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ABSTRACT

In this dissertation a generalized kinetic mechanism for photo-
chemical smog is formulated and validated. There are two basic
objectives for pursuing this wdrk. First, kinetic mechahisms are a
critical component of airshed simulation models whose uses include the
evaluation of alternative control strategies for photochemical smog.
Second, kinetic mechanisms provide a means of understanding the
chemistry of smog formation. In addition to developing the kinetic
mechanism, extensi?e consideration is given here to further experi-
mental studies of the kinetics of elementary reactions and to
procedural aspects of smog chamber experiments which will aid in
reducing uncertainty in future mathematical simulation studies.

The most important feature of the kinetic mechanism which 1is
presented in Chapter I lies in its general nature; that is, the
mechanism has been written so as to be applicable to a large number
of hydrocarbons--and, ultimately, the entire atmospheric hydrocarbon
mix--rather than just a specific hydrocarbon such as propylene. The
rationale for the lumping procedure is described in detail. By
design the resultant mechanism takes advantage of the general features
typical of smog formation to maintain at a minimum the number of
reactions and species included while at thé same time retainihg a high
degree of detail, especially as concerns the chemistry of the inor-
ganic species. In essence a careful balance between compactness of
form and accuracy of prediction is sought. The mechanism is then

validated using n-butane-NOx, propy1ene—N0X, and n-butane-propylene-
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N0x smog chamber data ét 13 different sets of initial reactant con-
centrations and a wide variety of hydrocarbon to NOX ratios. |
Several sources of potential uncertainty in the predictions of
the mechanism are discussed. Of these the two most serious--and thé
two most amenable to correction--are gaps in our knowledge of rate
constants and mechanisms of key e1ementary reactions and effects
related to smog chamber systems which either alter or 1ncorrect1y
monitor the course of smog formation in controlled experimental
studies. These sources of uncertainty along with recommendations for

future studies to minimize them are the topics of Chapters II and III.
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I. DEVELOPMENT AND VALIDATION OF A GENERALIZED KINETIC MECHANISM
FOR PHOTOCHEMICAL SMOG

The formulation of a kinetic mechanism of general validity

for atmospheric photochemical reactions is an endeavor beset by

several inherent difficulties:

(1)

(1)

(ii1)

There is a multiplicity of stable chemical species

present in the atmosphere. Most of these exist at very low
concentrations, thereby resulting in major problems in
detection and analysis. A number, in fact, probably

remain unidentified.

There is a large variety of unstable species (highly
reactive, short-lived intermediates) in the atmosphere.
These species cannot yet be measured because of their

extremely low concentrations and high reactivities.

Among the stable and unstable species, there are literally
hundreds of potential chemical reactions that may be

occurring.

However, while we must admit to only a lTimited knowledge of atmos-

pheric reaction processes, it remains essential that we attempt to

formulate quantitative descriptions of these processes which are

suitable for inclusion in an overall airshed simulation model. The

general considerations of, the progress toward, and the remaining

problems in the development and validation of a generalized mechanism

for atmospheric photochemical reactions that is to be included in an
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overall airshed model are the subjects of this chapter.

A. Review of the Photochemical Smog System and Current Photochemical
Kinetic Mechanisms

A large number of experimental programs have been carried out
over the past two decades with the aim of increasing our knowledge of
the process by which photochemical smog forms. In 1961 Leighton pub-
lished an accurate and, it now appears, reasonably complete description
of the photochemistry of air pollution. Since that time additional
kinetic and mechanistic studies of elementary reactions thought to be
important in smog formation have served to further refine our under-
standing of the overall process. By 1969 the picture had become suf-
ficiently complete so as to make feasible the initial formulation and
validation of kinetic mechanisms for the mathematical simulation of

smog formation observed under controlled laboratory conditions.

1. The Nature of the Photochemical Smog System

The general features of the concentration-time behavior of
the photochemical smog system are shown in Figure 1. These data were
obtained by Altshuller et al. (1967). Although the experimental data
in Figure 1 involve only the single hydrocarbon propylene, propylene
photooxidation in the presence of NOX manifests the major characteristics
of photochemical smog. The rate of decrease of both propylene and NO
does not reach a substantial value immediately after the lights are
turned on, suggesting an induction period. After the apparent induc-

tion period NO is rapidly oxidized to N02. The concentration of NO
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reaches a low value which persists throughout the latter stages of the
reaction. At about the time the NO2 concentration reaches a maximum,
measurable 03 formation begins to take place. The subsequent loss of
NO2 is attributable to formation of organic pernitrates (e.g.,
peroxyacetyInitrate (PAN)) and nitric acid. Additional stable organic
products such as formaldehyde (HCHO) and acetaldehyde (CH3CH0) also
form in the propy]ene-NOx system.

It has been observed that the peak amount of 03 produced over
a fixed time of irradiation increases rapidly, goes through a maximum,
and finally decreases as one performs a series of controlled experi-
ments in which the initial hydrocarbon concentration is held constant
and the total initial concentration of NOX is increased.

Although the data shown in Figure 1 are indicative of the
concentration behavior in atmospheric photochemical smog, a number of
factors may serve to make the chemical behavior in a smog chamber

differ from actual atmospheric chemistry:

(i) Wall effects which may be present in a chamber cannot
presently be related to ground level surface effects in
the atmosphere,

(ii) Most smog chamber experiments reported to date have not
included oxides of sulfur or aerosols in the initial
mixture. In most cases, these two classes of species
are present in the atmosphere,

(iii) Concentration levels employed in smog chamber experi-

ments are often higher than atmospheric levels, and
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(iv) The intensity and distribution of artificial radiation
employed in a chamber may not be representative of

solar radiation.

In spite of these potential problems, smog chamber studies are a
necessity in understanding the chemistry of the smog system. This is
so because it is virtually impossible to isolate chemical reaction

effects from those of transport and diffusion in the atmosphere.
2. The Nature of Photochemical Kinetic Mechanisms

The object of developing a kinetic mechanism for photochemical
smog is to enable the prediction of both smog chamber reaction
phenomena, such as is illustrated in Figure 1, and atmospheric reac-
tion phenomena. There are some general considerations which are
important in developing such a mechanism. First, the mathematical
description of the mechanism (in terms of the number of species
included) must not be overly complex, as computation times for the
overall airshed model within which the mechanism is to be imbedded
are likely to be excessive. On the other hand, an overly simplified
mechanism may omit important reaction steps, and thus be inadequate
to describe atmospheric reactions over a range of conditions. A major
requirement, then, is that the mechanism predict the chemical behavior
of a complex mixture of many hydrocarbons, yet that it include only a

limited degree of detail. Thus, the mechanism must strike a careful
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A kinetic mechanism, once developed, must be validated. This
procedure is commonly conceived as consisting of two parts: valida-
tion in the absence of transport processes and validation in their
presence. In practical terms we are speaking, respectively, of com-
parison of the model's predictions with data collected in smog
chamber experiments and with data collected at contaminant monitoring
stations in an airshed. When we speak of validation of a kinetic
mechanism here, we are referring to the comparison between predictions
and experiment based on smog chamber studies.

To provide a framework for the discussion of kinetic mechanisms,
we will first consider the highly generalized kinetic scheme given

below.

NO, + hv > N0+ 0

N
o

0+ 02 + M

¥ w

0, + NO NO2 + 0

3 2

E -

03 + Hydrocarbons - Stable Products + Radicals

(5,

Radicals* + Hydrocarbons -+ Stable Products + Radicals

4 o

Radicals + NO Radi caﬁ + NO2

¥

Radicals + NO2 Stable Products

Vo

Radicals + Radicals Stable Products

* y
"Radicals" include both O-atoms and OH radicals, the principal
radical oxidizers of hydrocarbons.
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The reactions that take place in the generation of photochemical smog,

as exemplified by the above mechanism, can be classified as follows

(in the terminology of chain reactions):

(i) Initiation reactions - those that provide free radicals to

induce chain reactions, e.g.,
NO, + hv ~ NO + 0

(ii) Branching reactions - those in which there is a net in-
crease in radical species, e.g.,
0 + HC » Products + Radicals, where
more than one radical results

(iii) Propagation reactions - those in which there is no net gain
or loss of radicals, but merely a
change in identity, e.qg.,
Radical + HC - Product + Radical

(iv) Termination reactions - those that remove free radicals
through the formation of stable end

products, e.g., reactions 7 and 8.

Let us now examine the behavior of this highly generalized
mechanism to see if it is capable of predicting the qualitative features
of the photochemical smog system, in particular the rapid rate of con-
version of NO to NO2 and the effect of varying initial reactant concen-

trations on 03 formation. In the discussion that follows, we denote

*This reaction is not the only initiation reaction that occurs in the
generation of smog. Photolysis of nitrous acid, alkyl nitrites and
aldehydes also provide free radicals. For simplicity, and because NO»
photolysis is the most important initiation reaction, we have
omitted others in this generalized mechanism.
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the total concentration of radicals as [R] and that of hydrocarbons
as [HC] . We can write a material balance on the total concentration

of free radicals in the following manner:

dIR] - arno,] + BIHCILR] - c[NO,][R] - d[R]?

where the terms on the right hand side have the following significance:

a[NOz] = production of O-atoms by reaction 1
b[HC][R] = the net rate of production of radicals from
reactions 4 and 5
c[N02][R] = the net depletion of radicals by reaction 7
d[R]2 = the net depletion of radicals by reaction 8

The symbols a,b,c,d represent the combination of appropriate rate con-
stants and stoichiometric coefficients.
We can identify two limiting cases of interest:

(i) Near t =0 when [R] =0, i.e.,

95%1-= a[N02]

From this we can see that initially the concentration of free radicals
increases at a rate proportional to the NOZ concentration. Presumably,
most of these radicals are oxygen atoms.

(ii) When the total radical population reaches a steady state

(ss), d[R]/dt = 0 . At this point
0 = a[N0,] + bLHCI[R] - c[NO,][R] - d[R1%

For case (ii) we can examine the effect on [R]SS of the relative
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concentrations of‘NO2 and HC. When [N02] >> [HC] ,

R - g = a[N0,] - c[NO,IIR],,
or [R]ss is a constant a/c, dependent only on the photolysis rate of
NO2 and the rate of termination with N02. When the rate of production
by chain branching, b[HC][R] equals the termination rate with NO2 R

c[NOZ][R] , the steady state radical concentration is

[Rl, = [a[N0,]/d]"/2

Finally, when [HC] >> [NO,] ,

4RI - o = b[HCILR] - d[RI?

so that [R]Ss = b[HC]/d .
Summarizing, at steady state the 1imits of total free radical

concentrations are

a - b HC
c < [R]ss £ d

(high N02) (Tow N02)

Using these relationships, Johnston et al. (1970) have estimated that

actual concentrations may be:

c[NO,]
—b-[m 10 1 0.1
[Rlgpom || 1.1x107%  2x107%  3.6x1077
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Leighton (1961) estimated that in photooxidation of an olefin
such as propylene, NO is converted to NO2 at a rate of 0.04 ppm m1‘n-1
by reactions of the type 6. This rate is consistent with the steady

state radical concentrations just calculated. For example, using

[R] = 10’3ppm, [NO] = 0.1 ppm and a rate constant for reaction 6 of

1 1 1

500 ppm ‘min” ', the rate of conversion of NO to NO, is 0.05 ppm min .
Aside from predicting the rapid conversion of NO to NOz, a

mechanism must also be capable of simulating the effect of different

initial reactant ratios on product formation in the smog system. Let

us consider the two cases of low and high-NO2 concentrations. The

photochemical smog process is initiated by NOZ with the rate of

increase of the total radical population depending on the initial con-

centration of NOZ. The maximum concentration of NO2 occurs when the

rate of conversion of NO to NO2 just equals the rate of termination of

radicals by NOZ' If this maximum concentration of NO2 is Tow (i.e.,

low total initial NOX), the concentration of radicals reaches very

high values. The radicals rapidly convert NO to NOZ’ allowing ozone

to form. As we increase the total initial NOX, and hence the NO2 con-

centration at its maximum, the amount of 03 formed should increase up

to a point. That point is the one at which radical removal by NO2 is

at least as fast as chain branching, i.e., b[HC] = c[N02]. As we

continue to increase the initial NOX, and hence the N02, the steady

state radical concentration continues to decrease, as we have seen.

The result is that the rate of ozone formation slows down. Nevertheless,

if we wait long enough there will be a significant accumulation of 03.

Thus, if we consider O3 formation only over a fixed time of irradiation,
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it will seem that increasing initial NO is a beneficial policy with
respect to 03 formation, when, in fact, what has really happened is
that we have not waited long enough for the reaction to go to comple-
tion.

We can also examine the effect of initial reactant ratios on
the maximum amount of 03 formed during an irradiation. Consider first
an experiment in which the concentration of initial NOx (NO + N02) is
Targe compared to initial HC. Note that the relative amounts of NO
and NO2 will serve only to govern the time needed to convert the NO to
‘ NO2 and should not affect the ultimate maximum O3 concentration
attained. In this case the hydrocarbon is expended before all the NO
is converted to N02. Since an appreciable amount of NO remains after
the hydrocarbon is depleted, no significant 03 concentration can be
reached. Consider next the opposite limit, namely [NOx]0 << [HC]O.
Now the NO is rapidly converted to NO2 with 1ittle expenditure of HC.
As [NO] becomes small, 03 can accumulate. However, because of the
large concentration of HC, the reaction of O3 and HC will prevent [03]
from becoming too large. Finally, the intermediate case of [HC]0 =
[NOX]O can be expected to yield the largest 05 concentration. Thus,
if one considers the maximum 03 concentration achieved, regardless of
the time of irradiation, as a function of [HC]O/[NOX]O, one will get
a curve which exhibits a maximum.

We have seen that the simplified mechanism presented early in
this section can account for several of the qualitative features of
the photochemical smog system. However, the mechanism is inadequate

for quantitative predictions of concentration-time behavior in smog
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chamber systems and the atmosphere for two basic reasons:

(i) Several important inorganic reactions involving NO, NO,,
H20 and CO need to be included, and
(ii) The mechanism lacks detail in the treatment of hydrocar-

bon and radical species.

In attempting to construct a mechanism capable of accurate prediction,
each of these points must be carefully considered.

We now present a very brief survey of the important inorganic
and hydrocarbon reactions in the photochemical smog system. Numerous
reviews of these reactions are available (Leighton, 1961; Altshuller
and Bufalini, 1971; Johnston et al., 1970), so that we will consider
here only those elements of the chemistry important to the development

of a kinetic mechanism.

a. Inorganic Reactions

The reactions in the system of NOX, air, H20 and CO have re-
ceived much attention. A survey of rate constant values reveals the

following reactions to be of greatest importance:

NO, + hv > NO + 0

2
2
0+ 02 + M~ 03 + M The N02-N0-03 Cycle
3
03 + NO - NO2 * 02

0+ NO+ M~ NO, + M

5 Important Reactions of 0
0+ NOZ > NO + 02 with Inorganic Species

FMSNOL M

0+ NO2 3
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2 N
05 + NO, > NO5 + 0,
8
NO5 + NO - 2NO,
, ? The Chemistry of NO,,
NO3 + NO, ~ N205 N ; 3
10 2V5° and HNO
N205 ; NO, + NO
N,0g + Hy0 - 2HNO

3
3

3

12
NO + HNO3 > HNO,, + NO,

13

Reactions of HNO3 with

HN02 + HNo3 3 HZO + 2N02 Inorganic Species

14
2 + H20 :52HN02

2HN02 > NO + N02 % H20

NO + NO

Chemistry of HNO2
16

HNO2 + hv >~ OH + NO

s
17
OH + NO2 + M- HNO3 + M
Important Reactions of OH

0H+N0+M1+8HN02+M , _ ,
with Inorganic Species

19
OH + CO + (02) * C02 + HOZ

HO, + NO 2 0H + NO Oxidation of NO by HO,

2

21
H,0, + hv - 20H

205 Photolysis of H,0

272

We shall discuss several of these reactions further in Chapter II, con-
sidering the degree of study they have received, the rates at which they
proceed, and the uncertainty associated with the individual reaction

rate constants.
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b. Hydrocarbon Reactions

We first wish to make a fundamental distinction between types
of mechanisms, based on the treatment of hydrocarbon and free radical
reactions. The first type is that written for the photooxidation of a
specific hydrocarbon. This is the type we ordinarily envision, one in
which each species in each reaction represents a distinct chemical en-
tity. The second type is the lumped mechanism, one which contains
certain fictitious species which represent entire classes of reactants.

In many chemical systems the number of species is often
extremely large. In addition, there is usually a significant range of
reactivities of the species in systems of this type. Certain species
may not be present in measurable concentrations and many rate con-
stants may not be known accurately. As a result, quantitative pre-
dictions of reaction rates may be highly uncertain. In such a case,
one is unable to deal with each species separately; rather, one may
partition the species into a few classes (called lumped classes), and
then consider each class as an independent entity. This idea has
already been illustrated in the highly simplified general mechanism
cited earlier, in which all hydrocarbons and free radicals were repre-
sented by HC and R, respectively.

General Tumping theory in chemical kinetics has been the subject
of several recent investigations. Wei and Kuo (1969a, 1969b) have
presented a general lumping analysis of monomolecular, first order
reacting mixtures. Hutchinson and Luss (1970), Luss and Hutchinson
(1971), and Golikeri and Luss (1972) have studied the lumping of reac-

tion mixtures consisting of a large number of parallel, independent
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and irreversible nth order reactions. In contrast to the work of Wei
and Kuo, which was directed toward the determination of conditions
under which exact lTumping was possible, the studies of Luss have been
concerned with the problem of predicting a priori the maximum error
involved in Tumping and with the type of species that should be Tumped
together to ensure that the prediction error is less than some given
bound.

No theory has yet been developed that is concerned with the
lumping of large sets of coupled, bimolecular reactions, such as occur
in the generation of photochemical smog. We outline here some of the
more important questions that must be addressed if we are to effec-

tively model atmosphericphotochemical reactions.

(i) 1In the photochemical smog system the large number of
hydrocarbons and free radicals makes Tumping a necessity
in developing a practical kinetic mechanism. However,
which hydrocarbons should be Tumped together and what
criterion should be used to establish groupings? For
example, should the lumping be carried out according to
hydrocarbon class, such as paraffins, aromatics, olefins,
etc., with respect to reactivity with 0, 03 and OH-
regardless of class, or with regard to the number of free
radical products?

(ii) Which free radicals should be lumped together and what
criterion should be used to establish groupings? For

example, should the lumping be carried out with respect
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to radical class such as alkyl, acyl, alkoxyl, etc., with
respect to most probable chain length, or with respect
to reactivity?

(ii1) How are the lumped rate constants and stoichiometric
coefficients to be determined?

(iv) Is the order of the reaction of the Tumped hydrocarbon
species the same as the individual reaction being repre-

sented?

The one guideline that does generally apply is that Tumping should be
carried out such that a balance is achieved between accuracy of des-
cription of the underlying processes and compactness of the mechanism.
Let us now consider some of the alternatives for lumping in photochem-
ical smog systems.

Given a distribution of atmospheric hydrocarbons, we must first
identify and tabulate the reactions in which they may participate.
Photochemical decomposition of primary hydrocarbon pollutants is
unimportant, except perhaps for aldehydes; we must therefore focus our
attention on thermal reactions. Of the active species that we have
mentioned thus far, those capable of reacting with hydrocarbons
include 0, 03, and OH. In this discussion we divide the primary
hydrocarbons according to the classes--olefins, paraffins, aromatics,
and aldehydes--and examine the reactions of each with the three
oxidants. While these groupings are certainly not inclusive of all
classes of hydrocarbons in the atmosphere, they comprise the major

portion. The two basic aspects of an individual reaction that we will
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consider are: (i) the product distribution, and (ii) the rate constant.
(1) Atomic Oxygen - Hydrocarbon Reactions
The principal products of 0 atom hydrocarbon reactions are

summarized below:

olefin 0+ C=C_ »Re+ RO
paraffin 0+ RH > Re + OH-
aromatic 0 + GB'R > Re + OH+
aldehyde 0 + RCHO - RCO + OH-

(2) 0zone-Hydrocarbon Reactions

Only olefins, among the four hydrocarbon groupings we are
considering, are attacked readily by ozone in the vapor phase.
The so-called Criegie mechanism for 03 addition to olefins can

be summarized as

05+ C=C_ > C=0+ #-0-0 " (Zwitterion)

The products are thus a carbonyl and an unstable intermediate
called a zwitterion, the subsequent reactions of which are not
very well known. Possible decomposition reactions of the

zwitterion are

*If one of. the carbon atoms on the double bond is external, both
HCO and RCO can form.
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R]RZCOO .a R]R2 ‘o 002

HRCOO -+ ROH + CO
HRCOO + RO~ + HCO
HRCOO -+ RCO + OHs

In addition, the zwitterion may participate in reactions

with 02, NO, or NOZ:

C-0-0+A> C=0+A0 (A=0, NO, or NO,)

If this reaction predominated we would expect a yield of
two carbonyl compounds per olefin. Actually, a yield
between 1 and 1.4 is observed. In general, then, a stable
carbonyl and two free radicals are formed through the 03-
olefin reaction. We might note, however, that the dynamics
of this class of reactions are still not fully understood.
We shall return to 03-01efin reactions in Chapter II where
we discuss reactions needing further experimental investi-

gation to elucidate product distributions.

(3) Hydroxyl Radical - Hydrocarbon Reactions
Hydroxy1l radicals react with hydrocarbons either by
abstracting a hydrogen atom or by addition. For paraffins

the reaction is known to be
RH + OHe - Re + HZO

At this time there are no reported product data for



-19-
OH/olefin or OH/aromatic reactions, although it is known
that the propylene reaction proceeds via addition to the
double bond to form a radical. If this is the case with
other olefins, we would expect one free radical as a
product,

~ - *
C=C_ +OH: >R
Aldehyde/OH reactions also yield one free radical,

HCHO + OH+ > H,0 + HCO

c. Free Radical Reactions

As we have just seen, the reactions of 0, 03, and OH+ with
hydrocarbons yield the following classes of free radicals: R-, RéO,
RO+, where R can be a hydrogen atom, an alkyl group, or an alkyl
group containing an alcohol functional group. We must now trace the
most likely reactions of these species with the others in the system.
Consider R, RCO, and OH+ as typical products. Both R+ and RCO will

most probably react with 02 by

Re + 0 ->R02°

2

RCO + 0, ~ RC0O-
0

These peroxy radicals will undergo a variety of reactions, the most

2

important of which are with NO and NO2

*The actual structure of this radical would be HO-¢-¢-.
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ROO+ + NO - NOZ + RO

RgOOO + NO -~ N02 + REO-
0 0
RC00-+N02 > RC00N02
8 i
0
The two new radicals formed will then probably react in the following

manner:

RO- + 02 -+ RCHO + H02°

RCOs - R- + 002
1l
0 102, RO, -
The Tikely history of typical alkyl and acyl radicals in chain propa-

gation reactions can thus be depicted as

0
. NO
RCO *?RC00° - RCO-
T I
0 0

/o

0, N 02 NO
R+ RO, > RO+ > HO,+ > OH-

L

We see that, during the lifetimes of R+ and R60,~many molecules of NO

can be converted to NO2 (of course, each step in the sequence competes
with other propagation and termination reactions). When NO concentra-
tion becomes sufficiently low, one possibility is that the peroxyacyl

radicals will react with NO2 to give peroxy acyl nitrates. The alkoxyl

radicals may also react with NO2 at this point to yield alkyl nitrates.
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Now the problem of representing hydrocarbon and free radical
reactions should be somewhat clearer. In a complex mixture of hydro-
carbons, such as is observed fn the atmosphere, we might divide the
total hydrocarbon population into n Tumped hydrocarbon species,
HC],HCZ,---,HCn. Each of these may potentially react with 0, 03, and
OH, yielding varyingAnumbers and types of free radicals depending on
the class of hydrocarbon participating in the reaction. Thus, a care-
ful analysis of lumping alternatives is a necessary step in the
development of a generalized kinetic mechanism. In Section IB1 we
undertake such an analysis. However, before going to this, we present
a brief synopsis of currently available kinetic mechanisms for photo-
chemical smog reactions. This review should be of aid to the reader
in assessing the extent to which current mechanisms adequately treat
the details of the inorganic and hydrocarbon chemistry. With this

background, it is relatively easy to identify those areas in need of

further development.

3. Current Photochemical Kinetic Mechanisms

It is only in the last ten years that general kinetic mechanisms
have been postulated to describe photochemical smog chemistry. The
mechanisms that have been proposed can be classified as either specific
(written for photooxidation of a specific hydrocarbon) or lumped
(written for one or more species involving lumped reactants) and

include the following:
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Specific Mechanisms

Westberg and Cohen (1969) isobutylene

Behar (1970) propylene

Hecht and Seinfeld (1972) propylene

Niki et al. (1972) propylene

Demerjian et al. (1973) propylene
trans-2-butene,
isobutene,
n-butane, and
formaldehyde

Lumped Mechanisms*

Eschenroeder and Martinez (1972)
Wayne et al. (1971)
Hecht and Seinfeld (1972)

Specific mechanisms, while often quite complex (e.g., the
Hecht and Seinfeld propylene mechanism contains 81 reactions), can
play an important role as an aid in understanding the fundamental
chemistry of the photooxidation process. However, for none of the
specific mechanisms listed above has there been reported a program of
validation over a range of initial reactant concentrations. Thus, all

five can only be considered at this point as detailed chemical

*

Three lumped mechanisms, nearly identical in structure, were devel-
oped at an early stage by Eschenroeder (1969), Friedlander and
Seinfeld (1969) and Behar (1970). (Eschenroeder's mechanism,
slightly modified, is substantially the same as, or superior to,
those of Friedlander and Seinfeld and Behar). For the obvious
reasons of simplicity and convenience, it would be desirable to
adopt such mechanisms for general use. However, these mechanisms
not only omit steps now known to be important, but they were never
successfully validated over a range of initial conditions. All three
have since been either abandoned or modified.
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speculations for the specific hydrocarbon system.

Assuming, however, that validated versions of specific mechan-
isms are avaifab]e, these mechanisms would still not be suitable for
inclusion in an urban airshed model. The main reason for this centers
on the philosophy underlying the development of such mechanisms. The
decision to develop and implement a specific mechanism implies the
desire to represent reaction processes as accurately as is feasible.
Thus, a relatively large number of reaction steps must be incorporated
in a description of the dynamics of consumption of a particular hydro-
carbon, such as propylene. Reaction dynamics will, however, vary for
the many hydrocarbon species present in the atmosphere. If, for
example, thirty to forty steps are required to describe propylene
kinetics, and fifty hydrocarbon species, each having unique dynamics,
are believed to exert a significant impact on atmospheric reaction
processes, one is faced with an intractable representation of the sys-
tem. Alternatively, adoption of a detailed representation of the
reactions of a single species (for example, propylene) which may, upon
development, be applied to a single, generalized hydrocarbon is tanta-
mount to constructing a mechanism having many of the representational
deficiencies of a lumped kinetic scheme and, in addition, introduces a
substantial parameter estimation problem.

Each of the three lumped mechanisms listed above is currently
in use in programs of mathematical modeling of photochemical smog in
the Los Angeles basin. Detailed discussions of each are readily
available in the original references. (A reprint of the paper describ-

ing the formulation and initial validation of the Hecht and Seinfeld
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mechanism can be found in Appendix A.) We note, however, that the
mechanisms of Eschenroder and Martinez and Hecht and Seinfeld are very
similar. Table I presents a comparison of the two mechanisms. The

EM differs from the HS mechanism in the treatment of HNO3 and HN02,
the inclusion of CO, and the treatment of H02.

While the EM and HS mechanisms are quite similar, the third in
current use, that of Wayne et al., given in Table 2, adopts an
inherently different approach. The mechanism is based on the photo-
oxidation of propylene, and its application to atmospheric photochem-
istry is presumably based on the assumption that the mixture of
atmospheric hydrocarbons behaves as a binary mixture of propylene and
a second, relatively unreactive, hydrocarbon. This assumption is in
contrast to that inherent to the EM and HS mechanisms, i.e., that the
atmospheric hydrocarbon mixture can be represented by two Tumped
hydrocarbon species, one more reactive than the other, neither of
which represents a specific hydrocarbon. Because of the inclusion of
detailed propylene chemistry in the Wayne mechanism, many specific
radical species have been included, whereas only one Tumped radical
species (aside from 0 and OH‘)* appears in the EM and HS mechanisms.
In the validation exercises reported, the two lumped hydrocarbons in
the EM and HS mechanisms have been specified on the basis of reacti-
vity. As we shall see, when hydrocarbons are Tumped on this basis, it

is difficult to ascribe precise values to the generalized stoichio-

metric coefficients.

*
If CO is present, HOZ- is retained as a separate species in the HS
mechanism.
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TABLE 1. The Hecht-Scinfcld (HS) and Eschenroeder-Martinez
(EM) Mechanisms

HS EM
NO, + hv SN0+ 0 NO, + hv Ino+o
0+0, « M 3 0 + M 0+ 0, + M E Oy + M
05 + NO : NO, + 0, 05 *+ NO : NO, + 0,
05 + NO, : NOq + 0, OH- + NO, +'M + HNOg + M
NOg + NO + 2NO, H,0

NO + NO, ; ZHNOZ

H.0
i 6
NO; + NO, 2 ZHNO 5 HNO, + hv =+ GH: + NO

' 7
H20 OH* + NO + M + HNO, + M
NO * NO, = 2HNO, )
’ 0 + HC + by (RO,)
‘ 9
8
2HNO, > NO + NO, + H,0 OH + HC;; b, (RO,)
9
HNO, + hv + OH + NO 05 + HC :;b3(R02)
RO, + NO + NO, + d (on)
02 ' 12
CO + OH + €O, * HO, RO, + NO, + c(PAN)

11
HO, + NO + OH + NO,
12

HOZ' + N02 l—:x HNO

0 + HC - aRO

14
OH + HC =~ BRO

15
03 + HC + yRO

+O2

NN

16

ROZ + NO = NO2 + ¢OH
17

RO2 + NO2 + PAN

18
0 + HC2 + azRO2

19
OH + HCZ ;2 BZRO2
3 + HC2 2-*1 YzRoz
NO2 + WALL OR PARTICLE

0
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TABLE 2 ,

Wayne et al. Mechanism

NO, + hv 3N0 + 0
0+02+M—2;~03+M
0 + NO : NO, + 0,*
NO, + Og : NO, * O,
NO; + NO : 2NO,,
C,H,0, + 0, : CH4CHO + Og
NO + HOZZ NO, + OH
H+ 0, +M=>HO, + M
DUMHC + 0,* 2 CH,00H
0yt Mo
2 2
CHSOOH + hv = CH30 + OH
NO, + OH I»Z HNO
OH + 04 1»;1102 + 0,
OH + CO + H + CO,
CHy + 0, + M I+G cusoé + M
CH40, *+ NO :7 Cli;0 + NO,
CHL0 + 0, + NO 1+8 CH302A+ NO,
C,H,0 + 0, +N0-l+9 C,H,0, + NO,
C,H,0, + No..:0 C,H:0 + NO,
C,H,0, + NO '+ CH,CHO + NO,

21
CH30 + 02 -+ HCHO + HO2
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TABLE 2., (Continued) Wayne et al. Mcchanism

22
C3H6 + 0 =+ CH3 + CZHSO

23
CSHG + O:5 -+ HCHO + CZH4O2

24
Cc + 0 + 0, > HCHO + CZH 0

3Hg 2 492

: 25
. £ :
CBHG 4 0z + CH.,0 + CZ”SO

26
CzH, + HO, » CH;0 + CH,CHO

3
3Hg 2 3

+ CH.O. > CH
3t 302 * s 3
CHz0 + M > CHg + CO + M

CH30 + NO2

30
C2H30 * 02 + NO2 > C2H303N02

* CZHSO

c + CH,0 + CZ”SO

- ONO
-+ CH3 2

31
DUMHC + O ~» CH3

82
HCHO + hv -+ H + H + CO

33
+ H,0 + 2HNO

NO2 *+ NO3 2 1
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The chief advantage of generalized mechanisms is the compact

mathematical representation which Tumping affords. Unfortunately,

each of the three mechanisms suffer several shortcomings. In parti-

cular, they share the disadvantages of

(i)

(i1)

Oversimplifying the representation of the atmospheric
hydrocarbon mix. The individual hydrocarbons present

in polluted air basins differ widely in reactivity, and
the "average" reactivity of this mixture of organics
changes continuously throughout the day. An attempt to
describe this complex behavior with one or two Tumped
classes of hydrocarbons in a kinetic mechanism may be
inadequate.

Depending on the arbitrary selection of an "adjustable"
parameter. The EM (or the HS) mechanism requires the
specification of the parameter d (or & in the HS) for
the reaction RO2 + NO - N02 + fraction (OH). This reac-
tion, of course, is fictitious (inasmuch as it is not an
actual, elementary reaction) and is emp]oyed as a mathe-
matical artifact to reduce the number of species which
must be calculated in the mechanism. The Wayne mechanism
contains an implicit parameter (let us call it o ) which
represents the propylene concentration equivalent in
"reactivity" in parts per million to one ppm of a hydro-
carbon mixture.

o ppm propylene = 1 ppm hydrocarbon
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This approach is fallacious conceptually because propy-
lene does not cause NO to be oxidized (and 03 to be
formed) by the same mechanisms as do alkanes and
aromatics.™

(iii) Generating predictions that are strongly dependent
upon the specification of uncertain parameters. The
predictions of the EM (or the HS) mechanism are very
sensitive to b2 and d (or B and e in the HS),
and of the Wayne mechanism, to o . As we just
pointed out, the parameters d , € , and o are
exceedingly difficult to specify a priori; hence,
confidence in the predictions of these mechanisms

for cases not explicitly validated is poor.

B. Formulation and Validation of a New Lumped Mechanism

In the two years since the EM, HS, and Wayne mechanisms were
developed, significant advances have been made in our knowledge of the
mechanisms and rate constants of the individual reactions contribut-
ing to smog formation. It therefore appears that a new kinetic
mechanism can now be developed which avoids many of the shortcomings
of the three existing mechanisms. In particular, a new mechanism

should be rigorous in its treatment of inorganic reactions (because of

*
In the case of propylene, NO is oxidized primarily through long-

length free radical chains initiated when propylene is oxidized; in
the case of alkanes, the hydrocarbon oxidation reaction is slow, and
it is the photooxidation of secondary products, primarily aldehydes,
which oxidizes NO. Aromatics such as toluene are also oxidized
slowly; nevertheless, products of the hydrocarbon oxidation are pri-
marily responsible for the oxidation of NO by free radical chains
thought to be shorter than those for propylene.
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their importance), sufficiently detailed to distinguish between the
reactions of various classes of hydrocarbons and free radicals, free
of poorly defined adjustable parameters, and as compact as possible.
In the following section, we present a systematic analysis of
hydrocarbon and radical lumping in order to illustrate the various
levels of complexity that might be included in a mechanism and to
identify the decisions which must be made in constructing a lumped
mechanism. Based upon our conclusions and realizing the shortcomings

of the preceding mechanisms we propose a new lumped mechanism.

1. Lumping of Hydrocarbons

Consider first the question of the lumping of hydrocarbons.
Qur objective is to form a small number of groups of lumped hydrocar-
bon species which will represent the mixture of hydrocarbons present
in the atmosphere. Alternative criteria are available by which to
form the hydrocarbon groupings, for example:
(i) Lump hydrocarbons based on class (olefins, aromatics,
paraffins, etc.),
(ii) Lump hydrocarbons based on reactivity with individual

oxidants, such as O, 03, or OH-.

Let us discuss the implications of each of these two lumping criteria.
Consider criterion (i), the lumping of hydrocarbons by class. For

example, let

b g
(@]
|

1° olefins

===
O
I

o = aromatics

as
[ap)
It

3 paraffins

= aldehydes

et

(]
S
[
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Although the mechanisms for the oxidation of these four classes of
hydrocarbons by 0, OH, and 03 have not yet been resolved in detail,

the 1likely product distributions are:

k .
(0 'R+ RCO
k] .
He, + ¢ 05 > RCO + RO« + RCHO
k] *
_ OH + R
k
(0 %R+ OH-
k
HC, + < 03 = not important
s
_ OHe 5 Re + H 0
k
(0 3R+ OH-
ks
HC3 % < 03 - not important
5
_ OHe > Re + H,0

2

*OH adds to the double bond of olefins forming an alcohol-like free

radical, "
R?HCH
OH

which we have assumed to react in the same fashion as an alkyl radical.
This is not exactly true, as this free radical decomposes in a dif-
ferent manner than R¢ in subsequent reactions. Specifically, RCHOHCH2
is thought to react to form one additional aldehyde (Niki, et al.,
1972). We have, therefore, included HC, as a product of the OH-HC]
elementary reaction in Table 4 to correét for this anomaly.

2
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k4 .

0 ~+ RCO + OH-
kg

03 + not important

Flag, * 4 K

OHs -+ RCO + H20
kZ' .

L hv -+ RCe + He + CO

I
0

r

Since the number of free radical products resulting from O, 03,
and OH- attack on each Tumped species is essentially the same for all
individual hydrocarbon members of each lumped grouping (i.e., OH-
attack on all paraffins is expected to yield one alkyl radical) the
number and type of free radical products in each step shown above can
be specified with some certainty. On the other hand, within each
Tumped species there is a distribution of rate constants for the reac-
tions with 0, 03, and OH . For example, within HC] there is a wide
spectrum of rate constants for olefin-0 reactions. Therefore, the

rate constants for O, 03, and OH reactions with each Tumped species
must be taken as average values which reflect in some manner the rela-
tive amounts of different individual species within each Tumped species.
Since the differing reactivities of the individual components compris-
ing a grouping will lead to their disappearance at different rates
throughout the course of photooxidation, the effective rate constants

for reaction of the lumped species with 0, 03, and OH must also vary

*
If HC4 is HCHO, H%- (which decomposes to He + CO) rather than RE-
forms. 0 0
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during the course of the reaction. In summary, then, lumping of
hydrocarbons by class will allow rather definite assignment of
stoichiometric coefficients but will necessitate rate constants which
reflect the average reactivity of the individual species within each
lumped species as a function of time.

We now consider criterion (ii), the lumping of hydrocarbons by
reactivity. The first question we face in this case is--reactivity
with respect to what? The three obvious choices are reactivity (rate
constant) with 0, 03, and OHe . Perhaps the most logical species among
the radicals 0, 03, and OH upon which to base the reactivity grouping
is that species which is most responsible for hydrocarbon disappearance
in photooxidation experiments. Computed rates of hydrocarbon disap-
pearance by 0, 03, and OH generally confirm that the OH-rate is the
most important of the three, except at the very beginning of the
photooxidation when the O-atom rate is predominant.

Table 3 presents rate constants relative to that of propylene
for the reactions of several hydrocarbons with 0, 03, and OH, together
with the relative reactivities of these hydrocarbons based on NO—NO2
conversion rates observed experimentally (Altshuller and Cohen, 1963;
G]as#on and Tuesday, 1970). We see that the OH-hydrocarbon rate con-
stants correlate quite well with reactivities for all classes of
hydrocarbons listed in the table. On the other hand, 0-atom and O3
rates correlate with reactivities only for the olefinic compounds.

For the aromatics, aldehydes, and alkanes, the 0-atom and O3 rate con-
stants are small compared with the measured reactivities. Since the

most important role played by OH is that of generating organic free
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TABLE 3

*
Relative Rate Constants and "Smog Reactivity"

Compound

Olefins

Propylene
Ethylene
Isobutene
Trans-2-Butene

2-Methy1-2-Butene

Relative Rate Constants

0 B

1.0
0.2
4.4
4.9
14

Tetramethylethylene 18

Aromatics

Benzene
Xylene

Aldehydes
Formaldehyde
Acetaldehyde
Proprionaldehyde

Alkanes

n-Butane

.007

0.05
.15
N2

.008

. \
Source of Table: Niki et al. (1972).

A —~= N o1 = O

0.05

*%
Based on the rate of conversion of NO to NO2

.24

k%
Reactivity

oA - O =

17
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radicals for conversion of NO to NOZ’ it would appear that Tumping

of hydrocarbons with respect to their OH reaction rate constant
would be the most consistent with measured hydrocarbon reactivities.
Suppose, for example, that we elect to divide the hydrocarbon mixture

into three classes based on their OH rate constant:

HC, k < 1000 ppm” 'min”
HC, 1000 < k < 5000 ppm 'min”]
HC, k > 5000 ppm 'min!

On this basis each group would contain all classes of hydrocarbons,
with the rate constants for reaction with OH defined by the composi-
tion of the grouping. Rate constants for reaction with 0 and 03,
however, would not necessarily correlate with the grouping based on
the OH rate and would have to be determined in a manner similar to
the case of lumping with respect to hydrocarbon class. However,
during the main course of the reaction, the hydrocarbons within each
group would be consumed at roughly the same rate so that the reactiv-
ity and stoichiometry of the group would not be expected to change
with time. In the late stages of the photooxidation, 03-hydrocarbon
reactions become quite important. This raises a potential problem
for Tumping on the basis of the OH rate.

While rate constants can be determined relatively accurately,
the number and types of free radical products within each Tumped group
would vary because each group would contain hydrocarbons of all
classes. This would necessitate the adoption of stoichiometric coef-

ficients which reflect the individual makeup of each Tumped group.
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To illustrate the forms of lumped reactions following the scheme
based on OH-reactivity, let us assume we have N groups, as, for
example, the three defined above, HC], HCZ’ HC3. The reactions with

0, 03, and OH can be written:

- K :
0 = ui]R' + aizRCO + ai
Ky .

03 +~Bi]RCO+ 812R0° + Bi3RCHO

i °
LOH ~'y; 7R+ v;,RCO

30H-

HCi +

s N,

i =i ],2""’N

where @440 Bij , and Yij are stoichiometric coefficients which
reflect the individual compositions of the HCi, i=1,2,---,N. For
example, if HC] consisted entirely of olefins we might expect

0471 = O4p = 1 and i3 = 0 . Thus the stoichiometric coefficients
are not to be considered as freely adjustable parameters, but rather
as parameters whose values are fixed because of the choice of hydro-
carbons comprising each lumped species HCi.

Let us summarize the advantages and disadvantages of the two

alternative hydrocarbon lumping criteria. For lumping by hydrocarbon

class:
Advantages -
(i) The definition of the lumped species depends only on the
type of hydrocarbon (i.e., olefin, aromatic, alkane, etc.).
(ii) Since the products of 0, 035 and OH reactions with

various hydrocarbon classes are essentially the same
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within each class, the number and type of free radical
products would be well defined for each class (assuming
the products are indeed known). |
Disadvantages -

(i) The rate constants for reaction with 0, 03, and OH vary
for the individual components in each lumped species
necessitating the computation of "average" rate constants.

(i1) The relative distribution of the hydrocarbons in each
Tumped species will change throughout the course of the
photooxidation necessitating a change in "average" rate

constants with time.
For lumping by hydrocarbon reactivity (with OH):

Advantages -

(i) The definition of the lumped species would correspond
closely to the role played by the individual hydrocarbons
comprising it in the conversion of NO to NOZ’

(i1) Since the reactivity of each lumped species is roughly
invariant in time, rate constants and stoichiometric co-
efficients for the lumped OH-HC reaction would not
require adjustment during the course of the reaction.

Disadvantages -

(i) Each grouping would contain hydrocarbons of all classes,
making it difficult to account for the distribution of
free radicals produced as a result of reactions with 0,

03, and OH.
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(ii) In the late stages of the photooxidation, ozonolysis reac-
tions assume a level of importance equal to or greater than
that of OH. A Tumping on the basis of OH reactivity may
no longer reflect the reactivity distribution of the total

mixture at that stage.

Neither mode of hydrocarbon lumping appears overwhelmingly
superior to the other. Nevertheless, lumping by hydrocarbon class seems
to offer several advantages over Tumping by reactivity. First, fewer
stoichiometric coefficients need be specified in the former method,
thereby leading to fewer unspecified parameters. Second, rate constant
values for hydrocarbon-OH reactions are in many cases not known pre-
cisely enough to permit a clear distinction to be made among hydrocar-
bons as to reactivity class. Third, atmospheric measurements are made
according to hydrocarbon class, and lumping by class would enable
direct comparisons of mechanism predictions with atmospheric data. For
these reasons, we will subsequently employ hydrocarbon lumping by

class in our development of a general mechanism.

2. Lumping of Radicals

The second aspect of the overall Tumping problem is the repre-
sentation of free radicals. The two extremes in the representation
of radicals are the specific mechanisms in which no lumping is used
(each radical species is a distinct entity) and the qualitative
mechanism employed earlier in which all free radicals were combined
into a single species R. The first 1imit is unrealistic from a com-

putational point of view and also in light of our incomplete knowledge



-39-

of free radical rate constants. In contrast, the other limit does not
afford us the ability to distinguish the effect of different hydrocar-
bon mixtures on the concentration/time behavior of a specific system.
Therefore, we seek a basis for the lumping of radicals that lies
somewhere between these two extremes.

A detailed study of free radical reactions in photochemical smog
(Leighton, 1961) indicates that radicals of similar structure usually
undergo similar reactions at roughly comparable rates. This suggests
that the most detailed representation of radicals would involve having
separate species for each radical class. The classes of radicals

involved have already been introduced. They are

Re alkyl

RCO acyl

ROO- peroxyalkyl (including H02-)
R§00° peroxyacyl

RCO- acylate

Rg- alkoxyl (including OH )

In Section IA2 we listed several of the most probable reactions involv-
ing these radicals that would take place in a hydrocarbon—NOX—air
system. We also illustrated typical histories of acyl and alkyl
radicals in such a system. Based on these likely reactions, we wish

to propose a lumping scheme which is consistent with the probable chain

lengths of each radical (and thus the conversion rate of NO to NOZ)'



(1)

(ii1)

(vi)
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Alkyl radicals - We assume that alkyl radicals quickly
add 02 to form peroxyalkyl radicals. Thus R0OO+, and not
Re, need specifically enter into the mechanism.
Acyl radicals - We assume that acyl radicals, like alkyl
radicals, quickly add O2 to form peroxyacyl radicals.
Thus , RSOO-, and not RéO, need specffica11y enter into
the mecganism.
Peroxyalkyl radicals - These radicals undergo reaction
with NO to form N02. Thus; they remain in the mechanism.
Because of the importance of HOZ- we remove it from the
class Re, and treat it as a separate species.
Peroxyacyl radicals - Like R0OO-., these can reacf with
both NO and N02. They are included in the mechanism.
Acylate radicals - These radicals result from reaction
of NO and peroxyacyl radicals. We assume'that they de-
compose quickly to form alkyl radicals (hence, peroxy-
alkyl radicals) and CO,. Thus, they are not included in
the mechanism.
Alkoxyl radicals - These radicals result from reaction
of peroxyalkyl radicals with NO and from ozonolysis of
olefins, and enter into reactions with NO and NO2 forming
stable products. The most important member of this class
is the hydroxyl radical. Because of the extreme impor-
tance of OH, it seems desirable to remove OH from the RO

class and retain each in the mechanism.
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Summarizing, the radicals which appear to be of sufficient importance

to warrant separate treatment are:

ROO « (excluding H02-)
REOO'

RO- (excluding OH-)
OH-

H02°

3. Formulation of a Lumped Mechanism

The purpose of this section is to develop a lumped kinetic mech-
anism based on the combined conclusions reached thus far in this
chapter. In particular, we will employ the Tumping scheme suggested
for hydrocarbon and the categorization of radicals just presented.

We first rewrite the hydrocarbon reactions so as to correspond

to the preferred lumping criterion, namely by hydrocarbon class:

HC

1 olefins

HC2 aromatics

HC3 paraffins

HC

4 aldehydes

HC] + 0 - ROO- + aR§00° + (1 - a) H02°
0

HC]-+0 ¥ REOO' + RO- + HC

3 4

HC]+ OHe ~ ROO -

HC2 + 0 -~ ROO- + OH-
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HC2 + OHe - ROO- + H20

HC3 + 0 -~ ROO- + OH-

HC3 + OH+ - ROO- + H2

HC

0

4 + 0 - RCOO° + OH-
(I)i
gt OHe ~ BREOO- + (1 - B) H02- + H

The parameters o and B can be specified with a high degree

HC 0

2

of confidence. o 1is the fraction of carbons attached to the double
bond in a mono-olefin which are not terminal carbons on the chain;
thus, it can be specified a priori. Consider the O—HC1 reaction for

propylene and 2-butene which respectively contain external and inter-

g .
CH3CH28H }————* CH3CH2- +CHO

nal double bonds.

0
0+ CH3CH = CH2
* o
0 0
0+ CH3CH = CHCH3 CH3ECH2CH3F—9 CH39'+ CH3CH2

If we now assume that alkyl and acyl radicals react rapidly with O2
and that éHO decomposes into CO + H02 in the presence of 02, these

reactions can be rewritten in our generalized notation as
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RO, + HO.°
0+ CH3CH = CH2
R02- + RCOO-
8

and

0 + CHyCH = CHCHy ———> RO,- + REOO'
0

Now, if we further assume that 0 will react with equal probability at
either carbon attached to the double bond, o = 1/2 for propylene and
o =1 for 2-butene. By the same reasoning o can be shown to be 0
for ethylene. B 1is the fraction of total aldehydes which are not for-
maldehyde. During smog chamber studies of the propy]ene-NOX system,
equal quantities of formaldehyde and higher aldehydes are observed to
form; thus, B= 1/2. In the case of toluene, Altshuller et al. (1970)
have - observed that only 15% of the aldehydes are formaldehyde, so
B = .85 in this case.

The reactions of the inorganic species and the radical species
ROO-; RGOO-, and RO- have already been outlined. We then assemble all
the inogganic, hydrocarbon, and free radical reactions into a generalized
lumped mechanism, as is summarized in Table 4.

The most complete mathematical representation of the kinetics of
this mechanism would be a description of the time-varying behavior of
each reactant and product (exclusive of 02, C02, and HZO which are not
followed) with a differential equation. But because the computing time

required to integrate the mechanism numerically increases at a rate
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TABLE 4

A Lumped Kinetic Mechanism for Photochemical Smog

1 3N
NO2 +hy > NO+0
2
0+0, +M > 0y +M d The N0,-NO-0 Cycle
3
03 + N0 -~ N02 + 02
J
4 N
O+NO+M - NO2 + M
0 + N0, S N0+ 0 >Important Reactions of 0
2 with Inorganic Species
6
0+ NO2 + M - NO3 + M
J
7 9
03 + NOZ =¥ NO3 + 02
8
NO3 + NO - 2N02
- The Chemistry of NO,,
Mg + M0y~ Wl PNZOS, and HNO,  °
10
N205 +* N02 + NO3
11
N205 ¥ H20 - 2HN03 y
12 .
MO+ HMOy ~ HHO, + NO5 Reactions of HNO, with
13 Inorganic Species
HN02 + HNO3 > H20 + 2N02 )
1n N\
NO + NO2 + H20 > 2HN02

15
2HNO, - NO + NO, + H,0 > Chemistry of HNO

16

HNO2 + hv =+ OH + NO

2




OH + NO2

OH + NO + M

OH + CO + (02)
HO, + NO

H202 + hv

HC, + O

1
HC1 + 03
HC] + OH

HC, + 0

HC2 +0H

HC3 + 0

H03 + OH

HC4 + hv

HC, + OH

4

ROO + NO

RFOO + NO +(0
|
0

5)

REOO + NO2

RO + 02
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TABLE 4. (Continued)

HNO2 + M

CO2 + HO2
OH + NO2
20H

ROO + aRﬁOO-+(]-a)H0

0
RCOO + RO + HC4

2

ROO + HC4
ROO + OH

ROO + H20

ROO + OH

ROO + H20

BROO + (Z-B)HO2

RC00 + (1-B)HO,+ H,0

: " ( B) 2 Z
0

RO + NO,

ROO + NO2 + CO2

RGOONO,,

0
HO2 + HC4

~

?Important Reactions of

Oxidation of NO by HO2

Photolysis of H202

—

>Hydrocarbon Oxidation
Reactions

Reactions of Organic
?Free Radicals with NO,
N02, and 02 '

OH with Inorganic Species
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(Continued)

TABLE 4.
35
RO + NO2 > RONO2
36
RO + NO - RONO
37
HO2 + HO2 “ H202 + O2
38
HO2 + RO0O - ROOH + 02
39
2RO0 -+ ROOR + 02

>

Peroxy Radical Recombina-
tion Reactions
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proportional to the square of the number of differential equations*,
we are interested in minimizing that number. One way of accomplishing
this is to apply the steady-state approximation for those species
which reach their equilibrium concentrations on a time scaie short
relative to that of the majority of reactants and products. Mathemati-
cally, this means that the concentration-time behavior of those species
assumed to be in steady-state is described by an algebraic rather than
a differential equation.

In our validation experiments we have assumed four species to
be in pseudo steady-state: 0, OH, RO, and N03. The validity of
this approximation for the first three species has been established
by comparing the concentrations predicted when. the approximation is
invoked to those predicted when the species are represented by a
differential equation. We have found in these comparisoné that
agreement is excellent, maximum discrepancies in concentration being
on the order of 0.01% over a 400 minute simulation. This test
shows conclusively that the steady-state approximation is accurate
for 0, OH, and RO. When we tried to perform an identical test
for NO3 we found that the concentration predicted by a differential
equation was negative at startup**. Thus a meaningful

test as to the validity of the steady-state approximation could

*we have used the technique of Gear (1971) to solve the system of
coupled differential equations.

%%
This reflects the fact that NO3 forms chiefly after the NO, peak by
reaction 7. As there is no 03 present initially, numerica? roundoff
error at the first time step results in negative NO3 concentrations.
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not be made. We are, however, reasonably confident that the approxi-

mation is "good" in this case as well.

4, Comparison of the Lumped Mechanism to the Simplified HS and EM
Mechanisms

Given the lumped mechanism we can now examine the assumptions
inherent in the HS and EM mechanisms of Table 1. Both the HS and EM
mechanisms have provisions for two lumped hydrocarbon species, usually
specified to be of "high" and "low" reactivity. In each all the
peroxy radicals are combined into the single species ROZ‘

The main result of the reaction of atomic oxygen with Tumped

species is the formation of peroxy radicals, represented by

HC + 0 - oLROZ

Notice that production of hydroxyl radicals from O-atom reactions with
paraffins and aromatics has been neglected in this step.
The ozone-hydrocarbon reactions are assumed to yield peroxy

radicals and aldehydes,

03 + HC - YRO2 + Y'RCHO

In the new mechanism it is assumed that a peroxyacyl and an alkoxy -
radical form rather than the peroxyalkyl radical.
The OH-hydrocarbon reactions are assumed to yield peroxy radi-

cals and a small quantity of aldehydes,

HC + OH. - BROZ- + B'RCHO

The remaining organic reactions are
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RO, + NO ~ NO2 + e0H-

2

RO, + NOZ -+ PAN

2

By comparison of the first reaction with the more correct reactions,

ROO- + NO - NO, + eOH. + (1-g) RO-

REOO- + NO - NO2 + ROO-
0
we see that regeneration of R00- has been neglected in the conversion

of NO to NO2 by peroxyalkyl and peroxyacyl radicals. Thus, the e

in the HS and EM mechanisms cannot be interpreted as the fraction of
ROZ'
only as an empirical parameter. As a result, the original stoichio-

that is HOZ' as it is in the more correct reactions, but rather

metric coefficients o , B and vy cannot be assigned the actual

values that would be expected from the chemistry of the individual
species. Rather, the o« , B , vy and e become a set of param-
eters governing the chain length (the average number of free radical
reactions, or propagation steps, that occur as a result of each
initiation reaction). This lack of direct correspondence of the
generalized stoichiometric coefficients in the HS and EM mechanisms
to actual stoichiometric coefficients is the chief weakness of the
two mechanisms. By virtue of its increased detail, the new Tumped
mechanism in Table 4 circumvents this shortcoming as the stoichi-
metries are derivable directly from the underlying chemistry of each

elementary reaction.
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C. The Data Base and Sources of Experimental Uncertainty*

The significance of the validation results for a kinetic mechan-
ism is to a large degree dependent upon the diversity and reliability
of the experimental data base. We were fortunate in being able to
obtain chamber runs for this study involving both Tow and high reacti-
vity hydrocarbons, as well as a simple mixture. Moreover, the ratio of
HC/NOX was varied over a wide range for each reactant system. In this
section we describe the data base provided by the Division of Chemistry
and Physics of the Environmental Protection Agency (EPA) for validation
purposes. We examine in some detail the importance of accurately speci-
fying certain experimental variables, notably light intensity and water
vapor concentration. We discuss the degree to which wall effects may
influence observed chamber results. Finally, we comment on the accuracy
and specificity of the analytical instrumentation used to monitor

pollutant concentrations and on the reproducibility of the experiments.

1. Data Base

The data base used in this validation study is that supplied by
the Division of Chemistry and Physics of EPA. It is comprised of three

hydrocarbon—NOX systems:

(i) n—Butane—NOX at three different HC/NOX ratios
(i1) Propy]ene-NOx at four different HC/NOx ratios

(iii) n-Butane-Propy]ene-NOx at six different HC/NOX ratios

%*
These topics are discussed further in Chapter III.
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A1l but two of the chamber runs were made between February and May of
1967 by the staff of the Chemical and Physical Research and Development
Program at the National Center for Air Pollution Control in Cincinnati,

Ohio (Altshuller et al., 1967,1969; Bufalini et al., 1971). The remain-
ing two runs (457 and 459) were carried out in March 1968. The initial

conditions of the experiments are given in Table 5.

2. Light Intensity

Radiation intensity is one of the most important parameters in a
smog chamber experiment, for it governs the photolysis rate of NO2
(reaction 1), the reaction which initiates and sustains the smog forma-
tion process. Irradiation of the smog chamber was carried out through
the use of two banks of externally mounted fluorescent lamps, 148 lamps
of three different types. Under normal operation, these lamps have an
expected lifetime of 1000 hours; but throughout the program they were
operated at a 25% overvoltage to increase radiation intensity. Over-
load operation results in a more rapid deterioration of the lamps; con-
sequently, approximately 1/7 of the lamps were replaced after every
100 hours of operation.

The average first order "rate constant" for NO2 disappearance in

1

nitrogen, kg , was determined by the experimenters to be 0.40 min ,

but was not redetermined during the ten-month period over which the

*
It can be shown that

2k3
kd fy S ka¢
k2(M) + k3
where
k] = ka¢
ka = photolytic absorption rate constant (continued)
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data provided to us were taken. We have assumed, in accordance with
the results of Schuck et al. (1966), that k] » the overall photolysis
rate of N02, is equal to 2/3 kd » or 0.266 min']. Finally, we have
. estimated that, due to inaccuracies in the determination of kd s in

the factor of 2/3 relating kd to k] » and in the estimation of

irradiation intensity, k1 has an uncertainty bound of +0.10 min-1.

3. Water Vapor in the Chamber

Another parameter which is thought to be important in smog
chamber runs is the water concentration. Water enters into the smog
kinetics via reactions 11 and 14, nitric and nitrous acid production.
The latter is important since photolysis of nitrous acid produces OH
radicals which, in turn, initiate further reactions. The humidifier
control of the inlet gir stream to the chambers was set to generate
50% relative humidity at 75%F, but, during very cold, dry weather,
relative humidities of only 30% were achieved. The humidity of the
inlet air stream was checked only once or twice during the eleven-

month study.

(Continued)
¢ = dissociation efficiency
k
0+ N0, + M =2 NO, + M
2 K 3
3

O’f NO2 -+~ NO + 02

Thus, k, is, in essence, a lumped parameter representing the combined
rates opa11 NO, reactions in an oxygen-free atmosphere. Unfortunately,
the use of k4 1leads to difficulties in presenting the kinetics, as
the combined reaction which it represents is not first order. However,
since the only available data for light intensity in these chamber
experiments are based on the validity of kd as a rate constant, we
use it here to estimate k1 .
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TABLE 5

Initial Conditions Associated with the Experimental
Chamber Data

EPA Run (NOZ): (NO): (n—Butane): (Propy]ene):
306 0.03 0.30 1.60

314 0.02 0.29 3.17

345 0.12 1.28 3.40

318 0.06 1.12 0.51
325 0.04 0.32 0.45
329 0.06 0.26 0.24
459 0.06 1.14 0.78
307 0.05 1.23 3.06 0.36
333 0.08 1.25 3.41 0.23
348 0.08 1.23 3.39 0.50
349 0.03 0.31 3.25 0.44
352 0.07 0.27 3.29 0.26
457 0.05 1.1 3.29 0.81

*
Initial concentrations in units of parts per million (ppm)

*%
0.12 ppm of aldehyde also present initially
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4. Wall Effects

An effect of particular concern in smog chamber studies is the
influence of surfaces on chemical dynamics, and thus on observed
reaction kinetics. Of major importance in this regard is the possi-
bility of direct loss of material to the walls. Of lesser concern is
the possibility of chemical interactions occurring between pollutants
on the walls and material in the gas phase. Although it is possible
that some low reactivity organics such as carboxylic acids and ketones
can be found on the walls as a result of hydrogen bonding with adsorbed
water, we focus our attention in this discussion on species which have
been clearly identified on the walls of a small smog chamber (Gay and
Bufalini, 1971)--nitric acid, nitrates, and nitrites. We begin then
by discussing the reactions of the most important oxides of nitrogen,
NO and NOZ’ and examining the possibility of the interaction of each
with the walls. In the process we also give attention to various mech-

anisms that might account for the appearance of HNO3 on the walls.
a. NO and NOj

Even in so-called dry systems it is reasonable to assume that
an adsorbed layer of water will be found on the walls of the smog
chamber. This is certainly the case for the experiments under consid-
eration in this study, as the chamber was intentionally humidified
during all runs. Thus one possible explanation for the appearance of
nitrate and nitrite on the walls would be dissolution of NO and NO2
in the adsorbed water layer. Nitric oxide can be eliminated in this

regard because of its extremely low solubility in water; N02, however,
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dissociates in water by the following reactions (Hill, 1971):

3
ot 3H20 5 3HN03 + 3HNO,

3HN02 z HNO3 + 2NO + HZO

6NO

The rate of loss of NO2 in this manner is dependent upon the amount of
water adsorbed, the rate of dissolution of NO,, and the magnitude of
rate constants for the dissociation reactions. In the experiments
under consideration, however, NO2 losses via this mechanism can be
neglected because, within experimental error, all of the N0X initially
present can be accounted for at the time of the NO2 peak as N02, NO,
and NO and NO2 lost by sampling and dilution up to the time of the
peak. We might then conclude that no significant amounts of NO or NO2

were lost directly to the walls during the smog chamber experiments.
b. N20Og

After the NO2 peak occurs, and as 03 begins to accumulate, NZOS

forms by the reactions

NO, + O

2 3 7 NO3 +0

2

NO3 +NO, 2 N.Ogp

N205 will undergo hydrolysis to form nitric acid by the reaction

N205 + H20 > ZHNO3

If the hydrolysis takes place in the adsorbed layer of water on the
wall, HNO3 will form directly on the walls. However, both the water

concentrations in smog chambers (63% relative humidity (RH) at 25°¢C is
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equivalent to 20,000 ppm H20) and the rate constants for the primary
reactions in nitric acid formation in the gas phase (Table 6) are.
large enough that the loss of NOx after the NO2 peak may be fully
ascribed to the formation of nitric acid in the gas phase.

It remains unclear, however, as to whether N205 hydrolyzes in
the gas phase or on the walls. As we have noted, the water concentra-
tion during these chamber runs was quite high. As the stationary
state concentration of nitric acid* would also have been high, actual
HNO3 concentrations in these experiments were always far from satura-
tion. Thus there would have been a strong tendency for N205, whether

it were found in the gas phase or on the wall, to hydrolyze rather

than to decompose, forming NO2 by the reactions

N205 T NO2 + NO3

NO3 + NO - 2N02

However, even if these reactions were favored due to the formation of
N205, the rate of formation of NO2 would still be Tow since NO is
depleted at this stage of the smog reactions. Thus, in Tight of the
various considerations presented, we conclude that reactions involving
N205 at the walls would have little if any effect on the course of the

overall smog reactions.

*

Leighton (1961), p. 193, calculates that the stationary state concen-
tration of HNO5 is 3,000 ppm for 1n1t1a1 conditions of 0.10 NO2 .
0.10 03 , 0.01 NO , and 63% RH at 25°C.
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c. HNO3

Nitric acid is very soluble in water because of strong hydrogen
bonding. Thus, it is highly likely that a nitric acid molecule in the
gas phase that is involved in a collision with the wall would dissolve.
The rate of loss of HNO3 from the gas phase, then, is probably trans-
port-limited and will depend to some degree on the rate of stirring in
the chamber. Unfortunately, detection of HNO3 in the gas phase has
until now proven to be a difficult task, perhaps because the acid is

lost to the walls of the sampling tubes.

d. Other Chemical and Catalytic Effects of the Walls

It would be highly beneficial to gain some insight into the
degree to which interactions occur between pollutants on the walls and
material in the gas phase. Unfortunately, our knowledge concerning
such phenomena is limited, and we can only speculate. We thus offer
the following comments:

(i) It is expected that, for a chamber having a small surface
to volume ratio, such as the one employed in the experi-
mental studies utilized in this effort*, the influence of
the walls on NO oxidation rates is small. The effect would
be additionally reduced in reactant systems for which the
time to the NO2 peak is relatively short (i.e., two hours
or less).

(ii) As we concluded earlier, we expect that the presence or

absence of wall effects would result in no detectable

* -
Approx%mate]y 1 ft 1; the chamher has an internal surface area of
330 ft¢ and a volume of 335 ft~.
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differences in the rate of formation of HN03, largely be-
cause of the strong tendency of N205 to hydrolyze at the
water concentrations used during these experiments.
Similarly, whether HN03 is formed in the gas phase, sub-
sequently migrating to the wall, or whether it is formed
directly on the wall, it is unlikely that the site of
hydrolysis will have much of an effect on the observed
chemistry. While nitric acid is commonly used as an oxi-
dant when concentrated (60%) in the liquid phase (Godt and
Quinn, 1956), it is ineffective as an oxidant at low con-
centrations. The highest attainable concentration of HNO3
during the chamber runs is a value that is numerically
equal to the initial N0X concentration, which never exceeded

1.5 ppm.

We conclude, based on the preceding discussion, that no signifi-
cant amounts of NO and NO2 are lost directly to the walls and that the
loss of NZOS and HNO3 to the walls should not alter the observed photo-
chemistry. However, it is not possible at this time to ascertain the
degree to which the walls might accelerate the oxidation of NO. Wall
effects, then, probably do not have to be taken into account in our

validation efforts.

5. Estimates of Experimental Error

Before comparing model predictions with experimental observa-
tions, it is desirable to establish both the accuracy and the precision

of the measurements. Accuracy refers to the extent to which a given
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measurement agrees with the true but unknown value of the parameter
being measured. Precision refers to the extent to which a given set of
measurements agrees with the mean of the observations. Inaccuracies in
determination of concentrations are largely attributable to lack of
specificity or accuracy in analytical procedures, particularly in the
instrumentation used to monitor concentrations during the course of an
experiment. Imprecision is detected through the poor repeatability of
an experiment, the results of which may or may not be accurately deter-
mined. There may be a wide variety of causes of imprecision, some of

which are also attributable to instrumentation problems.

a. The Accuracy of the Analytical Instruments

The four pollutant species of primary importance in our modeling

efforts, NO,, NO, 03, and hydrocarbons, were all measured using standard

9
instrumentation and techniques.
(i) Hydrocarbons were determined individually by gas chromato-
graphy; the accuracy of these measurements is estimated
to be *10% at a concentration level of 1 ppm.

(ii) Oxidants were measured using two independent techniques:
the Mast Ozone Meter and neutral KI analysis. Corrections
to KI readings were required to account for interferences
due to PAN and N02. Despite the corrections the KI
measurements exceeded the Mast readings by an average of
50%. As Dr. S. L. Kopczynski (1972) of the Division of

Chemistry and Physics who was in charge of executing the

smog chamber experiments used in this validation study is
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of the opinion that the KI technique is the more accurate
of the two procedures, we have validated our model using
the results of the KI analyses.

(iii) Oxides of nitrogen were sampled manually into fritted
bubblers containing Saltzman reagent. Nitric oxide was
oxidized to form NO2 by reaction with sodium dichromate.
Dr. Kopczynski has estimated that this conversion is almost
100% efficient. Absorbance was read on a Beckman DU

spectrometer reading 2 ppm at full scale.

In general, the accuracy of these various measurements is a func-
tion of the concentration level of the pollutant being measured.
Accuracy is poorest over the low concentration range. As most poliutants
are present at low concentrations at some time during the course of a
reaction, questions of accuracy will inevitably arise with regard to
chamber studies. For example, at concentrations of NO2 below 0.15 ppm,
concentrations can be determined no more accurately than +50%. At the
higher concentrations encountered as the reaction proceeds, the
accuracy of the readings improves substantially. Unfortunately, no
recalibration of the oxidant or the nitrogen oxide analyzers was per-

formed during the eleven-month study.

b. The Repeatability of Experimental Runs

Because replicate runs were made for only four of the experi-
ments used for our validation studies, we have been unable to calculate
a meaningfully statistical measure of the reproducibility of the ex-

periments. But in those few instances for which a replicate run was
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available, the agreement between the two sets of data was quite good.
Our impression of the chamber data is that, in spite of the lack of
recalibration of the light intensity and chemical analyzers, the data
are in general reproducible, were carefully taken, and are as suitable
as any currently available for validation purposes. Although the data
were taken in 1967 and 1968, at a time prior to the development of
photochemical kinetic mechanisms for atmospheric reactions, the inves-
tigators did exercise sufficient care in quantifying those parameters
important in validation of these models. For example, dilution rates
and the rate of conversion of NO to N02 in the absence of hydrocarbons
were measured for all reactant systems. Probably the greatest weak-
ness in the chamber data with regard to their use in validation is the
lack of precise knowledge of the light intensity. As will be shown in
Section ID1 the magnitude of Tight intensity has a substantial effect

upon the time to the NO2 peak predicted by the model.

D. Validation of the 39-Step Lumped Mechanism

Validation of the lumped kinetic mechanism in Table 4 consists
in
(i) obtaining estimates of the various input parameters to
the mechanism--the reaction rate constants, parameterized
stoichiometric coefficients o and B, initial concentra-
tions of reactants, and average dilution rate constants.
(ii) carrying out sensitivity studies for these parameters;
i.e., establishing the effect of controlled variations in

the magnitude of the various parameters on the
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concentration-time profiles for NO, N02, 03, and hydrocar-
bon, and

(iii) generating concentration-time profiles for the various
reactant mixtures using the specified initial conditions.
These predictions are then compared with experimental re-

sults to assess the "goodness of fit".

Invthe first part of this section we discuss the basis for selection

of the input parameters. In the second portion of the section, we
present the validation results for each of the three hydrocarbon systems
studied. Results are summarized as a series of plots displaying both

predicted and measured concentrations.

1. Estimation of Parameters

Prior to obtaining kinetic information from the lumped mechanism
all known parameters must be specified and uncertain parameters esti-
mated. The input parameters to this mechanism include the rate con-
stants, parameterized stoichiometric coefficients, initial reactant
concentrations, and average loss rates of the reactants and products

due to sampling.

a. The Rate Constants

While the kinetic mechanism is written in a general fashion, we
have striven to formulate it in such a way that all important features
of the detailed chemistry remain. Thus, our goal has been to include
each elementary reaction thought to contribute to the overall smog
kinetics. A reaction has been judged unimportant only if its inclusion

in the mechanism results in no changes in the predictions of the
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decision variables, namely, the rate of oxidation of NO, the time to
the N02 peak, and the rate of accumulation and maximum levels of 03.

By virtue of the mechanism's detail we are able to use directly as
input experimental determinations of the rate constants for the indi-
vidual reactions in every case for which measurements have been made.
(One problem with the simplified mechanism (e.g., HS and EM mechanisms)
was that their highly compact nature precluded strict adherence to
experimental values of certain rate constants.)

Several papers have been published in the past three years which
review the vast literature of kinetic studies relevant to the reactions
now thought to be important in smog formation. These include the
detailed modeling study of Demerjian et al. (1973), the atmospheric
chemistry and physics assessment in Project Clean Air (Johnston et al.,
1970), and the detailed modeling study of propylene conducted by Niki
et al. (1972). Their recommended values for the rate constants of the
individual reactions incorporated in the lumped mechanism, as well as
more recent or different determinations, are presented in Table 6 along
with the values which we used in our validation studies. Note that for
each reaction the validation value of the rate constant is within the
range of values recommended by these three groups or other individuals.
For some reactions a considerable span exists between the lowest and
highest "best" estimate of the rate constants (e.g., the formation of
PAN by reaction 33). This generally indicates that the rate constant
has not yet been precisely determined experimentally; the estimated
values in those instances have usually been reached by analogy to

similar reactions with known rate constants. In Chapter II we discuss



TABLE 6

Validation Values of the Rate Constants and Their Comparison with the Recommended
Values of Other Investigations

Validation* Demerjian Johnston Niki
Reaction Value et al. (1973) et al. (1970) et al. (1972) Others
1 .266 min~) DEPENDS ON EXPERIMENTAL SYSTEM
2 2.0x10™2ppm Zmin”] 2.0x107> 2.3x107° 2.2x107°
3 2.3x10" 2.3x10] 2.9x10 2.9x10!
4 3.5X10—3ppm-2min_] 3.4x1073 2.5x10"3
5 1.38x10% 8.1x10° 8.1x10° 1.38x10% 1
6 2.2x10"3ppm~2min"! 2.2x1073
7 1.1x107] 0.48-1.1x1070  1.1x107" 1.1x107!
8 1.5 x10% 0.66-1.47x 10%  1.5x10% 1.5x 10"
9 4.5x10° 6.8x10° 4.5x10° 4.4x103
10 1.5x10 min”! 1.5x10" 1.4x10" 1.4x10"
1 1.0x107° 2.5x1073 3.0x1073 1.5x1070
12 1.0x10]
13 5.0
14 4.3x10 %ppn~2min!  <4.3x107° 6.9x107° 3.6x1078
15 4.5 <4.5 2.8x1072
16 1/10-klmin'] 1/4%k, 1/10% 1/2000 k,
17 1.5x10 >1.5x10% 1.5x10 6.0x10°
18 1.2x10M 0.8 k14 2.1x10°

-.-bg_



TABLE 6 (Continued)

Validation* Demerjian Johnston Niki
Reaction Value et al. (1973) et al. (1970) et al.(1972) Others
19 2.5x10% 2,5x10° 2.2x10% 2.6x102
20 7.0x10% 2.0x10% 2.9x102 7.0x10%2 Tt
21 1/250 kymin® 1/160 kq 1/250 kiTT
22 6.8x10° 6.8x10° 3.7-4.4¥10° 4.4x10°
23 1.6x1072 1.5x1072 0.9-1.6x10" 1.7x1072
24 2.5x10% 9.4x103 2.5x10%
25 1.07x102 1.07x10%
26 5x10°
27 6.5x10 3.2x10" 0.16-6.5%10
28 3.8x10° 3.8x10° 5.7x10° 6.0x10° Tt
29 2x10 3nin”! 0.4-2.5x1073 1/1000 k;
30 2.3x10% 2.2x10% 2.3x10%
31 9.1x10° 9.1x10° 2.9x10%
32 9.1x102 4.7x10% 1.5x103
33 1.0x102 4.9x10° 2.2x10]
34 2.4x1072 2.4-5.6x1072 4.4x1073
35 4.9x102 3.0-4.9x102 2.9x10°
36 2.5x10% 2.0-2.5x102 9.9x10°

_99_



TABLE 6 (Continued)

Validation* Demerjian Johnston Niki
Reaction Value et al. (1973) et al. (1970) et al.(1972)
37 5.3x10° 5.3x10° 5.3x10° 5.3x10°
38 1.0x10° 1.0x102 5.3x10°
39 1.0x10° 1.0x10 4.4x10°
* - -
Jdnits of ppm ]min 1 unless indicated to the contrary;
*%

Pseudo second order value
T Schuck et al., 1966
avis, et al., 1972
" odge, 1973
T Morris and Niki, 1971

_99-
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in detail the reactions for which considerable uncertainty in either
the value of the rate constant or nature of the elementary mechanism
still remains and make recommendations for further important experimen-

tal investigations.

b. Parameterized Stoichiometric Coefficients

As we noted in Section IB3, two parameterized stoichiometric
coefficients must be specified. Since the only olefin which we are
considering in this validation study is propylene, a terminal olefin,
o is always equal to 1/2. The value of B depends upon the fraction
of total aldehydes formed during an irradiation which is not formalde-

hyde. The approximate values of B for the three systems validated

are
System 8
n-Butane-NOx .75
Propy]ene-NOX .50
n-Butane-Propy]ene-NOX 63

The accuracy of these values is probably no better than +20% because

(i) the ratio of formaldehyde to higher aldehydes fluctuates
somewhat during an irradiation,
(ii) all the higher aldehydes may not have been detected with
the analytical instruments, and
(iii) the accuracy of the analytical techniques used to deter-
mine aldehydes in this study is poor. (See Chapter III for

a discussion of aldehyde measurement methods.)
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This uncertainty, however, introduces no substantial impediment to the
validation effort since variations in B8 over the extremes of the un-

certainty bounds have little effect on the predictions of the decision

variables by the kinetic mechanism.

c. Initial Concentrations of Reactants

The initial concentrations of the reactants were not always
determined at T = 0.0, that is, the instant at which the lights were
turned on. In those cases we have estimated the initial concentra-
tions by interpolating between the last measurement before and the

first measurement after the irradiation was begun.

d. Average Dilution Rate

The analytical techniques used to follow the course of the
reaction during an experiment required large volumes of gas from the
chamber. Because a volume of clean air was added to the chamber
equal to the volume of gas removed for sampling to maintain the total
chamber pressure at 1 atmosphere, dilution generally amounted to
20-25% of the initial concentrations of reactants during a 6-hour
irradiation. Ethane, a hydrocarbon which is virtually unreactive in
photochemical smog, was added to the reactant mix as a tracer gas for
dilution. If ethane is assumed to be unreactive, its loss from the
chamber can be attributed entirely to sampling and dilution at an
average rate constant of k :

-dc _
-(.'T'E_kc

or



«5G=

2.3 1og(c0/cf)
tf— t

k =
(¢}

where o and f are the beginning and ending times of the irradia-
tion. The average dilution rate constants for the experiments used

for validation were:

EPA Run kx10%(min™1) EPA Run kx 10%(min™")
306 7.5 307 9.5
314 8.5 333 10.0
345 7.5 348 7.9
318 8.2 349 9.3
325 8.5 352 9.5
329 8.9 457 6.9
459 4.8

e. Sensitivity of Kinetic Mechanisms to Variations in the Magnitudes
of Parameters

We have carried out a large number of validation runs during
this study, many of which involved the investigation of the effect of
varying the magnitude of a parameter on the predicted concentration-
time profiles. These efforts can thus be viewed, in part, as an
informal sensitivity study of the Tumped kinetic mechanism. On the
other hand, we have completed a detailed formal sensitivity analysis
of the simple HS mechanism (Section IA3). In comparing the HS mechan-
ism with the new lumped kinetic mechanism (Section IA4) we found the
most striking difference to be that a large number of stoichiometric
coefficients having a poor correspondence to actual stoichiometries

had to be specified in the simple mechanism. Otherwise, and excepting
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the obvious difference in detail, the two mechanisms present the same
basic features of the smog formation process. A sensitivity analysis
of the HS mechanism is then a good indication of the sensitivity of
parameters in the Tumped mechanism.

Among those parameters that are imprecisely known, the predictions
of the HS mechanism are most sensitive to variations in the rate of
photolysis of N02, k], the initial concentration of N02, and the
stoichiometries of the OH-HC, and ROZ-NO (which involves regenerating
OH) reactions. Variations of #50% in the water concentration, however,
have virtually no effect on the predictions. In one sensitivity study
using a set of data from the to]uene-NOx system in which the NO2 peak
recurred at 162 minutes, +50% changes from the base values of (NOZ)O’

k], B , and e caused the following changes in the time to the peak

T +

Parameter Change Change in T (minutes)
B - 50% + 198

e - 50% + 174

.k] - 50% + 116

(N02)0 - 50% + 24

g + 50% - 114

e *+ 50% - 106

k] + 50% - 43

(NO,)y + 50% - 20

B and e both govern the rate of NO oxidation due to the OH-

hydrocarbon oxidation reaction. As we indicated earlier, the OH-
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hydrocarbon oxidation reaction is primarily responsible for the hydro-
carbon loss rate observed in smog, and the rate constant of that
reaction correlates most closely with the photochemical reactivity of
hydrocarbons in smog chambers. Thus, one would expect changes in the
stoichiometries of reactions involved in the production or loss of OH
to have an impact on the predictions of kinetic mechanisms. In terms
of the lumped mechanism, we would expect changes in the stoichiometries
of the reactions of OH with the four classes of hydrocarbons and in the
termination rate of OH through reaction with NO2 and NO (reactions 17
and 18) to affect the predictions materially. We would also expect
variations in the two experimental parameters, K, (light intensity)
and the initial NO, concentration to perturb the predictions of the
Tumped mechanism. During validation of the mechanism we have qualita-

tively observed these conclusions to hold true.

2. The Validation Results

In this section we present validation results for the lumped

mechanism (Table 4) for the following reactant systems:

Reactant System Number of Sets of Experimental Data
n-Butane-NOx 3
Propy]ene—NOX 4
n-Butane-Propylene-NOx 6

The input parameters to the mechanism are those presented in Section

ID1. The results are depicted as a series of figures. Figure numbers,
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EPA experiment identification number, and initial concentrations of
reactants are given in the List of Figures, Table 7. Predictions of

the mechanism are represented by solid lines, and the experimental

data points are coded according to

NO

NO,

03

Propylene

n-Butane

Xx X o o P o

Peroxyacyl nitrates

a. n-Butane-NOy

Plots of the predicted and experimental values of concentrations
with time are shown in Figures 2 through 4. The (n—butane)o/(NOX)O

ratios span a range from 2.4 to 10.4

b. Propylene-NOy

The propylene-NOX validation results are presented in Figures
5 through 8. For this system the (propy]ene)o/(NOX)0 ratios for the

four experiments are between 0.4 and 1.3.

c. n-Butane-Propylene-NOy

The validation results for this binary hydrocarbon system are
displayed in Figures 9 through 14. The hydrocarbon/NOX ratios for
the experiments considered here span approximately the same range as

those used for the validations of the single hydrocarbon system. The
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TABLE 7

List of Figures

*% * * * *
Figure EPA Run (NOZ)O (NO)0 (n-Butane)O (Propy]ene)0

2a,b,c 306" 0.03 0.30 1.60

3a,b,c 314 0.02 0.29 3.17

4a,b,c 345 0.12 1.28 3.40

5a,b,c 318 0.06 1.12 0.51
6a.b 325 - 0.04 0.32 0.45
7a 329 0.06 0.26 0.24
8a,b 459 2.06 1.14 0.78
9a,b,c 307 0.05 1.23 3.06 0.36
10a,b,c¢ 333 0.08 1.25 3.41 0.23
1a,b,c 348 0.08 1.23 3.39 0.50
12a,b,c 349 0.03 0.31 3.25 0.44
13a,b,c 352 0.07 0.27 3.29 0.26
14a,b 457 0.05 1.1 3.29 0.81

*
Initial concentrations in units of parts per million (ppm)

1L0.12 ppm of aldehyde also present initially

*%
Figure 1, presented in Section IAl, depicts a typical smog profile.
The data are from EpA run 329.
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(n-butane)O/(NOX)O ratio extends from 2.4 to 9.7 and the (propylene)o/
(NOX)O from 0.2 to 1.3.

E. Concluding Comments

The data base provided for the validation studies fulfills many
of the important requirements that one would wish to place on it. The
concentration levels of the hydrocarbons, nitrogen oxides, and oxi-
dants are representative of those observed during smoggy days in Los
Angeles. An important aspect of the data base is the variety of
hydrocarbon systems included. High and low reactivity hydrocarbons
were represented, as were single reactants (n-butane and propylene)
and a binary mixture. Initial conditions for the runs cover a broad
range of hydrocarbon to nitrogen oxide ratios. This is a particularly
important property of the data base if the validated mechanism is to
be part of an airshed model which will be used to evaluate proposed
alternative control strategies. On the whole, the accuracy and pre-
cision of the measurements is adequate, although there are a number of
important exceptions, which we will mention shortly.

While the data base possesses many desirable attributes, its
shortcomings must be noted as well, for these determine the limits
within which the model may be tested. Consider, for example, a data
base for which concentrations have been determined with only passable
accuracy. Wide ranging sets of parameters could easily produce pre-
dictions all of which fall within the broad limits of experimental
uncertainty. Under such circumstances, it is not possible to satis-

factorily test the adequacy of the mechanism to represent the data.
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We have mentioned the most notable deficiencies of the data base
at one point or another in earlier sections. We summarize them here,

with some comments.

(i) Inaccuracy in measurement and in analytical procedures.
As noted earlier, Mast and KI readings were badly dis-
crepant, initial N02 was imprecisely determined, and light
intensity was not known with sufficient accuracy. Also NO
and NO2 determinations were inaccurate at low concentra-
tions.

(ii) Lack of measurement of certain species, both in the gas
phase and on the wall. It would be of value to monitor
nitric and nitrous acid concentrations in future studies.
Determination of wall concentrations of these species is

also desirable.

Turning now to the results of the validation efforts, we make a
number of observations. First, we have been able to demonstrate that,
in general, there is good agreement between predicted and measured
concentrations. In making this statement, we must emphasize that sub-
stantial uncertainties exist in the magnitude of light intensity and
initial NO2 concentration, as well as in the values of measured con-
centrations of HC, NO, NO2 and 03, thus limiting the possibilities for
critically testing the adequacy of the model. More specifically, the
mechanism has shown good qualitative and quantitative agreement with
observed values of the time to the NO2 peak and final ozone levels

reached for three different hydrocarbon-NOx systems and for a wide
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range of hydrocarbon to NOx ratios.

The predictions of the Tumped mechanism agree most closely with
the experimental data when the initial NOx is less than about 0.5 ppm--
a condition typical of polluted atmospheres. At initial concentra-
tions of NOX greater than 1 ppm, the rates of oxidation of NO and
accumulation of NO2 predicted by the mechanism continue to agree well
with the data; however, the rates of 03 accumulation and NO, oxidation
after the peak are more rapid than those observed experimentally. In
many of the experiments the high initial concentration of NO suffi-
ciently delayed the attainment of the N02 peak that a maximum level of
ozone was not achieved before the end of the irradiation (usually 375
minutes). So, while it is apparent under those conditions that the
onset of O3 accumulation predicted is somewhat premature, it is not
possible to evaluate the accuracy of the simulated 03 maximum. In
those experiments during which ozone reached a maximum asymptotic
level (e.g., runs 306, 325, and 349) the agreement between the data
and the predicted ozone maxima are good. The rates of oxidation of
propylene and n-butane predicted by the mechanism match the data
uniformly well regardless of either the initial concentrations or the
hydrocarbon/NOx ratios. PAN validation data were available for only
three sets of experiments, runs 325, 329, and 459. For the first two
of these runs the predicted PAN concentrations are in good agreement
with the data; for run 459, however, the predicted onset of PAN
formation is too soon and the levels reached are too high compared to

the data.
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Earlier (Section IC) we noted that two of the experiments
being used in our validation program were performed ten months after
all the other data were obtained. In our attempts to validate the
Tumped mechanism against each of these experiments, runs 457 and 459,
we have found that the predictions for each of the concentration-time
traces is too rapid by about 80 minutes. Because in at least one of
these cases (run 459) the hydrocarbon/NOx ratio is not appreciably
different from that of another system successfully validated (run
329), the possibility that chamber conditions might have changed sig-
nificantly in the 10 month interim is raised. In particular, the
radiation intensity might have decreased substantially in that period.
While there is no way of checking a posteriori what changes, if any,
occurred in the operating conditions of the smog chamber, this experi-
ence demonstrates the importance of continuously and accurately
monitoring all the operating parameters of smog chambers.

The data and predictions are not always in perfect agreement
for all species for the entire period of the irradiation. These dis-
crepancies can be attributed to at least four possible sources of

uncertainty:

(i) The mechanism may be incomplete. It has been our intent
to include every reaction presently thought to be impor-
tant to explaining smog formation in the lumped mechanism.
In the future, new reactions may be discovered and/or
products of elementary reactions may be found to be dif-

ferent from what they are presently thought to be.
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(ii) The lumping process may introduce error. For example we

have assumed the CH,CHCH,0, radical (product of the OH-

propylene reaction) to react in the same fashion as the

CH3CH2CH202- radical. To the extent that their reactivities

are different error will be introduced into the predictions.
(ii1) There are uncertainties in the experimental data used for

validation. None of the analytical measurements js

entirely free of error; in addition, any chamber effects

(such as surface effects) not accounted for in the model

are potential sources of uncertainty.

(iv) Not all of the rate constants are known with a high .degree
of certaihty. Indeed, for a few of the reactions no
experimental determination has yet been made of the rate
constant. Even in cases of those reactions for which
several determinations of the rate constants exist, there

is often poor agreement between the various values.

Given these uncertainties, we believe that the validation results re-
ported here indicate that the Tumped mechanism provides a good
description of émog-chamber kinetics. In particular, the mechanism
appears capable of predicting the concentration-time behavior of a
variety of reactant systems over a wide range of initial conditions.
However, a considerably more accurate and complete data base is re-
quired if the adequacy of the lumped mechanism is to be critically
evaluated. We recommend that a carefully conceived exﬁerimenta] pro-
gram be undertaken for the sole purpose of providing the data needed

to carry out such an evaluation.
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Up to this point we have confined our attention to the develop-
ment and validation of a kinetic mechanism capable of simulating smog
chamber reaction processes. The ultimate objective of developing such
a mechanism is its use in atmospheric simulation studies. Therefore,
once a mechanism capable of describing smog chamber experiments becomes
available, we must consider its adaptation for use in the prediction
of atmospheric reaction phenomena. Here we shall briefly outline those
elements of atmospheric processes which may not receive recognition in

a mechanism based solely on laboratory studies.

(i) Kinetic mechanisms for photochemical smog previously
formulated have not included SO2 as a primary reactant.
Both the lack of high 502 concentrations in the Los
Angeles basin and a lack of understanding of the processes
responsible for SO2 oxidation in a photochemical oxidizing
environment are responsible for its omission. However,
there is clear evidence in Los Angeles, for example, that
areas of the basin with the highest 502 concentrations
frequently experience heavy haze formation. In addition,
laboratory smog chamber experiments in which SO2 is
present in many cases have exhibited exceptionally high
rates of aerosol formation. Clearly, there is a great
need to include 502 as a primary reactant in photochemical

kinetic mechanisms.
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Many of the reported rate constants for atmospheric
reactions have only been measured at 298°K. In many
cases, such as for hydrocarbon oxidation reactions,
there is little information on activation energies,

and thus on the temperature dependence of the rate
constants. Obviously, application of a kinetic mech-
anism to atmospheric reactions requires knowledge of
the temperature dependence of rate constants. Such
dependence can easily be included in kinetic mechanisms;
the difficulties lie, however, in the experimental
measurement of values at different temperatures.

Most smog chamber experiments are conducted with a
constant value of the radiation intensity. Hence, con-
stant values for the first-order photodissociation rate
constants, such as for NOZ’ HNOZ, H202 etc., prevail.
In the atmosphere, however, the radiation intensity
changes naturally throughout the course of a day as
well as when clouds appear and hazes are present. As
with the temperature dependence of rate constants,
changes in radiation intensity can be easily accounted
for in a mechanism as long as the effect of the inten-
sity changes on the dissociation rate constants is
known. The difficulty arises in relating the actual
radiation intensity at any time to the values of these

dissociation rate constants. In an actual atmosphere,
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radiation intensity will vary with height above the
ground due to the presence of aerosols which may
scatter and absorb solar radiation. Ultimately,
there must be included in full scale urban models a
submodel which computes radiation intensity as a func-
tion of location and time in the presence of cloud
cover and atmospheric aerosols.
Smog chamber experiments are generally carried out
with well-defined initial hydrocarbon concentrations
and compositions (except in auto exhaust irradiation
experiments). In the atmosphere, however, the hydro-
carbon composition is a function of time and location.
Lumped reaction mechanisms, as we have seen, require
classification of hydrocarbons into groups depending
either on the hydrocarbon class or reactivity. Thus,
the application of these mechanisms to the atmosphere
will require knowledge of the spatial and temporal
distribution of hydrocarbons, at least by class. The
mechanisms, of course, must have the ability to treat
such inhomogeneities. However, the key problem is
that source inventories for hydrocarbon emissions and
monitoring data generally report total hydrocarbons
rather than a breakdown by class. The current lack of
specific knowledge of atmospheric hydrocarbon distri-
butions will hinder the application of lumped mechan-

isms to the atmosphere. In view of this lack of
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knowledge, the lumping employed in atmospheric studies
may very well be different than that used for smog

chamber studies.

There are two other phenomena which may be important in the
atmosphere and not in a smog chamber. First, there may exist sinks for
gas phase species. Potential sinks include aerosol particles, vegeta-
tion and soil. Such sinks, while not altering the fundamental
kinetics of the system, will have to be accounted for in an overall
model. Second, the presence of turbulent concentration fluctuations
will tend in some cases to cause the actual reaction rate to be differ-
ent from the rate predicted on the basis of the mean concentrations.

In order to account for the effect of turbulence on the observed reac-
tion rates, it may be necessary to modify the kinetic equations so as
to include the effect of turbulence within them.

Based upon our results (Figures 2-14) and the principles of
formulation (Section IB), this kinetic mechanism appears to hold sub-
stantial promise for incorporation in airshed modeis. The mechanism
describes the important inorganic chemistry in detail, yet minimizes’
the overall number of reactions by taking advantage of the general be-
havior of specific groupings of similar hydrocarbons and free radicals.
Further, the mechanism is free of arbitrarily assignable stoichiometric
coefficients. Thus, the new lumped mechanism represents a reasonably
rigorous, yet manageable, description of the photochemistry of air

pollution.
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II. INVESTIGATION OF SPECIFIC ELEMENTARY REACTIONS AND PARTICLE
GROWTH PROCESSES AFFECTING THE COURSE OF SMOG FORMATION

As we have noted in Chapter I,.atmospﬁeric contaminants partici-
pate in a large number of elementary reactions. At this time it
appears that most of the important reactions that contribute to the
pollutant formation in the atmosphere have been identified. Yet, our
complete understanding of the mechanism of smog formation depends upon
our ability to measure rate constants and to determine the mechanisms
and products of several elementary reactions presently thought to be
significant. In this chapter we have attempted to gather and discuss
what we feel are the most important problems remaining to be solved
that involve fundamental chemical kinetics.

Although our primary objective in this discussion is to identify
those areas of pursuit that are most important to achieving an under-
standing of the pollutant-generating gas phase reactions in the atmos-
phere, we also examine briefly the phenomenology of gas to particle
conversion, that is, the mechanism of aerosol growth. As this is a
large and complex topic, one which is not well understood, we have
limited the discussion to a coverage of only the key issues that re-
quire further study. We have included this cursory examination pri-
marily to emphasize that gas phase reactions of pollutants and the
formation of light-scattering aerosols are coupled processes, and thus

should be investigated in a related fashion.
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A. Rate Constants and Elementary Reaction Mechanisms Requiring
Further Study

The formulation of a descriptive and predictive chemical mechan-
ism of smog formation requires identification of all the important
reactions contributing to the chemica1 dynamics. Similarly, thorough
investigatioh of a specific reaction is achieved only when the reaction
rate constant has been carefu]Ty determined and the reaction mechanism
properly specified. Due to the large number of important reactions
that take place in the atmosphere, the rapid rates of many of them, and
the low concentrations of most reactants (e.g., free fadica]s), the
experimental investigation of photochemical smog formation is an
ehormously large and difficult task. Much has been accomplished, how-
ever, in recent years. Excellent compilations and discussions of
kinetic and mechanistic studies which have been carried out can be
found in Leighton (1961), Johnston et al. (1970), Altshuller and
Bufalini (1971), and Demerjian ét al. (1973). 1In this section we limit
ourselves to a consideration only of those inorganic and organic reac-
tions whose rate constants or mechanisms require further investigation
in order to assess their importance with regard to the dynamics of
pollutant transformations.

As will be seen in the following section the important inorganic
reactions that occur in the atmosphere are reasonably well known.
Approximately 15 species, mostly nitrogen-containing, participate in
about 20 e]eméntary reactions. Most of the reaction mechanisms are
well understood, and the remaining problems of interest concern mainly

the determination of the reaction rate constants. The set of reactions
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invblving organic constituenfs, on the other hand, is extremely com-
plex, involving hundreds of reactants. Simplified descriptions of
these processes can be achieved only in that the organics can be
divided into five general classes, the constituents of each class
having a tendency to react similarly with a particular reactant (such
as 0, OH, and 03. See Chapter I). Aiso of interest is the identifi-
cation and determination of products of hydrocarbon-oxidant reactions

and the measurement of rates of free radical reactions.

1. Inorganic Reactions

In this section we focus our attention on both the direct
photolysis and thermal reactions of importance that occur in the
atmosphere and that involve inorganic species. [Included among the
inorganics are free radical species (e.g., 0, OH, H02, NO, N02, N03),
inorganic acids and acid anhydrides (e.g., HNOZ, HN03, N205), pérox—
ides (e.g., H202), and other simple oxides (e.g., CO, 502).] Photo-
dissociation reactions result in the generation of free radical
species which initiate the photochemical smog process. The thermal
reactions important in smog, on the other hand, are mainly chain con-
tinuing or chain terminating processes which result in the oxidation
of NO, the accumulation of 03, and the formation of stable products

such as HNO, and C02.

3

a. Direct Photolysis Reactions

The rate constant for photodissociation of a species is
normally expressed as the product of the specific absorption rate, ka’

and the quantum yield, ¢ . The specific absorption rate is a function
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of the intensity and spectral disfribution of the incident radiation.
Rates of .photodissociation reactions are usually known only with
uncertainty because of the difficulty in measuring the spectral distri-
bution of sun1ight and artificial radiation sources. We defer the
discussion of Tlight intensity measurements until Chapter III.

At Teast three inorganic species, NOZ’ HN02, and HZOZ’ will
photolyze when exposed to incoming solar radiation of spectral composi—
tion typically observed at the earth's surface. Of these NO2 dissocia-
tion is clearly the most important. At this poiht the significahce of
HNO2 decomposition and the effect of this reaction on smog dynamics
has not been clearly established, largely because HNO2 is rarely, if
ever, measured either in the atmosphere or in smog chambers. Probably
the least important contributor to smog formation of the three reac-
tions mentioned ébove is the photolysis 6f H202.; H202 does not photolyze
readily and, because it is produced late in the smog formation cycle,
has 1ittle effect on the overall chemical dynamics. (Ozone will also
photolyze slowly. Because 03 does not accumu1éte until the NO2 maximum
has been reached, this reaction would not be important until late

afternoon, if at all.)
(1) N0,

NO2 is the primary energy absorber of those pollutants

present in the atmosphere. The photodissociation of N02=
N02+h\)+N0+0

has long been recognized as the most important chain initiation

reaction in smog formation. We shall discuss the experimental
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measurement of the photolysis rate constant for this reaction

in Chapter IILI.
(2) HNO,

A second energy-absorbing species thougﬁt to be bresent in
polluted air and in smog chambers is nitrous acid. (We discuss
the chemistry of nitrous acid formation subsequently.) At wave-
lengths greater than 3000R two primary photodissociation reac-

tions are possib]e (Leighton, 1961):
HONO + hv + OH + NO - (~60 kcal)

HONO + hv >~ H + NO2 - (80 kcal)

The rate of photolysis of HNO2 is about 1/10 that of NO2
(Johnston et al., 1970). The importance of HNO2 in initiating
smog formation is a consequence of the high réactivity of the
OH radical with hydfocarbons*. In the case of the second reac-
tion the H atom combines rapidly with 02 to form an HO2 radical.
The HO2 radicals may then react with NO or another HO2 radical,

thereby initiating reactions which ultimately lead to the forma-

tion of OH radicals.

HO2 + NO > OH + N02

HO2 + HO2 > HZOZ £ 02

H202 + hv + 20H

E3
Hydroxyl radicals react about fifty times more rapidly with alkanes,
and about ten times more rapidly with olefins, than do oxygen atoms.
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Although measufements of atmospheric HNO2 concentrations have
not been reported, we can estimate roughly the equilibrium con-
centration of HNO2 that would be estabiished under typical
atmospheric conditions. Using equilibrium constants determined
by Wayne and Yost (1951) and concentrations of NO (0.2 ppm),
NO, (0.1 ppm),and humidity (63% at 25°C) which are typically
observed in Los Angeles just before sunrise, we estimate the
equi]ibrium concentration of HNO2 to be about 0.026 ppm or
about 1/4 of the NO2 concentration. At these Tow concentrations
HNO,, will form at a rate of about 0.10 ppm/hour. (If the con-
centration of NO were 0.40 ppm and N02 were 0.20 ppm, the rate
of nitrous acid production would rise to about 0.40 ppm/hour,
and the equilibrium concentration would be about 0.05 ppm).
Thus, nitrous acid may well be an important source of free

radicals early in the morning in a polluted atmosphere.
(3) H202

Recent evidence suggests that hydrogen peroxide may exist
in significant concentrations in polluted air. Bufalini et al.
(1972) measured 0.18 ppm of HZOZ under severe smog conditions
in Riverside, California and they suggested that H202 forms
primarily as a result of H02-H02 recombination. However, hydro-
gen pefoxide is probably not a major factor in hydrocarbon
oxidation (by production of OH radicals) for the following

reasons:

(i) Under equivalent irradiation conditions, its
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photodissociation rate is only 1/250 that of NO,, (Leighton,
1961).

(ii) Maximum concentrations of H202 observed in the laboratory
and the atmosphere are much less than the corresponding
maximum concentrations of NO2 (Bufalini et al., 1972).

(i11) H202 forms at the fastest rate after the NO2 peak, coin-
cident with the onset of oxidant formation and after much
of the hydrocarbon has been oxidized.

(iv) HZOZ actually serves as a sink for HO2 radicals, since
the subsequent production of OH radicals from photolysis

is slow.

For these réasdns it is probably important to measure the con-
centration of H202 only for the purposes of modeling the post-

NOé-peak smog formation behavior.

b. Thermal Reactions

When a mixture of NO,. NO, CO, 502, and H20 is irradiated in air,
a large number of "secondary" reactions can occur subsequent to NO2
photo]ysis. These "secondary" reactions are thermal. rather than
photolytic in nature, since the energy contained in the reactants and
that produced by their collision, rather than light energy, drives the
reaction. In this section we discuss the important inorganic reactions
that occur in the atmosphere, examining in particular the formation of
the inorganic acids, HNO; and HNO,, and the oxidation of NO, CO, and
SO

2 Before doing this, however, we briefly discuss the effect of

temperature on the rate of the homogeneous reactions contributing to
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smog formation.

It has been observed by several investigators that 1ncreasihg
the operating temperature of a smog chamber results in an increasé in
the photooxidation rates of hydrocarbons and in the ozone levels
attained. (Early literature on this subject has been reviewed by
Altshuller and Bufalini (1965).) This is the effect one would expect
of reactions having substantial activation energies. However, most of
the inorganic and organic reactions contributing to smog formation for
which activation energies (EA) have been determined have values of EA
less than 5 kcal (see Johnston et al.,, 1970). For instance, the NO-0,
reaction (SectionlII.A.l.b.(])), which contributes substantially to
NO and 03 loss rates and fhe NO2 formation rate, has an activation
energy of 2.5 kcal. Increasing the temperature from 77°F to 95°F

(25°C to 35°C) increases the rate constant from 29.4 ppm']min'] to

Tnin™!, (a 15% change, which by itself should have Tittle

33.8 ppm”
effect on the time to the NO, peak or the ozone level attained). The
activation energy of the NO,-0, T (Section I1.A.1.b.(1)), on
the other hand, is 7.0 kcal, and a 10°C increase in temperature re-
sults in a 46% increase in the rate constant. The only reaction of
those 1isted in Johnson et al. (1970) having a high activation energy
is the reaction
N,Og = NO, + NOg

which has an activation energy 6f 21 kcal.

To determine the effect of temperature on the rate of smog forma-

tion it will be necessary to incorporate the thermal dependence of the

various rate constants into kinetic mechanisms. However, activation
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energies have not yet been determined for all the reactions thought

to be important in smog formation (for example, the HNO2 formation
and H02-N0 reactions). Thus, we recommend that an effort be made to

obtain the data needed to establish k versus T relationships.

(1) Reactions of 03 with NO and NOp

Ozone, which forms as a product of NO2 photolysis by the
reactions,
5
NO2 + hv k+ NO + 0
0+ 02 + M E 03 + M M = third body

is destroyed rapidly in the presence of NO by the reaction

ks
03 + N0 > NO2 + 02
As the overall smog formation process proceeds, NO is depleted
and NO2 and 03 accumulate. When N02 and 03 reach sufficiently

high concentration levels, the reaction

: k4 _
O3 ¥ NO2 -> NO3 + 02
becomes more important than the 03-NO reaction.
Two determinations have been made of the rate constant for

Tnin™! by Johnston and Yost

the 05-NO, reaction, k, : 0.106 ppm_
(1949) and 0.0485 ppm']min'] by Ford et al. (1957). The earlier
measurement was made at partial pressures of NO2 between 0.001
and 0.01 atmospheres?-pressures that are much higher than those
typically observed. The latter determination was made at con-

centrations of NO2 and O3 below 1 ppm. In that study 03 and NO2
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entered a flow reactor at known concentrations. The effluent
stream was analyzed continuously for NO2 using a wet method
similar ﬁo the Saltzman method (see Chapter III), while ozone
was determined in situ by ultraviolet photometry. The accuracy
of the rate constaht determined by Ford et al. is affected by
several factors, including the constancy of the inlet reactanf
concentrations, the completeness of mixing, and the accuracy of
the NO2 and O3 measurements. Because of the possible sources of
error and the lack of agreement between the two experimenta?
determinations of k4 » it would be worthwhile to reevaluate

*
this rate constant .

(2) The Chemistry of NO3, N205, and HNO3

Any NO3 formed by reaction 4 before the NO2 peak will react

rapidly with NO to regenerate NO2 by the reaction,

k

5
NO3 + NO - 2N02

After the NO2 peak, a time after which NO has reached low levels,

NO3 will react primarily with N02, presumably leading to an

*

Eschenroeder (1972) found it necessary, in validating a photochemical
mechanism proposed by him, to use a value of kg = 0.005 p m=Tmin-1,
while Hecht and Seinfeld (1972) used a value of 0.006 ppm~Imin-1.
Employing values closer to the lowest experimental value of kg re-
sulted in a reduced maximum NO, concentration, in much more rapid
disappearance of N02, and in greatly (60%) reduced ozone levels.
Because both mechanisms are subject to a large amount of uncertainty,
there is no assurance that values of kg necessary to simulate smog
Chamber data are, indeed, closer to reality. Nonetheless, the model-
1ng results serve to raise questions about the validity of kg
determinations carried out to date.
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equilibrium concentration of N205.

NO, + NO2 z N0

275
7

3

In the presence of water, however, N205 can hydrolyze to form

nitric acid. -
k

8
N205 + H20 S 2HN03

Smith (1947) has observed HNO3 to oxidize NO by a process with

the following overall stoichiometry:

+ H,0

2HN03 + N0 - 3NO2 9

A possible reaction sequence to account for this (Johnston et

al., 1955; Gray et al., 1972) is

HNO, + NO - HNO2 + NO

3 2

HNO3 * HNO2 s 2N02 + H,0

2

The Magnitudes of the rate constants and the effect of surfaces
on the rates of these two elementary reactions have not yet
been established quantitatively. But, in view of the large
amount of.HNO3 which forms in smog, such an investigation would
be valuable.

Beyond those two reactions, HNO3 is not thought to
enter into any significant reactions with the other po]]utahts
present in a smog chamber. And while the acid will photodisso-

ciate at shorter wavelengths, the photolysis does not proceed
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at wavelengths present in smog chambers (Bérces and F&rgeteg,
1970a,1970b). (In the atmosphere, however, HNO3 can react
rapidly with NH3 to form NH4N03, a constituent of atmospheric
aerosols.) |

Although nitric acid has been found on the walls of smog
chambers (Gay and Bufalini, 1971), the rate of hydrolysis of
N205 has not been established, and it is not yet certain that re-
action 8 is the primary source of HNO3. (An alternate source
of HNO3 is the reaction of OH and NOZ.) Wilson (1972) has
charged a humidified reactor with N205 and observed that the
oxide disappears very slowly. This behavior suggests that gas
phase hydrolysis of N205 is very slow. Thus, the presence of a
third body covered with at least a monolayer of water may be
required to promote the hydrolysis reaction.

If the hydrolysis of N205 is slow, one could reasonably
expect a large steady state concentration of N205 to be present
in smog chambers. Wilson (1972) carried out an experiment in
which he irradiated a hydrocarbon-NOX mixture until the NO had
been oxidized:and the 03 maximum reached. He then extinguished
the 1ights and injected NO into the system in an ampunt in |
excess of that needed fo destroy all ozone present. Subse-:
quently, he observed that the remaining NO was slowly oxidized
to NOZ' A possible explanation for this observed behavior is
that N205 had accumulated during the HC-NOX irradiation and

then reacted with the excess NO via reactions 5 and 7. Were

this the case, one would expect to observe three parts of NO2
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formed for each bart'of NO consumed. Note that this is the same
stoichiometry as that observed for the HNO3—NO oxidation process
just discussed.
In summary, the atmospheric chemistry of N205 requires fur-
ther investigation. In particular, it will be important fo
measure the gas phase rate constant for the N205—H20 reaction,

the rate of the HNO3-NO reaction, and the steady state concen-

tration of N0z in a dry system.

(3) The Chemistry of HNO,

The photolysis and estimated equilibrium concentration of
nitrous acid in the atmosphere have been discussed earlier in
this chapter. We briefly exéminé here the reactions which pro-
duce HNOZ. Nitrous acid is known to form in aqueous solution
by the reactions

kg
-5
k1o

0. + H.0 il 2HNO
NoOs + H0 ~ 2

Gratzel et al. (1970) have studied this system and have deter-
mined the pseudo-first order rate constant for the hydrolysis of

N,0, to be 3.18 x 10%min~1.

Nitrous acid is presumed to form in
the atmosphere by the same mechanism, although the homogeneous
gas phase hydrolysis of N203 may be very slow, as is the case
for N,Og. Wayne and Yost (1951) studied the third ordef gas

phase reaction,
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NO + NO, + H20 o 2HNO2

2 1

obtaining a rate constant of 4.3><TO'6ppm' min_ ' for the reac-
tion. Westberg (1972) has questionéd the accuracy of this
determination, based on thermodynémic considerations.

In the ambient system nitrous acid.can form at night through
the hydrolysis of N203, so that an equilibrium con;entration of
HNO2 may be reached by sunrise. Hydrolysis of N203 is probably
also a favored keaction on wet surfaces, such as on particles
or wa]is. As such, it very likely occurs on surfaces in smog
chambers. Because of the potentially important role of HNOé in
atmospheric photooxidation reactions, we recommend that the rate

of formation of this species in the gas phase be carefully

assessed.

(4) Reactions of OH with NO and NO,

From our discussion in Chapter I, it should be clear that
OH is the most important oxidizer of hydrocarbons in smog. Thus,
any reactions which affect the concentration of OH can result in
a pronounced change in the rate at which smog is observed to form.

Two such reactions are the terminations of OH with NO2 and NO.
ko

OH + N02 -+ HNO

ks
OH + NO + M - HNO

3

o + M

Morley and Smith (1972) have determined ky, between 20 and

300 torr, a region which they have shown to be a transition
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between third and second order kinetics. Based on their data

1 to be the Tower Tlimit of

they have estimated 15,000 ppm']min-
the rate constant at 300°K and atmospheric pressure. By a
separate technique Simonaitis and Heicklen (1972) have determined

1 1 at 300°K and atmospheric pressure.

ky, to be 13,000 ppm ‘min”
There have been no determinations of k]3 at pressures greater
than 30 torr (Morley and Smith, 1972). However, Demerjian et al.
(1973) have estimated k]3 = 0.8 k]2 at atmospheric pressure.
Because of the importance of OH in the smog formation process,

an effort should be made to confirm this estimate experimentally.

(5) Oxidation of NO by HO,

Until recently there has been little direct evidence to
substantiate the hypothesis that HO2 is an important oxidizer
of NO in the smog formation process. Wilson and Ward (1970)
have observed that irradfation of NO (~1 ppm) in the presence of
large amounts of CO (~500 ppm) in air results in the complete
oxidation of NO to NO2 ahd the formation of 03. The mechanism
generally assumed to exp]ain this observation is as follows.
Water in the air reacts with NO and traces of NO2 to form nitrous

acid, which subsequently photolyzes to form OH radicals. The

following reactions then occur:

kig
OH + CO > CO, + H
+Mk]5 0, + M
H + 0, + Ho,

K16
HO, + NO =+ OH + NO,



o K

The rate constant for reaction 14 is now well established (see
the next section), and the combination of H with O2 is very
fast. Apparently the first reported value for k16 was that

Tnin~1. Recently,

determined by Johnston et al. (1970), 3 ppm_
however, Davis et al. (1972) have experimentally established
k]4‘as beingv700 ppm'1min']. The ear]ier low value is probably
incorrect, since with such a value, the oxidation of NO in the
presence of CO and ]fght cannot be satisfactorily explained. We

recommend that the value determined by Davis be used in subse-

quent ca]cu1ations.

(6) Oxidation of CO

Carbon monoxide has been shown to accelerate the oxidation
of NO to NO2 when present in concentrations of 100 ppm or mocre
(Westberg et al., 1971). The effect of CO is explained by reac-
tions 14-16; accordingly, the oxidation of CO by OH (reaction 14)
the first step in the chain, has received a great deal of atten-
tion. Demerjian et al. (1973) have averaged the experimental
determinations of k14 of several investigators and obtained

1min']. Because ambient concentra-

an average vajde of 250 ppm_
tions of CO are well below 100 ppm, often on the order of 5-30
ppm, CO probably has 1little effect on smog formation (Dodge and
Bufalini, 1972).

A simplified exémp]e demonstrates the acceleration in the

rate of oxidation of NO in the presence of CO due to an increase

in the ratio of the rate of radical formation to the rate of
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radical termination. The four most important reactions in smog

involving OH are

OH + N0, - HNO, k = 15,000 ppm 'min!
OH+ N0 > HNO, k = 12,000 ppm™ 'min!
02 1. -1
OH + HC = 1RO, k = 25,000 ppm 'min ' for
0, propylene
OH+CO + 1HO, k = 250 ppm 'min”!

If propylene, NO, and NO2 are all present at a concentration of
1 ppm,

R = Rate of radical formation _ 25,000

" Rate of radical termination _ 15,000+12,000+25,000 .48

With 100 ppm CO added to the system,

2 - 25,000+25,000 . &E
= 75,000+12,000+25,000+25,000 ~ °

Thus, the addition of 100 ppm of CO to this system results in a 35%
increase in the ratio of the rate of radical formation to the

rate of radical termination. The effect of CO is even more
striking in a system containing a hydrocarbon of lower reactivity

such as n-butane for which the OH-n-butane rate constant is
1 1

3800 ppm ‘min . In that case, if (n-butane)= (NO) = (N02) =
1 ppm
= 3,800 .
15,000+12,000+3,800 ~ °

Upon addition of 100 ppm CO, R increases to
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3,800+25,000

= 75,000+12,000+3,800+25,000 e

R

The ratio of the rate of radical formation to the rate of ter-
mination has, therefore, increased 4-fold upon addition of the
CO0. Thus, the effect of high concentrations of CO on the rate
of smog formation would be expected to be proportionately
greater for systems containing hydrocarbons of low reactivity
than those containing very reactive hydrocarbons.

Recently, there has been some interest in the possible

oxidation of CO by HO2

HO2 + CO0 -~ OH + CO2

Westenberg (1972) has determined experimentally the ratio of
the rate of this reaction to that of HO2 and H. In particular,
he estimated that the HOZ—CO reaction was probably very fast,

with a rate constant on the ovder of 8.8><1O4ppm—1m1n']. If

this is the case, the HOZ—CO reaction,

0 +c0k-]>70H+co
HO, 2

would have the effect of raising the OH concentration predicted
by kinetic mechanisms. Consequently, the rate of loss of hydro-
carbon through reaction with OH and the rate of generation of
NO-oxidizing free radicals would increase. The value Westenberg
obtained for the HOZ—CO rate constant, however, depends crucially
on the kinetic mechanism upon which the data analysis was based.

In his analysis, he omitted from the mechanism the reaction
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between OH and H02,

OH + H02 > H20 + 0,

a reaction which must be of some importance. This omission
resulted in an overestimation of the H02-Co rate constant
(Dodge, 1973). Davis et al. (1972), too, have recently com-

pleted a study of the H02-Co reaction and have obtained a

value for the rate constant of less than 8><10'5ppm']min—].
Thus, it now appears that reaction 17 is too slow to be of

importance in smog.

(7) Oxidation of S02

The oxidafion of SO2 in an atmosphere containing oxides
of nitrogen and hydrocarbons and in the presence of sun1ight
is an extremely complicated process, one which is not fully
understood. The following reactions have been studied thus
far:

(i) the direct photolysis and quenching of S0,,

(i) the reaction of S0, in its excited states with
02 , and

(iii) the oxidation of S0, by 0 and 03.

If these were the only 502 oxidation reactions occurring, we

would expect a maximum rate of disappearance of SO2 in the

atmosphere of about 2% per hour, a value which is considerably

Tower than that observed in an atmosphere containing NOx and

hydrocarbons. We shall not endeavor to examine photochemical
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oxidation reactions involving SOZ 1h detail here, as a
thorough review of these reactions has retent]y been presented
by Bufalini (1971). Rather, we will restrict ourselves to a
discussion of reactions which have recently been postulated to
exb]ain the atmospheric photochemistry of SOZ'

Cox and Penkett (1971) have reported that 302 is oxidized
by a product of the 03—01ef1n reaction, presumably the so-called

"zwitterion".

6

RcHO0® + S0, - S04 + RCHO

2

Since the disappearance rate of'SO2 in a smog chamber experiment
increases during the period of ozone accumulation (Wilson and
Levy, 1970), this reaction is p]auéib]e. The zwitterion, a
peroxide chakacterized by strong charge separation, should be an
effective oxidizing agent. Wilson et al. (1972) have suggested

that SO2 may be oxidized by either NO3 or N205, or both:

- S0, + NO

NO; + SO, 3 + N0y

N 05 + 502 + S0, + 2NO

2 3 2

This hypothesis is of interest in that it implies that only O3
and N02, the precursors of NO3 and N205, are needed to oxidize
SO0,. While Wilson et al. (1972) made their observations for a
system also containing hydrocarbons, it would be interesting to
perform a "dark" reaction for a system of N02, 03, and SO2 in

air. Carrying out the reaction in the dark would prevent the
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formation of 0 atoms, which are known to oxidize 502.

0+S0,+M > S0, +M

Z 3

It has iong been speculated that peroxy radicals (H02,
R02, etc.) might be important ih the photochemical oxidation
of SO,. However, this now seems fo be unlikely. Recent pre-
liminary fesu]ts obtained by Davis et al. (1972) indicate that
the H02-302 reaction is very slow, havihg a rate constant of

1 1

only about 0.8 ppm 'min .

c. Summar

In the foregoing presentation we have discussed several inor-
ganic reactions of importance, or possible importance, in smog forma-
tion which require further investigations and understanding. Many of
these reactions have already been studied in detail; however, some may
require a careful re-determination of the rate constants. Specifically,
we recommend that:

(1) The rates of photodissociation of NO,, HNO,, and H,0, be
measured carefully in both smog chambers and the atmos-
phere. Additionally, the concentrations of HNO2 and H202
should be monitored continuous]y, as is now done for NOZ,
so that their importance as free radical initiators in the
smog system can be evaluated.

(ii) The 03-NO2 rate constant be re—determined. The magnitude

of this rate constant strongly affects the NO2 disappear-

ance rate and peak ozone levels predicted by smog mechanisms.
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(ii1)

(iv)

(vi)
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The rate of reaction of N205 and HZO in the gas phase be
measured. Nitrogen balances in smog chambers have been
notoridus]y poor, a difficuity that is attributab]eAto the
formation of HN03. A point of interest in the development
and validation of kinetic mechanisms is to establish
whether HNO3 forms in the gas phase and is transported to
surfaces, or whether the hydrolysis takes place predomi-
nantly on walls and particles.

The rate of formation of HNO2 by the hydrolysis of N20 be

3
re-determined in the gas phase.‘ Again, HNO2 should be
measured routinely in smog chambers and the atmosphere if
ifs formation rate is significant.

The rate of reaction of OH and NO be determined. Such
knowledge is needed if we are to explain the rate of hydro-
carbon oxidation by OH up to the NO2 peak accurately.

The rates at which N03, N205, zwitterions, and free radi-
cals react with S0, be determined. This information will

aid in explaining the observed rates of 502 oxidation in

photochemical smog formation.

Organic Reactions

Although the irradiation of a system containing NO, CO, H20, and

air will result in the oxidation of NO and production of ozone, the

addition of any of several organic species to the system substantially

acCeTerates the photo-oxidation process. Organics that will enhance

the oxidation rate include olefins, aldehydes, ketones, most paraffins
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and aromatics, and the longer chain acetylenes. These species enter

the atmosphere in several ways.

(i) Auto exhaust contains large amounts of unburned and
partially burned gasoline.
(ii) The filling of gas tanks displaces air saturated with
gasoline into the atmosphere.
(iii) Organic éo]vents used in metal working plants, dry clean-
ing, and as carriers for paints evapokate into the air.
(iv) Organic products escape to the atmosphere from chemical

manufacturing plants such as petroleum refineries.

The contribution from motor vehicles is the highest, however, being
about 66% of the total organics and 86% of the reactive organics found
in the Los Angeles atmosphere.

In a study of the effect of varying engine operating conditions
on exhaust composition, Jackson (1966) found that ethylene, propylene,
and butenes constituted approximately 34% of the hydrocarbons found in
exhaust, toluene and xylenes about 10%, and unreactive hydrocarbons
(methane, ethane, propane, acetylene, and benzene) about 24%. Eccleston
and Hurn (1970) have measured the composition of exhaust emissions from
eight automobiles in an effort to determine the effect of switching
from leaded to unleaded gasolines. The average emissions from cars

using regular leaded gasoline were:

38.34% paraffins

36.459% olefins

13.34% aromatics
1.41% oxygenates

10.61% acetylenes
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RUnning the cars on a regular, low olefin fuel resulted in a Targe

increase in the aromatic content and a moderate decrease in the olefinic

content:
34.02% paraffins
28.75% olefins
25.95% aromatics
1.66% oxygenates
9.63% acetylenes

Exhaust analysis of the cars run on an unleaded, high olefin fuel
showed a moderate increase in aromatic emissions and an almost equal
decrease in olefinic emissions, when compared with emissions measured

using regular leaded fuel:

35.92% paraffins

31.34% olefins

21.06% aromatics
1.86% oxygenates
10.13% acetylenes

.Thus, switching from leaded to unleaded gasoline resulted in an increase
in combined olefinic and aromatic emissions and reduced paraffinic
emissions. Because olefins and aromatics are, as a class, more reac-
tive than are paraffins with respect to the oxidation of NO, removal
of lead from gasoline will probably result in an atmospheric hydrocarbon
mix of increased photochemical reactivity.

In 1967 Altshuller et al. (1971) measured the hydrocarbon composi-
tion of the atmosphére at two locations in the Los Angeles basin. They

found that atmospheric organics consist of about:
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53% paraffins (excluding methane)
16% olefins '
20% alkyl benzenes

11% acetylene

Considerable effort has been expended in the past to study.the reac-
tions of paraffins and olefins with oxidants. Yet, Altshuller's study
shows that aromatics constitute a signficént percentage of the total
hydrocarbon in the Los Ange]es basin. Altshuller et al. (1971) found
that toluene and m-xylene are two of the ten individual hydrocarbons
present in the greatest concentrations and that these two hydrocarbons
constitute about half of the alkylbenzene fraction. As will become
apparent in the discussion that follows, the elementary reaction mechan-
ism for the oxidation of aromatics in the atmosphere is poorly under-
stood. In view of the high aromatic content of the atmosphere and of
auto exhaust, this lack of understanding stands as an impediment to
progress in the kinetic mode11ng of photochemxca] sSmog.

In this section we begin by examining the mechanism and products
of the oxidation of each class of hydrocarbons (paraffins, olefins,
aromatics, and acetylenes) by 0, OH, 03, and ]02. We then discuss the
reactions of aldehydes and ketones that can occur in the atmosphere.
Finally, we describe the reactions of free radicals, the products of
Hydrocarboh oxidation reactions. Some of this material to be presented
has been discussed previously {in Chapter I) in explicating the develop-
ment of generalized kinetic mechanisms. However, particular attention
will be given here to those elementary reactions whose mechanisms

require further investigation.
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a. The Mechanisms of Oxidation of Hydrocarbons in Smog

Elucidation of the mechanisms of hydrocarbon-oxidant reactions
that contribute to smog formation has proven to be an arduous tasko v
The Tow concentrations of the reactants, the typically rapid rates of
reaction, and the short lifetimes and low concentrations of the products
of the primary oxidation have, in general, precluded definitive experi-
mental investigations. In this section we discuss the reactions of the
four most common classes of hydrocarbons (paraffins, olefins, aromatics,
and acetylenes) with 0, OH, and 03, the oxidants thought to be the most
important in smog formation. We also briefly examine the role of
singlet oxygen in hydrocarbon oxidations. We will not tabulate the rate
constants of the hydrocarbon—oxidant'reactions here, since this has been
done recently by Johnston et al. (1970) and Demerjian et al. (1973).
However, where omissions have been made in their tabulations, or where

new data have become available, we will so note.

(1) 0 Atom Oxidation Reactions

Oxygen atoms form as a result of NO2 photolysis and are
generally thought to be the species that initiates the reactions
leading to smog formation in smog chambers. However, while 0
atoms react rapidly with olefins, reactions of aromatics and
acetylenes with 0 atoms proceed slowly, at rates about one to
two orders of magnitude slower than for olefins.

(a) Reactions with Paraffins

The reaction of 0 with paraffins probably results in the

abstraction of a H atom (Leighton, 1961).
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RH+0 -+ Re+ OH

The result of the reaction then is free radical branching

to an alkyl radical and an OH radical.

(b) Reactions with Olefins

Oxygen atoms generally add to olefins forming an
excited epoxide, which then decomposes to an alkyl and an

acyl radical (Leighton, 1961)

R R R _R, *
o+ c=c  3s The - ¢ s
Ry Re. Ry 7o Ry
Ry
0
R3
or
'33
RiCe + Ry=C- , etc.
1 1
0
Ry

This reaction thus results in the formation of two free radi-

cals.

(c) Reactions with Aromatics

The mechanism for 0 atbm attack on aromatics is not yet
known. Among the products that have been observed from the

reaction chain initiated by 0 attack on aromatics are
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peroxides, acids, and alcohols (Eventova and Pryktova, 1960).
The reaction of 0 with benzene is very slow. With mono-
substituted aromatics O might attack either the alkyl side chain
(as it would a paraffin) or the ring. There is 1ittle evidence
to indicate which of the two mechanisms predominates, but
studies of toluene and NOX in smog chanbers have led to the
observation of benzaldehyde and peroxybenzoylnitrate as products
(Heuss and Glasson, 1968). The fact that these products are
formed indicates that at least some toluene-oxidant reaction
does not result directly in chain opening. Since 0 attack on
an alkyl side chain of a substituted aromatic is such a reaction,
we speculate about the reaction in some detail.

In the case of a mono-substituted aromatic, 0 attack on
the side chain would probably occur at the carbon atom in the
alpha position relative to the ring location. The carbon-
hydrogen bond at that position has an unusually low bond dis-
sociation energy, as the aromatic ring stabilizes alpha free
radicals. Four canonical structures can be drawn to demonstrate

the delocalization of the free electron over the aromatic ring.
CHy=CHy + 0 +{)-CH-CHy = ()-CHCH,

H-CH CHCH
@ . g

«_4CH-CH

<>

3
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Among the dialkyl substituted aromatics one might expect
the meta-substituted isomers to be the most reactive with
respect to smog formation. Consider the reactions of ortho,
meta, and para xylene. The initial hydrogen abstraction is
identical in each case, a radical forming for which four delo-

calization structures can be written:

3
ortho [::] - CH3 +0 -

*CH, "CHy CH, EHy CHy -
0H+© CHy :©~CH3 o CHg [ )~ CHy H@’ 3
0, 0, 0, 0 0,

CHy
para © ol B
]
CHy
‘CHy  ~CH, CHy Hy Hy
OH + = (o L3 > >
Hy Hy Hy Hy CH,
Py Py Py P3 Py
CHy
meta +0 -
+CH, “CH, 52 Hy CH,
OH + @ ~cHy T NP hony T s on,” ~cHy ~ CH,
My My My M3 4
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Thus, the initial product is a very stable free radical. The
addition of molecular oxygén to the ortho or para free radicals
at any of the four positions, or to the meta ffee radical in |
positions M, or My, results in a loss of free radical delocal-
ization; that is, only one canonical structure can be written.
Thus, the peroxy] radical is less stable than the alkyl radi-

cal, and there is a tendency'for the radical to split off the

02 again. Positions M3 and M4 of the meta free radical are
$pecia1 cases, however, with the addition of molecular oxygen

favored at these sites. Upon addition of oxygen the radical

takes the form,

“CH3+02+ - o fl
H

V.
o /
. H
e
M M3
52 CH,  0-0:
- +0 —)©\ /H
cHy ¥ 02 e
H
My My

with the free electron localizing on the outer oxygen. Note
that in each case the two oxygens, two carbons on the ring,
and the carbon and a hydrogen of the methyl group form a six-
membered ring. Given the proximity of these various groups

and atoms to each other, transfer of an H atom from the
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methyl group to the peroxy radical is highly likely. Thus

we would expect the following reaction to occur:

CH

2 Ho (Hy
Cy_ 0
< 1 = “ b o Q
CH 7 ey
2 ooq 2

\ C- H hydrogen

0\ é shift OOH
0-
M3 M3

CH2 0 CH2 CH2

@ -0 N ©~ OHHC—OOH

W hydrogen b b
H,C\ y shift G, s
Ma M2

In each case radicals form (Mg and MZ) which create the
opportunity for an additional degree of delocalization to
occur. Thus, reactions involving the meta radical differ
from these involving the ortho and para radicals in that oxi-
datidn is. energetically favorable at more than one position
on the ring. In the presence of sunlight and photochemical
oxidants the oxidation will probably result in complete
fragmentation of the radicals M; and M,. However, it is not
possible at this time to specify the mode or degree of
branching.

From the foregoing discussion it is apparent that

1ittle is known about the mechanism of 0 atom oxidation of
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aromatics. In addition, we should note that rate constants for
0 attack on aromatics in the gas phase have been measured only
for benzene and toluene. Thus, as a serious gap exists in our
understanding and knowledge of the 0 aromatic reaction system,
we strongly recommend that
(i) rate constants for 0 attack on important aromafics
other than benzene and toluene (such as o, m, and p
xylene, ethylbenzene, 1,2,4-trimethylbenzene) be
measured and
(ii) the mechanism of the O-aromatic reaction and the
radicals formed either directTy as products or as the
result of fragmentation of the initial products in

the reaction be determined.

(d) Reactions with Acetylene

The reactions of 0 with acetylene have been studied in
flames (Fenimore and Jones, 1963) over a temperature range of
970° to 1660°K and in shock tubes (Glass et al, 1965), also at
very high temperatures. Possible products of the reaction sug-

gested by these investigators include

H + HC20 Fenimore and Jones
0+ CZHZ'} CH, + CO Fenimore and Jones
C2H + OH Glass et al.

Fenimore and Jones have determined the rate constant to be be-

tween 2.45><104 ]min'1

and 4.90 x 10%ppn™ , with Tittle
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temperature dependence over the range 970-1660°K. At room
temperature the rate constant may be slower than that for the
0-olefin reactions and faster than that for the O—parafffn
reactions (Leighton, 1961), but apparently it has not been con-
clusively measured. It is desirable that the mechanism and
rate of 0 attack on acetylene be determined, since acetylenes

constitute a significant portion of atmospheric hydrocarbons.

(2) OH Radical Oxidation Reactions

Hydroxyl radicals enter the photochemical smog system as a
result of HNO2 photolysis and as products of the degradation
reactions of free radicals such as those that follow the 0-

hydrocarbon reactions.

HNO2 + hv - OH + NO

NO
CH, + 0, ~ CH3OO > CH,0 + NO2

3 2 3

0,

HO,, + HCHO
OH + NO

Reactions of OH with hydrocarbons are very similar to those of

2

0, with two exceptions:
(i) the reactions of OH with a given hydrocarbon are
generally very much faster than those of 0 and
(i1) hydrogen abstraction reactions do not result in chain

branching since the <OH becomes H20, whereas <0
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becomes <0H.
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