway
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Table I-1. Calculated Atmospheric Lifetimes of Compounds Investigated for
Reaction with OH and NO3 Radicals and 03

Atmospheric Lifetimes®

Organic Compound OH NO3 03
Ethylene Oxide 330 days
Vinyl Chloride 3.5 days 200 days 66 days
1, 1-Dichlorethene 2.9 days 70 days 12 yr
cis-1,2-Dichloroethene 9.6 days 1.7 yr >9 yr
trans-1,2-Dichloroethene 13 days 2.2 yr 110 days
Trichloroethene 9.6 days 300 days >1.5 yr
Tetrachloroethene 140 days 3.8 yr 2 x 103 yr
Acrolein 1.2 days 80 days 60 days
Allyl Chloride 1.4 days 160 days 10 days
Benzyl Chloride 8.3 days >160 days >1.1 yr
o-Cresol 6.9 hr 3.5 min 64 days
m-Cresol 4.9 hr 4.6 min 87 days
p-Cresol 6.3 hr 3.3 min 35 days
Naphthalene 1.1 days b >80 days
1,4-Benzodioxan 11 hr 166 days >3.8 yr
2,3-Dihydrobenzofuran 7.5 hr 11 hr >165 days

?

OH, 12-hr daytime agerage of 1 x %O molecule cm”; NO3, 12-hr nighttime
average of 2.4 x 10 Solecule cm”

Reaction with 2 x 10'Y molecule cm™3 of N2O5 during nighttime hours
leads to a calculated lifetime of ~80 days.

2For concentrations of': 03, 24-hr agerage of T x 7011 molecule cm-g'

will be of negligible importance as a naphthalene loss process, compared
to the OH radical reaction.

From the data in Table I-1 it 1is possible to group the compounds
studied into three categories, corresponding to very short atmospheric
lifetimes (a few minutes to one day), moderately long lifetimes (a few
days), and long-lived species with lifetimes ranging from about one week

to many years. Such a grouping is shown in Table I-2, with corresponding



designations of local, regional and global ranges of transport. (Clearly
any compound which can undergo global transport may also have local and
regional impacts, and similarly any regionally distributed pollutant may
also cause local effects.)

An important qualification for the grouping given in Table I-2
concerns the possible role of the products of the atmospheric reactions of
compounds which have short or moderate lifetimes since such products may
in turn have regional or global impacts. Thus, in the case of some of the
chloroethenes which have moderate lifetimes, certain of their atmospheric
transformation products (e.g., phosgene) may be longer lived and of signi-
ficant biological concern.

With regard to the class of longer-lived organiecs, potential health
effects due to toxicity are not the only impacts to be considered. Thus,
these compounds may undergo dry or wet deposition in remote, suppeosedly
pristine, ecosystems and, in the case of certain of the chloroethenes (for
example, tetrachloroethene), may reach the stratosphere with conseguent
‘effects on the stratospheric ozone layer.

Table I-2. Ranges of Influence of Parent Compounds Based on Atmospheric

Lifetimes

Atmospheric Range of

Lifetime Influence Organic Compounds

Short Local Cresols

(<1 day) 1,4-Benzodioxan
2,3-Dihydrobenzofuran

Moderate Regional Vinyl Chloride

(~1-7 days) 1,1-Dichloroethene
Acrolein
Allyl chloride
Naphthalene

Long Global Benzyl chloride

(~1 week-1 yr) cis-1,2-Dichloroethene
trans-1,2-Dichloroethene
Trichloroethene
Tetrachloroethene

Ethylene oxide
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The experimental data obtained in this and related research programs
at SAPRC, as well as from the literature, were employed to further develop
a structure-reactivity technique for the calculation of rate constants for
the reaction of OH radicals with organic compounds under atmospheric con-
ditions. Since OH radical reaction is the dominant removal pathway for
most volatile organiecs, this technique, based on data for some 300 com-
pounds, offers the potential for estimating the atmespheric lifetimes of
additional organic compounds whose low volatility or chemical complexity

make experimental investigation difficult or impossible.
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II. TINTRODUCTION

Background to Present Study

In recent years there has been growing concern by both the general
public and health, regulatory and legislative officials about the use,
storage and transport of hazardous and toxic chemicals. The potential
problems associated with the widespread manufacture and use of toxic
chemical compounds was brought to worldwide attention by the accidental
release of methyl isocyanate in Bhopal, India, with a resultant loss of
more than 2000 lives. Similar instances of inadvertent chemical releases,
but on a much smaller scale, occur frequently in California due to the
large amounts of chemicals transported by railroads and on the state
highways. 1In addition, segments of the public are exposed to a variety of
toxic and hazardous chemical compounds which are emitted from hazardous
waste disposal sites and landfills, from the application of pesticides and
herbicides during agricultural operations, and from releases which occur
in the course of industrial or commercial processes.

Present assessments of the enviroanmental and health impacts of air-
borne toxic and hazardous chemicals, including pesticides, herbicides, and
a wide range of volatile organic compounds, are cast almost exclusively in
terms of the effects of the parent compound. In general, no consideration
is given to the possible effects due to products formed from parent com-
pounds by atmospheric reactions. Such atmospheric transformations can
lead to products which are either more, or less, toxic than the parent
compound. Without a thorough knowledge of these atmospheric processes,
reliable and cost-effective risk assessments for releases (accidental or
not) of toxic and hazardous chemicals cannot be made in the case of many
volatile and reactive organic compounds.

Detailed characterization of the atmospheric degradation pathways of
chemical compounds emitted into the atmosphere can provide a basis for
dealing with both chronic and acute exposure situations. One example of
chronic exposure is the release of pesticides and herbicides during agri-
cultural operations and their dispersal, with concurrent chemical and
physical transformations, to downwind areas where they and their products
may impact residential populations as well as farm workers. A second

example of chroaic exposure is the emission of toxic and hazardous
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chemicals from waste disposal sites and landfills adjacent to residential
areas (SCAQMD 1985).

Examples of acute exposures include the recent tragedy in Bhopal,
India, spills of chemicals during their transport over California's high-
ways and railroads, and releases due to fires or industrial accidents.

For both-'chronic and acute exposures, the protection of public health
and property requires a knowledge of the time—concentration history and
chemical composition of the dispersing plume as it is transported down-
wind. Such a detailed understanding of the products formed from airborme
toxic compounds, and their persistence in ambient air, requires that both
atmospheric lifetimes and reaction products be known. At present the
atmospheric lifetimes of a large number of relatively simple organics have
either been measured or can be reliably calculated (Atkinson and Carter
1984, Atkinson 1986). However, for the vast majority of chemical com-
pounds, the situation concerning the reaction products formed under atmos-
pheric conditions is characterized by an almost complete lack of knowledge
of the kind needed to develop realistic risk assessment and emergency
preparedness models.

In this research program, we experimentally investigated the loss
processes and the products formed from the simulated atmospheric reactions
of a series of organic chemicals of interest to the ARB. The chemicals
studied are shown in Table II-1. Most of these chemicals are on, or have
been on, the ARB list of potential Toxic Air Contaminants. Thus, vinyl
chloride, 1,l1-dichloroethene, trichloroethene, tetrachloroethene,
acrolein, allyl chloride, benzyl chloride, cresols and ethylene oxide are
specifically on the ARB 1list of potential Toxic Air Contaminants, and
naphthalene 1is the simplest of the polycyclic aromatic hydrocarbons
(PAH)., In additionm, 1l,4-benzodioxan and 2,3-dihydrobenzofuran are model
compounds, of relatively high volatility, for the less volatile dibenzo-p-
dioxins and the dibenzofurans, respectively.

In this experimental program, for a given compound we first investi-
gated the potentially important atmospheric gas-—phase chemical removal
processes to determine the dominant atmospheric reaction pathway(s). As
presently understood, for chemicals present in the gas phase, these

removal processes involve the following:
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Table II-1.

Chemical Compounds Studied

Organic Structure
Ethylene oxide CHZ———CH2
<,/
Vinyl chloride CH2=CHC1
cis-1,2-Dichloroethene CHC1=CHCl1
trans-1,2-Dichloroethene CHC1=CHC1
1,1-Dichloroethene CH2=CC12
Trichloroethene CHC1=CCl,
Tetrachloroethene CC1l,=CCl,
Acrolein CH,=CHCHO
Allyl chloride CH,=CHCH,C1
CHZCl
Benzyl chloride
CH3 o

o—Cresol

I1-3
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Table II-1 (continued) — 2

Organic Structure

Naphthalene

1,4-Benzodioxan

2,3-Dihydrobenzofuran

e Photolysis during daylight hours.

e Reaction with hydroxyl (OH) radicals during daylight hours.

® Reaction with ozome (03), typically during both daytime and night-
time.

o Reaction with hydroperoxyl (HOZ) radicals, typically during late
daytime and early nighttime hours.

e Reaction with the gaseous nitrate (NO;) radical during nighttime
hours.

o Reaction with dinitrogen pentoxide (NZOS) during nighttime hours.

e Reaction with nitrogen dioxide (NOZ) during, typically, both day-
time and nighttime hours.

¢ Reaction with gaseous nitric acid (HNO3) and other acids.

The lifetime t of a chemical with respect to reaction with a species

X is given by

v o= (e xD7! (1)
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where [X] is the atmospheric concentration of the reactive species X and
ke 1s the rate constant for reaction with species X. The overall lifetime

in the atmosphere due to chemical reaction is then given by
. . -1 _
(overall lifetime)™ = {kyy[OH] + k03[03] + kNO3[NO3] + ..} (ID)

Once the dominant atmospheric removal pathway(s) had been determined, the
products of this reaction, or reactions, were then studied under atmos-
pheric conditions.

As discussed in the sections below, chlorine atoms were produced from
the OH radical reactions with most of the chloroalkenes. In order to
determine accurately the OH radical reaction rate constants, further
experiments were necessary to avoid, or minimize, the occurrence of secon-
dary reactions involving Cl atoms. These experiments included a study to
determine the rate constants for the reaction of Cl atoms with the chloro-
ethenes at room temperature and atmospheric pressure. The experimental
methods employed in these studies, and the resulting data, are discussed
in detail in the following sections. In addition to these experimental
studies, we continued to develop a structure-reactivity relationship to
take into account recent experimental data for OH radical reaction rate
constants and our most recent structure—beactivity relationship for the
estimation of OH radical reaction rate constants for organiec compounds is
presented in Section VI.
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III. METHODS OF PROCEDURE

The potentially important atmospheric removal pathways investigated
during this program for the organic compounds shown in Table II-1 were by
gas-phase reaction with OH and NO3 radicals, N205, and 03. The
experimental techniques used to investigate the kinetics and products cof
these gas-phase reactions are described below.

1. Determination of OH Radical Reaction Rate Constants

Hydroxyl radical reaction rate constants were determined at rcom
temperature using the relative rate technique developed and extensively
tested at SAPRC (Atkinson et al. 1981, 1982a). Hydroxyl radicals were
generated by the photolysis, at wavelengths >290 nm, of methyl nitrite
(CH30NO) in air at part-per-million (ppm) concentrations:

CH3ONO + hv » CH3O + NO

CH3O + O2 -~ HCHO + H02

HO2 + NO - OH + N02

In order to minimize the formation of 03 and of NO3 radicals during these
irradiations, NO was also added to the reaction mixtures, which had typi-
cal initial concentrations of: CH3ONO, (1.2-3.6) x 10”4 molecule cm'3;
NO, (1.2-2.4) x 10" molecule em™3 and (2.4-12) x 10'3 molecule em™3 each
of the reference organic and the reactant. Synthetic air (80% Ny + 20%
05) or dry purified air (Doyle et al. 1977) were used as the diluent gas,
depending on the chamber used.

Irradiations were carried out in the SAPRC 5800-liter evacuable,
Teflon-coated environmental chamber, with irradiation being provided by a
24 KW Xenon arc (Winer et al. 1980), or in ~6400-liter and ~2500-liter
all-Teflon chambers with blacklight irradiation. The 5800-liter evacuable
and ~6400-liter all-Teflon chambers are shown schematically in Figures
III-1 and III-2, respectively. The organic reactants were quantitatively
monitored by gas chromatography and/or by long pathlength Fourier
transform (FT-IR) absorption spectroscopy prior to and during the
irradiations.
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In these reactant mixtures, the OH radicals react with both the refe-—

rence organic and the reactant organic.
OH + organic » products (1)
OH + reference organic » products (2)

For organics which do not photolyze or react to any significant extent
with other reactive species, the following expression can be derived

(Atkinson et al. 1982a):

[organic]t [reference organic]t
ol _ 1 o

[organic]t Tk, [reference organic]

(I1I)
t

where [organic]t and [reference organic]t are the concentrations of the
o o
reactant and the reference organic, respectively, at time ty> {organic]

t
and [reference organic]t are the corresponding coucentrations at time ¢,
and k; and k) are the rate constants for reactions (1) and (2), respec-
tively. Hence, plots of ln([organic]to/[organic]t) against 1n({reference
organic]to/[reference organic]t) should have a slope of kl/kz and zero
intercept.

For organics which can also photolyze, a more complex expression is
derived,

{organlc]t K [reference organlc]t

0 1 o

—— —_—_— = + —
(t-t ) In [organic] k3 k, (-t ) 1n [reference organic] (1v)
o} t 2 o t
where k3 is the rate constant for photolysis of the reactant organic:
reactant + hy > products (3)

In this case, a plot of the left hand side of this equation againast
(t:«-t:o)-1 In([reference organic], /[reference organic].) yields a straight

o)
line of slope k1/k2 and intercept kg In either case, knowing the rate
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constant k2 for the reference organic, the rate constant, kl, of interest
can be derived.

2. Determination of Rate Constants for Reaction of 04 with Organics

Ozone reaction rate coanstants were determined at room temperature
using the experimental technique developed and widely tested at SAPRC
under U. S. Environmental Protection Agency funding (Atkinson et al.

1982b). This technique is based upon monitoring the increased rates of 0O

~decay in the presence of known concentrations of a reactive organic.

Under these conditions, the reactions removing O are:

O3 + wall > loss of O3 (4)
O3 + organic » products (5)

and, hence,
—d[03]/dt = (k4 + ks[organic])[03] )

Under the experimental conditions employed in this program, the
reactant concentrations were always greatly in excess of the initial 04
concentrations (i.e., [organic]/03]initial 2 10). Hence, equation (V) may
be rearranged to yield

-dln[03]/dt =k, + kS[organic] (V1)

4
From the ozone decay rates, —dln[03]/dt, at various organic coucentrations
and with a knowledge of the background 05 decay rate, k,, the rate
constants k5 were obtained.

Experiments were carried out in ~175-liter FEP Teflon reaction bags
which were initially divided into two subchambers by metal barriers.
Ozone, at concentrations so as to obtain ~1 ppm (2.4 x 1013 molecule cm—3)
in the entire reaction bag, was injected in pure air diluent into one
subchamber. A known amount of the organic in pure air diluent was
injected into the other subchamber. The reactions were initiated by
removing the barriers and rapidly mixing the contents of the reaction bag
by pushing down on alternative sides of the bag for ~l min. After mixing

of the reactants, ozone concentrations were monitored as a function of
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time by a chemiluminescence analyzer and the organic concentrations in the
entire bag were quantitatively analyzed by gas chromatography with flame
ionization detection.

3. Determination of NO, Radical Reaction Rate Constants for Organics

The relative rate technique used and described by Atkinson et al.
(1984a,b) was employed to determine room temperature N03 radical reaction
rate constants. In this technique, the relative decay rates of the
reactant organic and a reference organic, whose NO3 radical rate constant
is reliably known, were monitored in the presence of NO3 radicals. The

latter were generated by the thermal decomposition of N205.

M
N205 b NO3 + NO2 (6)
NO3 + organic » products (7)
NO3 + reference organic -~ products (8)

Under these conditions, the equation

[organic]t K [reference or'ganic]t
0 o1 0
In [or‘ganic]t h Dt h k8 1n [reference organic]t - Dt (VID)

holds, where [organic]tO and [reference organic]to are the concentrations
of the reactant organic and reference organic, respectively, at time Lo
[organic]t and [reference organic]t are the corresponding concentrations
at time t, Dy 1s any amount of dilutien at time t caused by the additions
of N2O5 to the chamber and k7 and kg are the rate constants for reactions
(7) and (8), respectively. Hence plots of [ln{[organic]to/[organic]t}—Dt]
against [ln{[reference organic]to/[reference organic].}-Dy] should yield
straight line plots of slope k7/k8 and zero intercept.

These experiments were carried out either in the 5800-liter evacuable
Teflon-coated chamber, with analyses being carried out by gas chromato-
graphy and/or FT-IR spectroscopy, or in the ~6400-liter all-Teflon chamber

with analyses by gas chromatography. The amounts of dilution, D¢, were
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zero for the experiments involving FT-IR analyses, and ~0.003 per addition
of N205 for the experiments with GC analyses.

4. Determination of the N,O- Reaction Rate Constant for Naphthalene

We have shown previously (Pitts et al. 1985) that the gaseous PAH
react with N205’ and not with the NO3 radical, under the experimental
conditions encountered in environmental chambers. OQOur previous work only
determined an approximate N205 reaction rate constant for naphthalene from
a computer fit of a single reaction of N205 with naphthalene. In the
present study, the rate constant for the reaction of N205 with naphthalene
was determined by monitoring the enhanced decay rate of N205 in the
presence of known concentrations of naphthalene. In the absence of

secondary reactions, the reactions removing N205 are:

wall
N,05 —~ loss of N,0g (9)
N,O5 + naphthalene » products (10)

Under these conditions, and assuming exponential decays of NZOS’ then
-d 1n [N2O5]/dt = k9 + k10[naphthalene] (VIII)

Hence a plot of the N205 decay rate against the naphthalene concentration
should be a straight line with a slope of k.,.

Experiments were carried out in the 5800-liter evacuable, Teflon-
coated, environmental chamber equipped with an in situ multiple reflection
optical system interfaced to an FT-IR absorption spectrometer (Winer et
al. 1980). Naphthalene was introduced into the chamber by flowing N,
(>99.998% stated purity) at a measured flow rate through a Pyrex tube
filled with crystalline naphthalene, and was monitored by FT-IR absorption

! with a spectral resolution of 1 cm'1 and a

spectroscopy at 785 cm”
pathlength of 62.9 m. The infrared absorption coefficient was determined
by adding incremental amounts of naphthalene to the chamber, with the
Pyrex tube containing the naphthalene being weighed before and after each
addition of naphthalene.

Known pressures of N205 in calibrated Pyrex bulbs were introduced

into the chamber by flushing the contents of the bulbs with a stream of
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N,, with simultaneous rapid mixing by a fan rated at 300 liter s7L. N,0g
was monitored at 1246.3 c:m_l and its concentrations were determined using
the absorption coefficient of Graham and Johnston (1978). N205 decay
rates were obtained in the presence and absence of naphthalene, with
synthetic air (80% N, + 20% O0,) being used as the diluent gas. The
initial reactant concentrations in the experiments where naphthalene was
present were: naphthalene, (l.1-15) x 1013 molecule cm_3; and Ny0g, (l.4-

6.1) x 1013 molecule cm—3. NOZ’ at concentrations of up to 2.4 x lO14

molecule cm‘3, was added to the majority of the experiments to minimize
the concentrations of N03 radicals formed from the thermal decomposition
of NyOg and to scavenge any radical species formed in these reactious.

5. Investigation of Products of OH Radical Reactions with Organics

The reaction products and mechanisms of OH radical-initiated
reactions with organics were studied in the 5800-liter evacuable
chamber. In order to enhance the reactivity of the systems being studied,
OH radical concentrations of 2107 cm—3 were generated by the photolysis at
2290 nm of part-per-million concentrations of CH3ONO (see above). For the
studies involving the chlorine-containing compounds, ethane was generally
added to the reactant mixtures to scavenge any Cl atoms formed from the OH

radical reactions. Additional relevant details of these experiments are

given in the sections dealing with the individual compounds studied.
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IV. EXPERIMENTAL RESULTS AND DISCUSSION

The experimental studies carried out and the data obtained are
detailed below for the individual compounds investigated. The chemical
compounds studied are dealt with either individually or grouped into

series with analogous chemical structures.

A. Ethylene Oxide <FH2———CH%>
No”

The available literature data show that the dominant chemical removal
pathway for ethylene oxide from the troposphere is by reaction with the OH
radical (Atkinson 1986). However, this atmospheric loss process is slow,
with a calculated tropospheric lifetime due to OH radical reaction of
approximately one year or longer, and hence wet and/or dry deposition
could be important atmospheric removal routes.

At the request of the ARB staff, a series of experiments were carried
out in the 5800-liter evacuable, Teflon-coated chamber to determine the
loss rates of ethylene oxide as a function of the water vapor concentra-
tion. As noted in Section III, this chémber is equipped with an in situ
White—-type multiple reflection optical system interfaced to an FT-IR
absorption spectrometer. Ethylene oxide and water concentrations were
monitored during these experiments by FT-IR absorption spectroscopy, using
a pathlength of 62.9 m and a resolution of 1 cm'l. The water vapor con-—
centrations were determined using calibration curves generated by vapor-
izing known amounts of liquid water into the evacuable chamber (Atkinson
et al. 1986a). The initial ethylene oxide concentrations were approxi-
mately l.4 x 1014 molecule c:m-3 (6 ppm). All experiments were carried out
in the dark at room temperature (298 £ 2 X).

The experimental conditions and observed loss rates of ethylene oxide
are given in Table 1IV-1, Since the driest experiment exhibited the
largest loss rate, the data presented in Table IV-1 indicated that there
was no observable hydrolysis of ethylene oxide under our experimental
conditions (the small losses of ethylene oxide observed are atﬁributed to

removal at the chamber walls).
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Table IV-1. Experimental Conditions and Results for the Behavior of
Ethylene Oxide in the Presence of Water Vapor

EC Diluent Relative Observed Ethylene Loss R?te
Run # Gas Humidity (%) Oxide Loss (min™")
1192 N, <1 1.5% over 4 hrs <7 x 1072
1193 N, 49 <0.5% over 2 hrs 4 x 1072
1194 Air 49 4% over 29 hrs <3 x 1072

These data yield an upper limit loss rate for ethylene oxide at ~50%
relative humidity and room temperature of <3 x 1072 min~!. Use of this
upper limit yields a minimum atmospheric lifetime of ethylene oxide due to
hydrolysis of 23 days, with the likelihood of a much longer lifetime due
to this removal process.

These data concerning gas-phase hydrolysis and/or deposition of
ethylene oxide at the chamber walls are consistent with the washout ratios
measured by Terry Dana et al. (1985), which range from 4 at 278 K to 11 at
303 K. Thus, the wet removal of gaseous chemicals arises from equilibrium
partitioning between rain and the gas phase, with the washout ratioc W

W=2C

/C = RT/H

rain’ vair

defining the scavenging efficiency of gas-phase species, where C and

rain
Cair are the concentrations in rain and air, respectively, R 1is the gas
constant, T is temperature (K) and H is the Henry's law constant at that
temperature. Since the washout ratios, W, for highly soluble, and hence
readily wet deposited, species such as the phencls and particles are ~104¢
106, it 1s clear that ethylene oxide is not a species which is readily wet

deposited.

B. Vinyl Chloride, 1,1-Dichloroethene, c¢is- and trans-1,2-Dichloro-
ethene, Trichloroethene and Tetrachloroethene

The chloroethenes are widely used toxic organic chemicals. Vinyl
chloride and 1,1-dichloroethene are used as intermediates in the manufac-

ture of polymers, while the other chloroethenes are used as commercial
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solvents. Because of their high volatilities these compounds are also
emitted in large quantities from waste chemical dumps and landfills. For
example, the amounts of tri- and tetrachloroethene released into the
atmosphere from all sources in the U. S. are estimated to be ~2.5 x 105
and 1 x 105 metric tons per year, respectively (Gilbert et al. 1980,
Thomas et al. 1981). In the California South Coast Air Basin alone,
emissions of vinyl chloride, trichloroethene and tetrachloroethene are
reported to be 2, 800 and 1.4 x 104 tons per year, respectively (SCAQMD
1983).

The chloroethenes do not absorb radiation at wavelengths <300 nm to
any significant extent, and they react very slowly with O5 in the gas
phase {(Atkinson and Carter 1984). Absolute rate constants have been
determined for the reaction of OH radicals with vinyl chloride and tri-
and tetrachloroethene (Atkinson 1986), and recently a room temperature
rate constant has been measured for 1,l-dichloroethene using a relative
rate technique (Edney et al. 1986a). However, this latter measurement may
have been complicated by secondary reactions involving Cl atoms, and no
data are presently available for cis- and trans-l,2-dichloroethene. Addi-
tionally, rate coanstants for the gas—-phase reactions of the chloroethenes
with the NOj radical have not been determined.

In the present investigation, kinetic data were obtained for the
reactions of the OH radical with l,l-dichloroethene and cis- and trans-
l,2-dichloroethene and for the NO3 radical with the entire series of
chloroethenes. For the OH radical reactions, a relative rate technique
was used under conditions where amy Cl atoms generated in the OH radical
reactions were scavenged. In addition, the products formed from the reac-
tions of OH radicals with the entire series of chloroethenes were
investigated by long pathlength FT-IR absorption spectroscopy.

l. Kinetics of NO, Radical Reactions

Experimental. The relative rate technique described in Section

III above was used to determine N03 radical reaction rate counstants. This

technique involved monitoring the relative decay rates of the chloro-

ethenes and ethene, the reference organic, in the presence of NOj3

radicals. Under these conditions,

[chloroethene] [ethene]
t t
o 11 o

1n fchloroethene]t T Y k

[ethene]t - Dt (IX)
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where [chloroethene]to and [ethene]to are the concentrations of the
chloroethene and ethene, respectively, at time t, [chlorcethene], and
[ethene]t are the corresponding concentrations at time t, Dt is the dilu-
tion at time t caused by successive additions of N2O5 to the reactant
mixture (0.0082 per N,Og addition for the experiments carried out in the
2500~liter all-Teflon chamber), and ky4 and k4, are the rate constants for

reactions (11) and (12), respectively.

NO3 + chloroethene -+ products (11)

NO3 + ethene - products (12)
Hence plots of {ln([chloroethene}to/[chloroethene]t)—Dt} against
{ln([ethene]tol[ethene]t)-Dt} should yield straight lines of slope kj4/kq5
and zero intercept.

All rate constant determinations were carried out at 298 * 2 K and
atmospheric pressure (735-740 torr) in either a ~2500-liter all-Teflon
chamber, with dry purified air as the diluent gas, or in the 5800-liter
Teflon-coated evacuable chamber with synthetic air (80% Ny + 20% 02) as
the diluent gas. In these experiments, the initial concentrations of the
organic reactants and ethene were (2-30) x 1013 molecule cm“3, and one or
two injections of N205 [yielding initial concentrations in the chamber of
(2-4) x 1014 molecule cm™3 per addition] were made to the chamber during
an experiment. Ethane was also added, at concentrations of up to 1.2 x
1015 molecule cm“3, to scavenge any Cl atoms produced from the reactions
of the chloroethenes with NO3 radicals.

Ethene and the chloroethenes were quantitatively monitored during
these experiments by gas chromatography with flame ionization detection
(GC-FID). Ethene was analyzed using a 5 ft. x 0.125 in. stainless steel
(SS) column packed with Porapak N (80/100 mesh), operated at 333 X, while
the chloroethenes were analyzed on a 10 ft. x 0.125 in. SS column of 10%
Carbowax 600 on C-22 Firebrick, operated at 348 XK. Known pressures of
NZOS (as measured by an MKS Baratron capacitance manometer) in Pyrex bulbs
were flushed into the chambers for 2 min by a § liter min~! flow of Ns,

with simultaneous rapid stirring by the chamber fans.
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Results. The addition of ethane, in concentrations sufficient to
intercept the majority of any Cl atoms produced from the reactions of N03
radicals with the chloroethenes, had no effect on the rate constant ratios
obtained, within the experimental errors. Typical plots of equation (IX)
are shown in Figures IV-l and IV-2, and the rate constant ratios kll/klz
determined from the slopes of such plots by least-squares analyses are
given in Table IV-2.

The data obtained are in good accord with equation (IX), although a
significant amount of scatter was observed for the experiments involving
l,1-dichloroethene, probably due to the relatively large difference (a
factor of ~6) in the amounts of 1l,l-dichloroethene and ethene consumed
during these experiments. The absence of any observable effects upon the
addition of ethane to the reactant mixtures to scavenge any Cl atoms
present in the experiments involving the chloroethenes suggests that Cl
atoms are not formed in any significant yield from these NO3 radical
reactions since the Cl atom reactions with the chloroethenes and ethene
have relative rate constants significantly different from the NO5 radical
reactions (see below).

The rate constant ratios kll/k12 given in Table IV-2 can be placed on
an absolute basis using a rate constant at 298 K of klz(ethene) = (2.3 %
0.4) x 10710 ¢n3 molecule™! s-l, derived from the absolute rate constant
for trans-2-butene (Ravishankara and Mauldin 1985) and our very recent
relative rate data (Atkinson et al. 1987). The rate constants kll SO
obtained are also given in Table IV-2.

2. Kinetics of Cl Atom Reactions

Experimental. The relative rate technique employed has been

described previously (Atkinson and Aschmann 1985), and was based upon
monitoring the relative disappearance rates of the chloroethenes and
ethene, whose Cl atom reaction rate constant is reliably known.

Cl atoms were generated by the photolysis of Cl, in air at wave-
lengths 2290 nm

Cl2 + hy » 2 Cl
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Plots of equation (IX) for the reaction of N03 radicals with
vinyl chloride and trans-1,2-dichloroethene, with ethene as
the reference organic.
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Figure IV-2. Plots of equation (IX) for reactions of NO, radicals with
trichloroethene and cis-l,2-dichloroethene, with ethene as

the reference organic.
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Table IV-2. Rate Constant Ratios kll/klz and Rate Constants kll for the
Gas—-Phase Reactions of the NO3 Radical with the Chloroethenes
at 298 £+ 2 K

16 a,b
10 X kll

Organic kll/klza (cm3 molecule ™} s_l)
Vinyl Chloride 2.08 £ 0.09 4.8 £ 0.9
1,1-Dichloroethene 6.0 £ 0.7 14 £ 3
cis~1,2-Dichloroethene 0.68 £ 0.06 1.6 £ 0.4
trans-1,2-Dichloroethene 0.52 £ 0.05 1.2 £ 0.3
Trichloroethene 1.37 £ 0.08 3.2 £ 0.6
Tetrachloroethene <0.25 0.7

4Indicated error limits are two least—-squares standard deviatioas.
Placed on an absgi%te gasis by ui%ng_? rate coastant of klz(ethene) =
(2.3 £ 0.4) x 10 cm”® molecule s (Ravishankara and Mauldin 1985,
Atkinson et al. 1987).

and the reactions removing the organics were
Cl + chloroethene » products (13)
Cl + ethene s products (14)
Under the experimental conditions employed, then

[chloroethene]t { [ethene]

o) _ 13 0
[chloroethene]t Tk In [ethene] (X)

1n

where [chloroethene]t and [ethene]t are the concentrations of the
o o
chloroethene and ethene, respectively, at time Lo [chloroethene]t and

[ethene]t are the corresponding concentrations at time t, and ky5 and k),

are the rate constants for reactions (13) and {(l4), respectively. Hence

plots of 1n([chloroethene]_ /[chloroethene] ) against 1n([ethene]  /[eth-
)

o
ene]t) should yield straight lines of slope kl3/k14 and zero intercept.
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Irradiations were carried out in a ~60 liter cylindrical all-Teflon
reaction bag surrounded by 24 GE F15T8-BL 15 watt blacklights. In this
work eight of these blacklights were used, corresponding to a photolytic
half-life of Cl, of ~20 mins. Prior to irradiation, the reaction bag/lamp
assembly was kept in the dark to avoid any photolysis of the reactants.
The approximate initial concentrations of the reactant mixtures were:
C12, 7 % 1013 molecule cm'3; and the chloroethenes, ethane and ethene, 2.4
X 1013 molecule em™3 each. Ultrazero air (Liquid Carbonic, <1 ppm hydro-
carbons) was used as the diluent gas.

The organics were quantitatively analyzed during the experiments by
gas chromatography with flame ionization detection. Ethane and ethene
were analyzed using a 5 ft. x 0.125 in. stainless steel (SS) column with
Porapak N (80/100 mesh), operated at 333 K; vinyl chloride using a 20 ft.
x 0.125 in. SS column of 5% DC703/C2CM on 100/120 mesh AW, DMCS Chromosorb
G, operated at 333 K; and the di-, tri- and tetrachloroethenes using a 10
ft. x 0.125 in. SS column with 10% Carbowax (600 on C-22 Firebrick,
operated at 348 K.

All rate constant determinations were carried out at 298 * 2 K and
atmospheric pressure (~735 torr).

Results. 1In order to avoid interferences in the gas chromatographic
analyses, five sets of organics (ethene and tetrachloroethene; ethene,
1,1-dichloroethene and trichloroethene; ethene, ethane and vinyl chloride;
ethene and cis-1,2-dichloroethene; and ethene and trans-1,2-dichloro-
ethene) were employed. For each set of organiecs, two separate irradia-
tions were carried out, with differing irradiation times (6-16 min) in
order tc vary the extent of reaction. The data obtained from these
irradiations are plotted in accordance with equation (X) in Figures IV-3
and IV-4, and the rate constant ratics obtained from the slopes of these
plots by least-squares analyses are given in Table IV-3. In all cases the
least-squares intercepts of these plots were within two standard devia-
tions of zero. The rate constant ratio of k13(ethane)/k1u = 0.582 £ 0.007
determined in this study is in excellent agreement with that of 0.601 %
0.022 derived from our previous measurements of the rate constant ratios
k(ethane)/k(n-butane) and k(ethene)/k(n-butane) (Atkinson and Aschmann
1985).
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Figure IV-3. Plots of equation (X) for the reactiom of Cl atoms with
vinyl chloride, trans—-1,2-dichlorcethene, trichloroethene
and tetrachloroethene, with ethene as the reference organic.
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ethene as the reference organic.
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Table IV-3. Rate Constant Ratios kl3/k14 and Rate Constants kl for the
Gas—Phase Reactions of Cl Atoms with Ethane and the Chloro-
ethenes at 298 + 2 K and ~735 Torr Total Pressure of Air

11
Organic kl3/k14a (cm3 molecule™! S-l)a,b

CH2=CHC1 1.20 £ 0.01 12.7 £ 0.2

¢cis—-CHC1=CHC1 0.910 £ 0.009 9.65 + 0.10
trans—CHC1l=CHC1 0.904 + 0.016 9.58 + 0.18
CHCl=CC12 0.762 + 0.009 8.08 £ 0.10
CC12=CC12 0.390 + 0.021 4.13 + 0.23
C2H6 0.582 + 0.007 6.17 £ 0.08

3Indicated error limits are two least—-squares standard deviations.
Placed on an absolute basis by use of a rate constantofor3the reacti?n
oE Cl atoms with ethene of k14 = (1.06 £ 0.03) x 10_l cm” molecule”
s ~, at room temperature and atmospheric pressure (Atkinson and Aschmann
1985) which in turn is based on a room temperatgfs rage constant EoE the
reaction of Cl atoms with n-butane of 1.97 x 10 cm” molecule s .

For the irradiations involving cis-1,2-dichloroethene, the formation
of trams-l,2-dichloroethene was observed, and similarly cis-1,2-dichloro-
ethene was formed from the Cl atom reaction with trans—-1l,2-dichloroethene.
The formation yields of these geometric isomers during these reactions
were determined using the kinetic data given in Table IV-3 to account for
the reactions of these products with Cl atoms [as described previously
(Atkinson et al. 1982c¢)]. Plots of the amcurnts of the geometric isomer
formed, corrected for reaction with Cl atoms, against the amounts of cis-
or tramns-l,2-dichlorcethene consumed during these Cly-1,2-dichloroethene-
ethene—-air irradiations are shown in Figure IV-5. The geometric isomer

product yields determined from least-squares analyses of these data were
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see text) against the amounts of trans— or cis-1,2-dichloro-
ethene, respectively, consumed in Clz—l,Z—dichloroethene—
ethene—air irradiatioms.
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0.199 + 0.01l for formation of cis-l,2-dichloroethene from trans-1,2-
dichloroethene, and 0.087 £ 0.003 for formation of tramns-l,2-dichloro-
ethene from cis-l,2-dichloroethene, where the indicated error limits are
the two least—-squares standard deviatiouns of the slopes of the plots shown
in Figure IV-5.

The measured vrate constant ratios k13/kl4 can be placed on an
absolute basis using a rate constant for the reaction of Cl atoms with
ethene at room temperature and ~735 torr total pressure of air of k;, =
(1.06 £ 0.03) x 10710 ¢p3 molecule ! 7! (Atkinson and Aschmann 1985).
This rate counstant kl4 was determined relative to that for the reaction of
Cl atoms with n-butane of 1.97 x 10710 cm? molecule™ s~l, which was
obtained from a least-squares fit of our relative rate data for ethane,
propane, n-butane and 2-methylpropane (Atkinson and Aschmann 1985) to the
literature room temperature absolute rate constants {(Davis et al. 1970,
Manning and Kurylo 1977, Ray et al. 1980, Lewis et al. 1980). The rate
constants k;3 so derived are also given in Table Iv-3.

At room temperature and atmospheric pressure of air the Cl atom reac-
tions with the chloroethenes are in the fall-off regime between second-
and third-order kinetics. Thus, the rate constants k;;3 given in Table IV-
3 for the chloroethenes are applicable only to the temperature and
pressure (and third-body) conditions under which they were measured.

While the reactions of Cl atoms with the chloroethenes are fairly
close to the limiting high pressure limits at 735 torr total pressure of
air, the observed formation of cis-l,2-dichloroethene from trams-1,2-
dichloroethene, and vice-versa for the cis-isomer, shows that for the 1,2-
dichloroethenes the Cl atom reactions are not at the high—pressure limit
at atmospheric pressure. ~Furthermore, the fraction, x, of cis-l,2-

dichloroethene formed from the energy-rich CHClzéHC1 radical

Cl + cis-CHC1=CHC1

™~

Cl + trans—CHC1=CHCl

N *
[CHC1,CHC1]

2
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+» Cl + cis-CHC1=CHCl1

. %
[cHCL ,CHCL] ™ —]
ln« | 1"X 1 + trans—-CHC1=CHC1
CHCL,CHC1

of 0.70 £ 0.05 [assuming, consistent with previous experimental data (Knox

and Riddick 1966) that the [CHClzéHC1] radicals formed from cis and trans-

1,2-dichloroethene decompose with virtually identical ratios of x/(l-x)]
is in good agreement with the previous values of 0.78 (Knox and Riddick
1966) and ~0.60-0.65 (Ayscough et al. 1966).

These kinetiec data for the Cl atom reactions aid in the elucidation
of the kinetics and products of the corresponding OH radical reactions.

3. Kinetics of the OH Radical Reactions with the Dichloroethenes

Experimental. The experimental techniques used were similar to

those described in Section III above. Rate constants were determined
using the relative rate technique in which the decay rates of the
dichloroethenes were monitored relative to that of dimethyl ether, in the
presence of OH radicals. Hydroxyl radicals were generated by the

photolysis of methyl nitrite in air at wavelengths 2300 nm.
CH40NO + hy » CH30 + NO
CH3O + 0, » HCHO + HO,
HO, + NO » OH + NO,

To minimize the formation of ozone during these irradiatioms, NO was also
included in the reaction mixtures. 1In order to investigate the effect of
Cl atoms which might have been produced during the reactions of the OH
radical with the chloroethenes, separate irradiation experiments were
conducted in which ethane was added to the reactant mixtures in concentra-
tions sufficient to scavenge any Cl atoms generated. The initial reactant

concentrations (in molecule cm™3

units) were: CH40NO, 2.4 x 1014; NO,
(1.2-2.4) x 10'%; the chloroethenes and CH40CH;, (7-25) x 10'3 each; and

ethane (when added), (7-15) x 1014.
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Providing that reaction with the OH radical was the sole loss process

for CHBOCH3 and the chloroethenes, then:

[chloroethene]t [CH3OCH3]t

o
1n = 1n ) —————— (X1)
[chloroethenelt k16 [CH3OCH3]t

where [chloroethene]t and [CH3OCH3]t are the councentrations of the
o o

chloroethene and CH3OCH3, respectively, at time tyr [c‘nloroethene]t and

[CH40CH4], are the corresponding concentrations at time t, and k)5 and kg

are the rate constants for reactions (15) and (16), respectively.

OH + chloroethene » products (15)
OH + CHBOCH3 > products (16)
Hence, plots of ln({chloroethene]t /[chloroethene}t) against
o)

ln([CH30CH3]tO/[CH30CH3]t) should yield straight lines with slopes of
le/kl6 and zero intercepts.

Results. The disappearance rates of CH30CH3, 1,1-dichloroethene,
cis-l,2-dichloroethene, and trans-l,2-dichloroethene were monitored by
FT-IR absorption spectroscopy during the irradiation of CH3ONO—NO~chloro~
ethene—CH3OCH3—air and CH3ONO-NO—chloroethene—CH3OCH3—ethane—air mixtures,
with reaction times of ~3Q—6O minutes. The data obtained are plotted in
accordance with equation (XI) in Figures IV-6 through IV-8, and it can be
seen from these figures that the experimental data obtained in both the
presence and absence of ethane yielded good straight lines. The slopes of
these plots determined by least—-squares analyses of the data are given in
Table IV-4.

Our kinetic data for the reactions of the Cl atom with the chloro—
ethenes and ethane (see above), together with literature data for the rate
constant of ClL atom reaction with CH3OCH3 (Michael et al. 1979), show that
at room temperature and 740 torr total pressure of air the ClL atom
reaction rate constants for the chloroethenes, ethane and dimethyl ether

3 1 -1

are all in the range (4-18) x 10—11 cm® molecule - s *. Consequently,

both ethane and, especially, CH;0CH; are good scavengers of Cl atoms in
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Plots of equation (XI) for cis-1,2-dichloroethene in the
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for_clarity) and in the presence of 7 x 107 molecule
em™3 of ethane (0).
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Plots of equation (XI) for trans-1,2-dichloroethene in
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Table IV-4. Slopes of the Plots of Equatioun (XI) Obtained at 298 £ 2 K
and Atmospheric Pressure from Irradiated CH3ON0—NO—Chloro—
ethene—CH3OCH3—Air Mixtures in the Absence and Presence of

CoHg
Slope® 1012 x ks
Chloroethene without CoHg with CoHg (cm3 molecule—ls-l)a’b
(=kys/kyg)
CH2=CC12 2.37 £ 0.07 2.72 + 0.08° 8.11 + 0.24
cis—CHC1=CHC1l 0.872 + 0.028 0.799 + 0.045 2.38 + 0.14
trans—CHC1=CHC1 0.559 + 0.020 0.605 £ 0.010 1.80 + 0.03

3Error limits are two least-squares standard deviatioms.
Derivedlgrom the rate_gonstant ratios kl /kl6 obtained in the presence of
27 x 1077 molecule cm ~ of CoHeg by use og a rate constaEE for3the -1
rg?ction of OH radicals with CH3OCH3 of kl6 = 2.98 x 10 cm” molecule
s (Atkinson 1986).
CCombhined value from irradiations with 7 x 1014 and 1.5 x 10lS molecule
cm ~ of added C,H;; individual rate counstant ratios of 2.69 + 0.08 and
2.80 £ 0.12, respectively, being determined.

these reaction mixtures. While, in absolute terms, the data presented in
Table IV-4 show that the slopes of the plots of equation (XI) measured in
the presence and absence of ethame are surprisingly similar (being within
~ £157%, with the largest effect being observed for 1,l-dichloroethene),
the precision of the experimental data, and the product distributions
obtained (see below), show unequivocally that in the absence of ethane
other reaction processes occur, leading to secondary consumption of the
chloroethenes and CH3OCH3.

The slopes of the plots of equation (X1), obtained in the presence of
sufficient ethane to suppress secondary reactions of Cl atoms, then allow
the rate constant ratios le/kl6 to be determined for the elementary
reactions of the OH radical with the chleroethenes {(Table 1IV-4). From
these values of le/kl6’ the rate counstants le given in Table IV-4 were
obtained using a rate constant for the reaction of the OH radical with

CH30CH3 of k¢ = 2.98 x 10712 cm® molecule™ s7! at 298 K (Ackinson 1986).
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Based upon the literature data for vinyl chloride, trichloroethene
and tetrachlorcethene (Atkinson 1986), the OH radical reactions with
1,1-dichloroethene and c¢is and trans-1,2-dichloroethene will be at the
high pressure second-order limit at 740 torr total pressure of air. As
noted above, there have been no previous reports of rate constants for the
reactions of OH radicals with ¢is- and trans-1,2-dichloroethene. The
present rate constant for the reaction of OH radicals with 1,1-dichloro-
ethene of (8.11 = 0.24) x 1072 cm3 molecule™! s~ at 298 *+ 2 K is a
factor of ~2 lower than that of (1.49 % 0.21) x 107! cm3 molecule™' s~
reported by Edney et al. (1986a). Edney et al. (1986a) attempted to
circumvent problems associated with secondary reactions of the Cl atoms
produced in the OH radical reactions of 1,1-dichloroethene and trichloro-
ethene by working at sufficiently high reference organic/chloroethene
concentration ratios that the Cl atoms were expected to react almost
totally with the reference organic. However, it is possible that the
method used by Edney et al. (1986a) did not allow complications from Cl
atom reactions to be completely avoided and hence relative rate constants
for the OH radical reactions to be correctly determined.

The kinetic data determined here for the reactions of the chloro-
ethenes with NO3 and OH radicals, together with the literature data for
the O3 reaction rate constants (Atkinson and Carter 1984), allow the
atmospheric lifetimes and dominant atmospheric removal pathways to be
assessed. Using ambient atmospheric concentrations appropriate to the
cleaner, nonurban, areas of the troposphere of 03 of T x 10H molecule
cm™3 (30 ppb) (Singh et al. 1978, Oltmanns 1981) throughout a 24-hr
period, of OH radiecals of 1 x 106 molecule cm™3 during a 12-hr daytime
period (Crutzen 1982), and of NO3 radicals of 2.4 x 108 molecule cm™3 (10
parts-per-trillion) during a 12-hr nighttime period (Platt et al. 1984,
Atkinson et al. 1986b), the atmospheric lifetimes of the chloroethenes due
to these three reaction routes can be calculated. Table IV-5 gives the
room temperature rate constants for the N03 radical, OH radical and 03
reactions, and the calculated atmospheric lifetimes due to each of these
removal routes. This table shows that in the absence of high nighttime
levels of NO3 (i.e., NO3 radical concentrations 5109 molecule cm'3), the
dominant atmospheric removal process for all of the chloroethenes is by

reaction with the OH radical. The calculated lifetimes range from
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Table 1V-5. Room Temperature Rate Constants for the Gas-Phase Reactions of NO, and OH Radicals and O
with the Chloroethenes, and the Calculated Atmospheric Lifetimes Due to These Reactions

Atmospheric Lifetime

Rate Constant gcm3 molecule” s'1) Due to Reaction with®
Organic NO, OH 05" NOg OH 05
Vinyl Chloride 4.8 x 1071 6.6 x 10°12° 2.5 x 1019 200 day 3.5 day 66 day
1,1-Dichloroethene 1.4 x 107" 8.1 x 10" 1% 3.7 x 102! 69 day 2.9 day 12 yr
cis-1,2-Dichloroethene 1.6 x 10710 2.4 x 10712 5 x 102" 1.7 yr 9.6 day 59 yr
trans-1,2-Dichloroethene 1.2 x 10°1© 1.8 x 10712 1.5 x 10719 2.2 yr 13 day 110 day
Trichloroethene 3.2%x 10716 2.4 % 10712° 3% 1072% 300 day 9.6 day 1.5 yr
Tetrachloroethene <7 x 10717 1.7 x 10‘130 2 x 10723 3.8 yr 140 day »>2 x 103 yr

, 24-hr average of 7 x 10" molecule gm'3; OH, 12-hr daytime average of
, 12-hr nighttime average of 2.4 x 10° molecule cm™>,
1984).

aFor cogcentrations of: O3
1 x 10~ molecule ecm™~; NO
bFrom Atkinson and Carter %

CFrom Atkinson (1986).



Ay

~3 days for vinyl chloride and 1,1-dichloroethene to ~6 months for tetra-
chloroethene.

4. Product Studies of the OH Radical Reactions

Experimental. For all of the chloroethenes, 1i.e., vinyl
chloride, 1,1-dichloroethene, cis- and trans-1,2-dichloroethene,

trichlorcethene and tetrachlcroethene, irradiations of CH3ONO-NO-chloro-
ethene-air mixtures, with and without ethane as an added Cl atom
scavenger, were carried out for product analyses. In the case of cis- and
trans-1,2-dichloroethene and 1,1-dichloroethene, product data were also
obtained from the CH3ONO-NO-dichloroethene-CH3OCH3-air and CH3ONO—NO-
dichloroethene-CH3OCH3—ethane-air irradiations which were used to obtain
kinetic data. Since HCHO was an expected product from the OH radical
reactions with vinyl chloride and 1,1-dichloroethene, and is formed from
the photooxidation of CH3ONO, ethyl nitrite was used as a source of OH

radicals for the reactions with these two chloroethenes:
CoHgONO + hv »~ CoHZ0 + NO
CZHSO + 05 > CH3CH0 + HO,
HO, + NO -~ OH + NO,

The kinetic and product studies were conducted in the 5800-liter evacuable
Teflon-coated environmental chamber, using FT-IR absorption spectroscopy
to monitor the reactants and products.

Results. The major products identified were formaldehyde (HCHO) and
formyl chloride (HC(Q)Cl) from vinyl chloride; HC(Q)Cl from cis- and
trans-1,2-dichloroethene; HCHO, phosgene (COC12) and chloroacetyl chloride
(CHyC1C(0)C1) from 1,1-dichloroethene; HC(O)Cl, COCl, and dichloroacetyl
chloride (CHC1,C(0)C1) from trichloroethene; and COCl, and trichloroacetyl
chloride (CCl3C(O)Cl) from tetrachloroethene. The calibrations for COCl,
and the chloroacetyl chlorides were made by recording spectra of authentic
samples. Reference calibration spectra of HC(0O)Cl were obtained from the
reaction of 03 with excess trans-1,2-dichloroethene, based on a 1:1
stoichiometric yield of HC(O)Cl during the early stages of the reaction
(Tuazon et al. 1984).
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Infrared spectra of the products formed in the reaction mixtures with
no added Cl atom scavengers are shown in Figures IV-9, IV-10 and IV-11l for
1,1-dichloroethene, trichloroethene and tetrachloroethene, respectively.
In the case of 1,l-dichloroethene, absorption bands at ~965 cm—1 and ~1802
(:m'-l (the latter not shown in Figure IV-9) were observed, distinct from
the absorptions of chloroacetyl chloride but clearly associated with the
-C(0)C1l moiety (Pouchert 1975). The observed linear increase in the
intensity of these bands with the amount of 1,l-dichloroethene consumed
suggests that this product, which increased in yield by ~50% in the
presence of ethane and ethane plus CH3OCH3, has a rate constant of <l x

10711 cp3 molecule™?

s-l for reaction with the OH radical. The increase
in yield in the presence of a Cl atom scavenger shows that this product is
formed from the OH radical reaction with 1,l-dichloroethene. Similarly, a
product absorption band at 1139 c:m—1 was observed in the irradiations
involving trichloroethene (Figure 1IV-10). In this case, the relative
product yield decreased with the extent of reaction, and increased
markedly, by a factor of ~5, in the presence of ethane. Again, this
unidentified product must be formed from the OH radical reaction.

Since the products formed in these irradiations could.react with OH
radicals, it was necessary to take this loss process into account in order
to determine the product yields, as we have described in detail previously
(Atkinson et al. 1982¢). While the OH radical reaction rate counstant for
HCHO is reliably known (Atkinson 1986), experimental data for the other
products are lacking. Hence, the rate couastants for the reactions of the
OH radical with these other products were estimated using the method of
Atkinson (1986, 1987). The rate constants used were (in units of 10”712
em® molecule™ s7l):  HCHO, 9.0; HC(0)CL, 6.1; CH,CLC(0)CL, 0.16;
CHClZC(O)Cl, 0.13; with COCl, and CC13C(O)C1 being unreactive towards the
OH radical. The correction factors to take into account the secondary
reactions of the products with the OH radical were always <2.4, and were
generally <l1.5.

Typical plots of the product yields determined from RONO-NO-chloro-
ethene—air irradiations in the presence of Cl atom scavengers, corrected
for losses via reaction with the OH radical, are presented in Figure IV-12
for vinyl chloride and Figure IV-13 for 1,l-dichloroethene. Good straight

line plots are observed, confirming that the corrections for secondary
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Figure IV-9.

A N

INITIAL Cl,C = CH,
(23.6)

REACTANTS, t=0

IRRADIATED MIXTURE, t=27min
~—Cl,C=CH, ——

(2X) (unknown)

1

650 750 850 QéO lOgO —IléO 1250
WAVENUMBERS (cm™!)

FT-IR absorption spectra obtained from a C,H5ONO-NO-1,1-
dichloroethene-air irrigiation; concggtrations in parenthe-
ses are in units of 10"~ molecule cm ~. (A) l,l-dichloro~
ethene; (B) initial mixture of 1,l-dichloroethene (23.6),
ethyl nitrite (24.0) and nitric oxide (24.0); (C) mixture
of products and reactants after 27 min of irradiation; (D)
derived from (C) to show only the products arising from the
reaction of 1l,l-dichloroethene with the OH radical (see
text for_ a discussion of the overlapped unknown band at
~965 cm~1).
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Figure IV-10.

INITIAL Cl,C=CHCI
(24.5)

e

REACTANTS, t=0

AV

Cl,C=CHCI
(14.9)
¥

IRRADIATED MIXTURE
t =12 min

C
HC(O) CI Cl2CO (2.6) i
(1.8) D Ci,HCCC (5.1)

% F (unknown)

700 800 960 IOéO l]éO !260
WAVENUMBERS {(cm™!)

FT-IR absorption spectra obtained from a CH30NO-NO—trichlo—
roethene-air ifgadiation; coggentrations in parentheses are
in units of 10°° molecule cm °. (A) trichloroethene; (8)
initial mixture of trichloroethene {(24.5), methyl nitrite
(24.0) and nitric oxide (12.0); (C) mixture of products and
reactants after 12 min of irradiatiom; (D) derived from ()
to show only the products arising from the reaction of
triihloroethene with the OH radical (the absorption at 1139
cm is due to an unknown product).
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Figure IV-11l.

INITIAL CI,C=CCl,
(23.2)

LN\

REACTANTS, t=0

- IRRADIATED MIXTURE

C

;—CIZCO ﬁ
(1.1 c1,cCel (0.91)

*

!

C%C=CC%(—23)

700 800 9(30 IO'OO | I(‘JO
WAVENUMBERS (cm™')

FT-IR absorption spectra obtained from a CH5ONO-NO-tetra-
chloroethene—-air ifgadiation; coggentrations in parentheses
are in units of 10"~ molecule cm °. (A) tetrachloroethene;
(B) initial mixture of tetrachloroethene (23.2), methyl
nitrite (24.0) and nitric oxide (12.0); (C) mixture of
products and reactants after 38 min of irradiation; (D)
derived from (C-B) to show only the consumption of tetra-
chloroethene and the formation of products from its OH
radical reaction.
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Figure IV-12.

~A [CH,=CHCI] molecule cm™3

Plots of the amounts of HCHO (®) and HC(0)Cl (0) formed
(corrected for loss by reaction with the OH radical, see
text) against the amount of vinyl chloride consumed in a
CZHSONO—NO—vinyl chloride—air irradiation in the presence

of 7 x 1014 molecule cm™> of ethane.
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107 x [PRODUCT] molecule cm™
()]

Figure IV-13.

-A[CH,=CCl,] molecule cm

Plot of the amounts of HCHO (@) and COCl, (0,8) formed
(those for HCHO corrected for loss by reaction with the OH
radical, see text) against the amount of 1,l-dichloroethene
consumed in C,H5ONO-NO-1, l—dichloroethene—air (0,0) and
CH3ON0-NO-1,l—dichloroethfze—CH OCH a1r () irradiations
in the presence of 7 x 10 molecule cm ° of ethane. The
solid line is derived from a least-squares analysis of all
of the data shown.
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reactions of the products were adequate. It can be seen that for both of
these chloroethenes the pair of products observed (HCHO and HC(Q)Cl from
vinyl chloride and HCHO and COCl, from 1,1-dichloroethene) were formed in
essentially equal yields.

The yields of the products formed in the RONO-NO-chloroethene-air
irradiations in the absence and presence of ethane and/or CHBOCH3 are
given in Table IV-6. The product yields in those irradiations in which Cl
atoms were not completely scavenged would not be expected to be constant
during the entire irradiation periods, and corrections to the product data
which assumed that OH radical reactions were the only loss process for the
products were probably incorrect, Nonlinear plots of the amount of
product formed against the amount of chloroethene consumed were observed
for certain irradiations (Table IV-6), but for the majority of the experi-
ments good straight line plots of the corrected product yields against the
amount of chloroethene consumed were obtained. While plots of the
CCl3C(O)Cl concentrations against the amounts of tetrachloroethene
consumed were curved, with the observed CC13C(O)C1 formation yield
appearing to decrease with reaction time, this effect could in part be due
to wall loss or photolysis of CC13C(O)C1, since C013C(O)Cl is not expected
to react with OH radicals (or Cl atoms). These particular irradiations
were also characterized by low conversions (~2-10%) of tetrachloroethene.

The data given in Table IV-6 show that the product yields depend on
the presence or absence of the Cl atom scavengers ethane and/or CH30CH3,
although the effect, if any, is very small for vinyl chloride. Further-
more, the observation of chloroacetyl chlorides, CHXC13_XC(O)C1, from the
reactions involving 1,1-dichloroethene, trichloroethene and tetrachloro-
ethene in the absence of Cl atom scavengers, and the decrease in the
yields of these chloroacetyl chlorides upon addition of ethane and/or
CH3OCH3 shows that these compounds are products of the Cl atom reactions
with the chloroethenes. Hence, as expected from the kinetic studies, the
product data obtained from the irradiations with added ethane and CH3OCH3
correspond most closely to the OH radical reaction data.

Based upon our present knowledge of the gas-phase reactions of OH
radicals with alkenes and haloalkenes (Atkinson 1986), these OH radical
reactions proceed via initial OH radical addition to the carbon-carbon

double bond, as shown in the following scheme for trichlorocethene.
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Table IV-6. Product Yields, Corrected for Reaction with the OH Radical, Determined from RONO~-NO-Chloroethene-Air Irradiatione in the Presence
and Absence of Cl1 Atom Scavengers

Presence of Yields (Corr)

CZHG CH30CH3 HCHO HC(0)Cl COCIZ CHZCIC(O)CI CHCIZC(O)CI CC13C(0)C1
CH2-CH01 X 0.96 + 0.03 0.83 = 0.03
CH,=CHC1 0.89 = 0.02 0.80 = 0.03
cis-CHC1=CHC1 X X 0.59 + 0.04
cis-CHC1=CHC1 X 0.67 £ 0.03
cis-CHC1=CHC1 1.68 & 0.128
trans—CHC1=CHC1 X X 0.72 £ 0.03
trans-CHC1=CHC1 X 0.88 = 0.03
trana-CHC1=CHC1 1.85 + 0.128
CH2=CClz X X b 0.69 = 0.03 c
CHy=CCl, X 0.76 = 0.03 0.73 £ 0.02 0.090 + 0.017

0.57 £ 0.05 0.52 + 0.03 0.32 £ 0.03

CH2=CC12

(continued)




TE-AT

Table IV-6 (continued) - 2

Presence of Yields (Corr)
C, M, CHyOCH, HCHO HC(0)CL cocl, CH,C1C(0)CL CHC1,C(0)C1 CC1,C(0)CL
a

cHE1=CCl, 0.40 + 0.05 0.29 + 0.03 0.50 + 0.05
CHCL=CC, x 0.067 % 0.010 0.40 + 0.06 0.19 £ 0,03
CHC1=CCL, 0.27 £ G.01 0.27 0.0l 0.51  0.02
CC1,=CCl, 0.47 + 0.02 0.39 £ 0.04 (~0.45)4
ccl,=ccl, 0.52 £ 0.03 0.41 £ 0.05 (~0.50)¢
cCly=CCl, 0.49 £ 0.05
cCl,=CCl, x 0.47 + 0.14 <0.15

8Non-1inear plote of product formed (corrected for losses via OH radical reaction) against chlorcethene consumed.
Not measured; HCHO was also a product of CH30N0 used as OH radical source in this experiment.
®Not detected.

Initial value.



OH

OH + CHC1=CCl, =+ HOCHClCCl2 and CHC1CCl

2 2

Under the experimental conditions employed in this study, the radicals
formed in the initial reaction step are expected to rapidly add 02 and

then react with NO:

?0. NO ?.
HOCHClCCl2 + 02 > HOCHClCCl2 —i» HOCHClCClZ
NO2
and
?H ?H NO ?H
CHClCCl2 + O2 > 'OOCHClCClZ —i» OCHClCCl2
NO2

The subsequent reactions of these hydroxyethoxy radicals have not
been elucidated at the present time, but the possible pathways involve

cleavage at the carbon-carbon bond, Cl atom elimination and, probably less

importantly, reaction with 0y:

0.
HOCHClCClz\
HOCHCL + COCL, HOCHC1C(0)CL + Cl
| >
+

H02 + HC(0)C1

and
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OH

e ]
ocHC1CCl,
)
HC(0)CL + HOCCL, HOCCI ,,CHO + C1
W
9,y
HOCC1,C(0)CL + HO,
HO, + COCL,

The subsequent reactions of the Cl atoms formed from the reaction of
OH with the chlorcethenes are expected to yield chloroacetyl chlorides,

for example

0 00.
i 2
Cl + CHCl—CCl2 > CHCIZCCl2 —> CHClZCCl2
NO——{—»NOZ
?.
CHClZCCl2 > CHClZC(O)Cl + Cl

Indeed, in the <cases where <chloroacetyl chlorides were observed as
products, their yields (Table 1IV-6) were markedly decreased in the
presence of ethane and/or dimethyl ether, which acted as Cl atom
scavengers.

As seen from Table IV-6, not all of the products predicted above for
trichloroethene, nor all of those predicted for the other chloroethenes
following the same general reaction scheme, were observed. The simpler
product distributions observed are indicative of the preferential
decomposition pathways of the chloroethoxy radicals formed subsequent to
OH radical and Cl1 atom additioms. These chloroethoxy radicals are
summarized for each chloroethene in Table IV-7 together with the predicted
mode of decomposition for each radical. [Since the 1least chlorinated
carbon is the most favored (by at least a factor of 10) site for Cl atom

addition to the unsymmetrical chloroethenes (Sanhueza et al. 1976), only
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Table IV-T.

Predicted Modes of Reaction

Ethoxy Radical Intermediates Formed from the Chloroethenes and their

Compound Reaction with OH Reaction with C12
?. ?.
CH,=CHC1 HOCHZCHCl C-C cleavage CH2C1CHC1 (+4) C-C cleavage
?H
OCHZCHCl C-C cleavage
?. ?.
CHC1=CHC1 HOCHC1CHC1 C-C cleavage CHC12CHC1 (+6) C-C cleavage
(cis or trans)
?. ?.
CH5=CCl, HOCH2CC12 Cl elimination CH2C1CC12 (-9.2) Cl elimination
?H
OCHZCCI2 C-C cleavage
?. ?.
CHC1=CCl, HOCHClCCl2 Cl elimination CHClchl2 (-3) Cl elimination
OH
OCHCl(!Cl2 C-C cleavage
?. ?.
CCl2=CCl2 HOCC12CCl C-C cleavage CCl3CCl2 (+3) C-C cleavage

and

Cl elimination

and

Cl elimination

aValu?s in parentheses are the bond energy differences [D(C-Cl)-D(C-C)], in kecal
mol™', from Sanhueza et al. (1976).
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the chloroethoxy radicals which result from this preferential Cl1 atom
addition are given in Table IV-7.]

In a review of the Cl-atom initiated oxidation of haloethenes,
Sanhueza et al. (1976) correlated the preferred decomposition modes of the
chloroethoxy radicals with the difference in the bond energies between the
C-Cl bond of the oxygen-bearing carbon atom and the C-C bond. It was
concluded that when the bond energy difference [D(C-CLl)-D(C-C)] is 26 kcal
molml, the c¢hloroethoxy radical reacts through C-C bond scission; when
[D(C-C1)-D(C-C)] is < =3 kcal moldl, almost all of the decomposition
proceeds through Cl atom elimination (Sanhueza et al. 1976). The bond
energy differences calculated by Sanhueza et al. (1976) are included in
Table IV-7 for the respective chloroethoxy radicals.

It is expected that the values of [D(C-Cl)-D(C-C)] for the hydroxy-—
ethoxy radicals formed subsequent to the OH reactions will be similar to
those in which a Cl atom instead of a hydroxyl group is attached to the g-
carbon, since mesomeric effects are not operative and the inductive
effects of a Cl atom and the hydroxyl oxygen atom are quite similar.
Thus, the mode of decomposition, either C-C cleavage or Cl elimination, is
expected to be similar for corresponding ethoxy radicals such as
HOCHZC(O')CClZ and CH2C1C(O')CC12.

Many of the qualitative aspects of the product yields summarized in
Table IV-6 can be explained in terms of the predicted modes of chloro-
ethoxy radical decomposition given in Table IV-7. Thus, the high yields
(approaching 100%) of HCHO and HC(O)Cl from vinyl chloride are consistent
with the HOCH,CH(0)Cl and OCH,CH(OH)Cl radicals decomposing mainly via C-C
bond cleavage.

For cis- and trams—l,2-dichloroethene, C-C cleavage of the corres-

pondi?g hydroxydichloroethoxy radical produces HC(0)C1 as well
as HOCHCl. Formation of Cl from the oxidation of HOéHCl and subsequent
Cl reaction with the 1,2-dichloroethene could explain, in part, the higher
HC(0)Cl yields observed in the absence of Cl atom scavengers. This arises
because the cleavage of the C-C bond of the CHClZCH(é)Cl radical formed in
the Cl atom reaction generates directly one HC(O)Cl plus another from the
subsequent oxidation_of the CHCl2 fragment, which generates a Cl atom to

maintain the chain reaction.
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. 0, NO .
CHCl, —= —}—> OCHCl, » HC(0)Cl + Cl

2
NO2
Since COCl, was not observed as a product from the cis- and trans- 1,2-
dichloroethenes in the absence of ethane and CH3OCH3, this confirms that
the OCHCl, radicals do not react with O, to yield COCl, and an HO, radical
(Niki et al. 1980). However, an explanation for the low absolute yields
of HC(0)Cl of 0.6-0.9 (instead of the expected 1-2 in the presence of Cl
atom scavengers) is not immediately obvious.,

Cl atom elimination is predicted to be an important mode of decompo-
sition for the ethoxy radicals formed in the OH and Cl reactions with 1,1-
dichloroethene, trichloroethene and tetrachloroethene. As seen from
Figures IV-9 through IV-11, chloroacetyl chlorides are obvious products of
the reaction of Cl with these chloroethenes, and indeed their yields are
markedly reduced in the presence of Cl atom scavengers.

As noted above, for 1,1-dichloroethene infrared absorption bands
associated with an acid chloride, but distinet from those of CH,C1C(O)CI,
were observed. These bands are most lggely due to HOCH,C(0)Cl, which is
formed by Cl elimination from the HOCH2 Cl2 radical, and which presumably
accounts for the balance of the products in Table IV-6. The observed
increase in the relative yield of this compound, as well as those of HCHO
and COCl,, in the presence of added ethane is due to the suppression of
the subsequent reacticns of Cl atoms leading to CH2C1C(O)C1 formation .

The formation of HOCHC1C(O)Cl by Cl atom elimination from HOCHCl C12
is predicted for trichloroethene. However, the only residual infrared
band observed which was distinet from those of the products HC(0)Cl, COCl,
and CHC1,C(0)Cl was definitely not due to an acid chloride. Furthermore,
the results of the trichloroethene irradiations (Table IV-6) were unusual
with respect to the high variability of the HC(Q)Cl yield, particularly in
the experiment with added ethane, where the extent of Cl atom reactions
was still significant as evidenced by the yield of CHClZC(O)Cl. The cause
for the very low observed yield of HC(O)Cl in the presence of added ethane
is not known. It is interesting to note, however, that Sanhueza et al.
(1976) invoked reaction channels leading to an energetic HC(0)Cl molecule,
which always decomposes to CO and HCl, in explaining the results of the
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Cl-atom sensitized oxidation of the chloroethenes. [The generally low
yields of HC(O)ClL from cis— and trams-l,2-dichloroethene may also be
related to this cause].

The observed yields of COClz and CC13C(O)C1 from tetrachloroethene
can be accounted for by the decomposition of the alkoxy radicals (Table
IV-7) wvia both C-Cl cleavage and Cl elimination. The reaction of tetra-
chloroethene with the Cl atom in the chain process which forms CCl3C(@2C1

Cl2
radical, a step which would also form HOCClzc(O)Clg The formation of this

is presumably initiated by Cl atom elimination from the HOCCl2

latter compound could not be ascertained due to the low counversion of
tetrachloroethene during the irradiation experiments (~8-10% and ~2%,
respectively, in the absence and presence of ethane for irradiationmns
lasting ~2 hr).

It is clear from the above discussion that the involvement of Cl
atoms in these reactions greatly complicates the reaction pathways subse-
quent to the initial OH radical attack on the chloroethenes. Although the
routes leading to the major products are reasonably well accepted reac—
tions, the general scheme still requires the identification of hydroxy-
acetyl chlorides from trichloroethene and tetrachloroethene.

The kinetic data obtained in this and previous studies demonstrate
that -the chloroethenes will be relatively long-lived in the troposphere
with respect to chemical removal processes. These compounds will there-
fore be dispersed over substantial distances from their emission sources.
The present product studies indicate that in addition to conceruns over the
toxicity of the chlorinated alkenes themselves, the possible health
impacts of their atmospheric reaction products must also be taken into

account.

C. Allyl Chloride (CH,=CHCH,Cl)

At the time our program commenced, no data were available concerning
the atmospheric lifetimes and fates of allyl chloride. Accordingly, we
studied the kinetics of the gas—phase reactions of allyl chloride with OH
and NO4 radicals and with 05, and studied the products of the OH radical
reaction, the dominant removal pathway. These studies are described

below.
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1. Kineties of the Ozone Reaction

The rate constant for the reaction of 03 with allyl chloride was
determined as described in Section III above. Allyl chloride was
monitored in the reaction bag, after mixing of the 03 and allyl chloride
reactants, by GC-FID, using a 10 ft. x 0.125 in. stainless steel column of
10% Carbowax 600 on C-22 Firebrick, operated at 348 K. The 03 decays were
always exponential, and the 03 decay rates at the allyl chloride concen-
trations studied are given in Table IV-8. A plot of the 03 decay rate
against the allyl chloride concentration is shown in Figure IV-14. A good
straight line relationship is observed, and a least-squares analysis of
the data yields the rate constant

k(03 + allyl chloride) = (1.60 £ 0.18) x 10°'8 cn® molecule™" s~

at 296 * 2 K, where the indicated error limit is two least-squares
standard deviations combined with a 10% uncertainty in the GC-FID calibra-
tion of allyl chloride.

This rate constant is in excellent agreement with that of (1.5 = 0.2)
x 10-18 cm3 molecule~! s recently reported by Edney et al. (1986b).

Table IV-8. Experimental Data for the Gas-Phase Reaction of 03 with Allyl
Chloride at 296 + 2 k2

10-™ ¥ [Allyl Chloride] 103 x 05 Decay Rate (s7')
(molecule cm'3)

- 0.0033
4.78 0.832
7.24 1.18
9.73 1.58
2.13 0.402

aExperiments are given in the order carried out.
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Figure IV-l4. Plot of the 05 decay rate against the allyl chloride
concentration at 296 + 2 K.
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2. Kinetics of the NO, Radical Reaction-

The rate constant for the reaction of NO3 with allyl chloride was
determined using the relative rate technique described in Section III
above. Experiments were carried out in a 2500-liter all-Teflon chamber,
with ethene as the reference organic. Allyl chloride and ethene were
monitored by GC-FID. The data obtained are plotted in .accordance with
equation (VII) in Figure IV-15, and a least-squares analysis yields the

rate constant ratio
k(allyl chloride)/k(ethene) = 2.61 + 0.10

where the error limit is two least-squares standard deviations. Use of a
rate coanstant for the reaction of NO3 radicals with ethene of (2.3 + 0.4)

x 1 cm” molecule” s_l (Ravishankara and Mauldin 1985, Atkinson et al.

1987) allows this rate constant ratio to be placed on an absolute basis,

yielding
k(NOg + allyl chloride) = (6.0 * l.1) x 10710 cn3 molecule™! 571

at 298 + 2 K.

3. Determination of the Rate Constant for OH Radical Reaction

Experimental. The kinetics of the reaction of allyl chloride

with the OH radical were studied using the relative rate method described
in Section IIL above. Propene was used as the reference organic and both
propene and allyl chloride were monitored by 1long pathlength FT-IR
spectroscopy. The initial concentrations of the reactants were CH3ONO,

2.4 x 10'* polecule cm—3; NO, (1.2-2.4) x 1014 molecule cm™3; allyl

b

chloride, (3.8-4.8) x 1014 nolecule cm_3; and propene (3.6-4.8) x 1014
molecule cm‘3. Since, as discussed above for the chloroethenes, Cl atoms
may be generated from the reaction of OH radicals with allyl chloride, an
irradiation was also carried out with 1.9 x 1013 molecule cm"3 of ethane
added to the reactant mixture to scavenge any Cl atoms formed.

Results. The data obtained are plotted in accordance with equation
(II1) in Figure IV-16, and it can be seen that all of the data, including
those with added ethane, fit a good straight lihe. This shows that either

Cl atoms are not produced from the reaction of OH radicals with allyl
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Figure IV-15. Plot of equation (VII) for the reaction of NO3 radicals
with allyl chloride, with ethene as the reference organic.
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Figure IV-16. Plot of the equation (ILIL) for the reaction of OH radicals
with allyl chloride, with propene as the reference organic
(0 - data obtained in the absence oflgdded ethane, & - data

obtained in the presence of 1.9 x 10°° molecule cm ° of
added ethane).

IV-43

Je s




chloride, or that the rate constant ratios for the reactions of OH
radicals and Cl atoms with allyl chloride and propene are essentially
identical. Since the recent study of Edney et al. (1986b) shows that Cl
atoms are produced from this OH radical reaction, the rate constant ratios
for Cl1 atoms and OH radicals must be very similar.

Least squares analysis of the data obtained in the presence of ethane
(sufficient to scavenge ~50% of the Cl atoms produced) gave a slope of the
plot of equation (III) identical (to within <1Z%Z) to that obtained from
least-squares analysis of the total data set. The rate constant ratio

obtained was
k(allyl chloride)/k(propene) = 0.643 £ 0.026

where the error limit is two least squares standard deviations of the data
obtained in the presence of ethane. Using a rate constant for the reac-

o~11 3 1 -1

tion of OH radicals with propeme of 2.63 x 1 cm” molecule * s

(Atkinson 1986) leads to

k(OH + allyl chloride) = (1.69 + 0.07) x 107! cm3 molecule™t s71

at 298 t 2 K, where the error limits are two least squares standard
deviations. This value is in excellent agreement with that of (1.7 + 0.7)

07 w3 molecule™d 71 reported by Edney et al. (1986b).

x 1

These rate constants for the reactions of allyl chloride with OH and
NO4 radicals and 05 allow the atmospheric lifetimes of allyl chloride to
be calculated for each of these potential removal pathways, as given in
Table IV-9. The dominant atmospheric loss process is clearly by reaction
with the OH radical. Hence we studied the products of the OH radical

reaction, as discussed below.

4. Product Study of the OH Radical Reaction

Reactions were carried out in the 5800-liter evacuable chamber,
as described in Section IIT above. Due to the expected formation of HCHO
from allyl chloride, OH radicals were generated from the photolysis of
CoHONO in air. The reactants and products were monitored by long

pathlength FT-IR absorption spectroscopy.
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Table IV-9. Calculated Atmospheric Lifetimes of Allyl Chloride Due to
: Reaction with NO3 and OH Radicals and 03

Reactive Concentratiog Lifetime of
Species (molecule cm ) Allyl Chloride

OH 1 x 10° (12-hr daytime) 1.4 days
NO4 2.4 x 108 (12-hr nighttime) 160 days
04 7 x 101! (24-hr period) 10 days

A reference spectrum of allyl chloride is shown in Figure IV-17A,

1014 polecule cm™3 of

while that of an initial mixture of 4.9 x
CH,=CHCH,C1l, 2.4 x 1014 nolecule cm™3 of CoH5ONO and 1.9 x 1014 molecule
cn”3 of NO is given in Figure IV-17B. The spectrum of all products and
reactants after 9 min of irradiation, when ~25% of allyl chloride has been
consumed, is depicted in Figure IV-17C. Figure IV-18A shows the resulting
spectrum after subtracting the absorptions due to the reactants, the
product species HNO3 and HONO, and the photooxidation products of CZHSONO
(i.e., CH4CHO and PAN) from Figure IV-17C. The products which are
attributed to reaction of allyl chloride are HCHO, HOCH,CHO (very weak
absorption bands), HC(O)Cl (labeled in Figure IV-18A), CHoCLCHO (labeled
in Figure IV-18B), and as yet unidentified species (residual spectrum of
Figure IV-18C).

The time-concentration data obtained for this C,H;ONO-NO-allyl
chloride—-air irradiation are given in Table IV-10. The errors accompany-
ing the analyses for glycolaldehyde (HOCH,CHO) and chloroacetaldehyde
(CHZClCHO) are ~257%, compared to <104 for HCHO and HC(O)Cl, due to the
inherently weak bands of glycolaldehyde and the overlapped bands of
chloroacetaldehyde.
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CH2=CHCH2C1

NOZ“
HCHO
}
¢ HNO
1 3
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Figure IV-17. FT-IR spectra from the allyl chloride + OH reaction.

(a) CHy=CHEHACL; (B) initial ml ure of CH,=CHCH, Cl
(4.9 x1017)% CoH50NO (2.4 x 10 ) and Ng ?1.9 x10M
[concentrations in units of molecule cm ; (C) product
spectrum after 9 min of irradiation.
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Figure IV-18.
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FT-IR spectra of products from allyl chloride. (A) Derived
from Figure IV-17C by subtraction of absorptions by the
reactants, HNO,, HONO, CH CHO, PAN, and HCHO; (B) spectrum
A minus HC(O)é& absorptlons, () re31dual spectrwn of the
unknown product(s) (after subtraction of CH,C1CHO absorp-
tions from spectrum B).
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Table IV-10. Time-Concentration Data for an Irradiated C2H50NO—NO-Allyl
Chloride-Air Mixture

Irradiation

Time 10'13 x Concentration (molecule cm"3)

(min) CHQ:CHCHZCl HCHO HC(0O)C1 HOCHZCHO ClCH2CHO
-5 ug.7
1 L4y g 0.70 - - 1.1
5 40.3 2.09 0.26 0.2 2.4
9 36.7 3.00 0.36 Q.5 3.1

13 35.0 3.62 0.46 0.7 3.6

17 33.8 3.91 0.48 0.7 L1

Addition to the carbon-carbon double bond is calculated to be the
favored mode of OH attack on allyl chloride (Atkinson 1986, 1987), with H-
atom abstraction from the -CH,Cl group accounting for ~2% of the overall

reaction.
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CH,=CHCH,C1

2 2
OH
HOCH2CHCH2C1 CHZCH(OH)CHZCl
l 02 l O2
HOCH2CH(OO)CH2C1 OOCHZCH(OH)CHZCl
NO ——i—» NO2 NOC ——{-» NO2
q " " d
HOCH2CH(O)CH2C1 OCH2CH(OH)CH2C1 —t
| e
HCHO + C1CH éH(OH) 0
l l —_ 2 2
; a b
. . 0
HOCHZQEQ + CH2C1 ClCHzgﬂg + CH2OH 2
' ClCHzgﬂg + HO2
0, 0, +

HO, + CH,CLCHOHCHO

2
o -—f—» NO, HCHO + HO,

HC(O)C1 + HO2

The above reaction scheme, where the "stable" products are underlined, is
consistent with the product data summarized in Table IV-10. Thus, the

S yield of HCHO is equal to that of ClCH,CHO, as are those of HC(0)Cl and
HOCH2CHO, within the error limits.
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However, the above four products observed account only for 30-35% of
the amount of allyl chloride reacting. Hence, the more likely
explanations to account for the carbon balance, as well as interpret some
features in the residual spectrum of Figure IV-18C involve alternative
routes of reactions of the peroxy and/or alkoxy radicals which are formed
following the 1initial OH attack on the double bond., Thus, the peroxy

radical intermediates may react with NO, to yield peroxynitrates

NO
- 2
HOCHZCH(OO)CHZCl —_— HOCHZCH(OONOZ)CHZCl

NO
) 2
OOCH2CH(OH)CH2C1 R OZNOOCH2CH(OH)CH2C1

and with NO to yield, part of the time, nitrates

M
HOCH2CH(OO’)CH2C1 + NO » HOCHZCH(ONO2)CH2C1

M
'OOCHzCHOHCHzCl + NO - OZNOCH2CHOHCH2C1

The infrared absorption bands characteristic of the alkyl peroxynitrates
(ROONO,) are found at ~790, ~1300 and ~1730 o™ (Niki et al. 1978).
There are bands in Figure IV-18C at the approximate positions and the
correct relative intensities which suggest the possible presence of the
above organic peroxynitrates. However, mere coincidences cannot be dis-
counted since these bands may be overlapped by absorptions of other com-
pounds. The distinet absorption bands at ~1670, ~1280 and ~850 em™ ]
strongly support the presence of an organic -ONO2 group.

It is expected that the alkoxy radical CH,OHCH(O")CH,Cl will decom-
pose rather than react with 02, with the major decomposition route being

route (b) above.
CHZOHCH(O)CHZCI - CHZClCHO + CHZOH

The low yields of the identified products may also mean that for the

*OCH,CHOHCH,C1 radical, decomposition is not important, but that reaction
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with O,
*OCH,CHOHCH,CL + O, » HO, + CH,C1CHOHCHO

predominates [route (d) above].

The overlap of C=0 stretches with nearby peroxynitrate absorptions
may indeed be the reason for the broad envelope of the total band at ~1750
cm'1. Thus, the spectral evidence supports to a certain extent the
speculation that the alkoxy radical intermediates from allyl chloride are
sufficiently stable to undergo further reactions with O, to form products

in addition to those which arise from their fragmentation.

D. Acrolein (CH2=CHCHO)
The kinetics of the 03 and OH radical reactions have been determined
previously (Atkinson and Carter 1984, Atkinson 1984). Of these two reac-

tions, that with OH radicals is calculated to dominate as an atmospheric

loss process for acrolein (~1 day for the OH radical reaction versus ~60
days for the 03 reaction). Therefore, we determined the rate constant at
room temperature for the NO3 radical reaction and, since this reaction was
also calculated to be of minor importance as an atmospheric loss process
compared to the OH radical reaction, carried out a product study of the OH
radical reaction. These investigations are described below.

1. Kinetics of the NO, Radical Reaction

The experimental technique was that described in Section III.
Experiments were carried out in the 5800-liter evacuable chamber, and
acrolein and the reference organic (ethene) were monitored by long path-
length FT-IR absorption spectroscopy. Acrolein was observed to react
significantly faster than did ethene, and because of this disparity in the
relative rate constants, the data exhibited an appreciable amount of
scatter. 