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ABSTRACT

A technique was developed to determine the amount of ozone and other secondary
pollutants generated by individual organic components of atmospheric VOC/NOy
mixtures. This technique was used to investigate the chemical interactions associated
with incremental reactivity calculations. It was shown that the incremental reactivity of
an individual organic species is a result of changes in the ozone generated by each of the
organics present. Incremental reactivities, therefore, are dependent on the nature of the
VOC/NOy mixture. Aldehydes, alkenes and reactive aromatics were found to have the
highest incremental reactivities due to their behavior as radical sources, thereby
increasing the rate of reaction of all available organics. Ozone and secondary aerosol
formation within the South Coast Air Basin of California during the Southern California
Air Quality Study (SCAQS) air pollution episode of August 27-28, 1987 were also
analyzed and again the same species were shown to be the most productive compounds in
the organic mixture. Less productive compounds, such as CO and alkanes, were also
found to be major contributors to ozone concentrations due to their relative abundance.
Eight reformulated fuel components were investigated to determine their ozone-forming
potential. Most of the fuel oxygenates were found to have relatively low incremental
reactivities due to their slow reaction rates and to the formation of relatively unreactive

formate and acetate products.



Secondary organic aerosol formation was studied in the Caltech outdoor smog
chamber and a model was developed to describe the gas-particle absorptive partitioning
of semi-volatile organics. Particle deposition, nucleation and vapor transport to aerosol
particles, chamber walls and deposited particles are accounted for by the model.
Simulations of a pair of m-xylene/NOy experiments were performed to investigate the
nature of aerosol growth. Characteristic transport times indicate that gas-particle
equilibrium will typically be established quite rapidly. Additional delays in aerosol
formation were shown to result when the condensing semi-volatile products are second-
generation, rather than first-generation, products of a parent hydrocarbon. Within a smog
chamber, partitioning to chamber walls and deposited particles are shown to be negligible

due to unfavorable equilibrium and transport conditions.
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CHAPTER 1:

INTRODUCTION

Ground-level ozone and particulate matter continue to be among the most difficult
air pollutants to control. In order to design the most effective control measures, a correct
understanding of how these pollutants are formed is needed. Atmospheric ozone
formation is the result of a complex series of photochemical reactions involving volatile
organic compounds (VOCs) and oxides of nitrogen (NOy). Individual VOCs differ
widely in their ozone-forming capability (Carter and Atkinson, 1987; Derwent and
Jenkin, 1991; McNair et al., 1992) and the total amount of ozone formed will depend on
the mixture of VOCs that is present and on the VOC/NOj ratio. A significant contributor
to particulate matter in urban atmospheres, particularly in the fine particle size range (D,
< 2.5 um), is secondary organic material (Pandis et al., 1993). Secondary organic aerosol
is formed when VOCs react to produce semi-volatile vapors which can undergo gas-to-
particle conversion.

Chapters 2-5 center on determining the ozone-forming potential of individual
VOC species and analyzing the chemical interactions that lead to ozone formation, while
Chapter 6 describes a model for the gas/particle partitioning of secondary organic
aerosols. The focus of my work has been to investigate the ozone- and particulate-
forming capabilities of VOCs and to understand how individual VOCs within a mixture

contribute to total ozone and secondary organic aerosol concentrations.



Chapter 2 outlines a technique for determining the amount of ozone and other
secondary products generated by the individual organic components of an atmospheric
VOC/NOy mixture. The basic concept of the assignment method is to follow the reaction
pathways of a mechanism and trace the ozone formed back to the original organic
precursors. The assignment method was used to examine the SAPRC chemical
mechanism (Carter, 1990) in a box model simulation of summertime Los Angeles at
various VOC/NO ratios. A measure of the ozone-forming potential of each organic,
termed productivity, was defined as the total amount of ozone produced due to an
individual VOC per amount of that VOC emitted. The assignment method also allows
the reactions of radical species to be traced so that radical sources, sinks and conversion
between radical types caﬁ be determined.

The assignment method was used to investigate the chemical interactions of
incremental reactivity in Chapter 3. Incremental reactivity is a measure of the additional
amount of ozone generated when a small amount of an individual organic is added to a
VOC/NOx mixture. Due to the complex nature of the VOC/NOy photochemistry, adding
an increment of organic affects the entire mixture. Not only is there an additional amount
of organic available for reaction, but the rates of reaction for and the efficiencies with
which ozone is produced by the other organics in the mixture will also be affected. The
amount of additional ozone formed is a result of all of these changes. The mathematical
relation between incremental reactivity and productivity was described and kinetic and

mechanistic factors were defined. These factors were used to analyze the various



contributions to incremental reactivity for a box model simulation with the SAPRC
mechanism.

Chapter 4 applied the assignment method to a trajectory model and represented an
extension of the technique to include deposition of chemical species and continuous
emissions of organic species and NOy. This study also incorporated secondary organic
aerosol formation from parent VOCs using the Size Resolved Secondary Organic Aerosol
Model (SRSOAM) (Pandis et al., 1992). In SRSOAM the gas-phase chemistry of the
SAPRC mechanism is modified to include production of condensable organic vapors
which condense to the aerosol phase upon exceeding their saturation concentrations.
Using the assignment method the contributions of individual VOCs to ozone and aerosol
formation were determined for two trajectories from the Southern California Air Quality
Study (SCAQS). The influence of individual VOCs on aerosol formation through radical
concentrations was also explored with those VOCs that act as radical sources found to
enhance aerosol formation.

One element of air quality control efforts has been the use of reformulated
gasolines containing oxygenates such as methyl ferz-butyl ether (MTBE). Chapter 5
contains a review of relevant motor vehicle emissions and reformulated fuel regulations
as well as a description of the assignment method, productivity and the factors
contributing to incremental reactivity. The ozone-forming potential of eight oxygenated
fuel components is studied and they are shown to have low incremental reactivities due to

both kinetic and mechanistic factors.



Chapter 6 marks a transition in research from applications of the assignment
method to a more focused investigation of secondary organic aerosol formation. During
1995 a series of smog chamber experiments was performed to study the secondary
organic aerosol formation rates of several aromatic and biogenic hydrocarbons (Odum et
al., 1996; Hoffmann et al., 1997). The results of these experiments can be described with
absorption partitioning theory (Pankow, 1994ab; Odum et al., 1996). The mathematical
model described in Chapter 6 implements absorption partitioning theory into a dynamic
model that describes secondary organic aerosol formation and growth. The model was
used to simulate a pair of m-xylene smog chamber experiments and those results were

used to explain the nature of gas-particle partitioning.
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CHAPTER 2:

OZONE PRODUCTIVITY OF ATMOSPHERIC ORGANICS
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ABSTRACT

A technique is developed to determine the amount of ozone and other products,
such as nitric acid and PAN, generated by the individual organic components of a
complex atmospheric organic/NOy mixture. The technique is applied to the SAPRC 90
photochemical mechanism to study the individual contributions of carbonyls, aromatics,
alkanes, alkenes, and carbon monoxide to ozone, nitric acid, PAN, and free radical

production at varying organic to NOj ratios typical of atmospheric conditions.



INTRODUCTION

Ozone formation in the troposphere results from complex interactions among
nitrogen oxides (NO and NO,, with the sum denoted as NOy) and volatile organic
compounds (VOCs) (Seinfeld, 1986; National Research Council, 1991). Apart from
remote regions, where the in situ tropospheric chemical generation of ozone is driven
essentially by methane (Logan et al., 1981), a relatively large number of VOCs participate
in ozone generation. Measurements of non-methane organic compounds in the South
Coast Air Basin of California during the 1987 Southern California Air Quality Study, for
example, revealed over 280 hydrocarbon and oxygenated organic species, many of which
contribute to some degree to ozone generation (Lurmann and Main, 1992).

It has been recognized for some time that VOCs differ in their ozone-forming
capability. Smog chamber experiments carried out with a series of single hydrocarbons
irradiated in the presence of NOy provide a measure of the relative amount of ozone
formed by individual hydrocarbons, leading to reactivity scales. Hydrocarbons do not
occur singly in the atmosphere, however, and the ozone-forming potential of an
individual VOC will depend on the characteristics of the complex mixture of which it is a
part, including the NOy level and the other VOCs that are present. It has long been of
interest to be able to determine, for any given VOC/NO, mixture, the contribution of each

individual organic species to the total amount of ozone generated in that mixture. That
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determination has important implications to the relative control of different hydrocarbon
emissions in ozone abatement.

Over the past 20 years or so there has been a significant effort devoted to
developing chemical reaction mechanisms for atmospheric VOC/NO, chemistry
(Lurmann et al., 1986; Gery et al., 1989; Atkinson, 1990; Carter, 1990; Stockwell et al.,
1990; Carter and Lurmann, 1991). Such mechanisms form a core around which
atmospheric models describing urban and regional ozone formation are constructed
(Lamb, 1983; Chang et al., 1987; Liu er al., 1987; Morris and Myers, 1990; Sillman et
al., 1990a; McKeen et al., 1991a; Harley et al., 1993). Decisions concerning the relative
amounts of VOC versus NOy control to achieve ozone air quality standards (Milford et
al., 1989; Sillman et al., 1990b; McKeen et al., 1991b; Rao and Sistla, 1993; Possiel and
Cox, 1993), as well as the relative controls of different VOCs (Dunker et al., 1992;
Auto/Qil, 1993a), are being made by employing these comprehensive atmospheric
models. The question of how much of the total amount of ozone generated under a
particular set of conditions is attributable to each of the individual constituents of the
VOC mixture is, therefore, appropriately addressed by analysis of the atmospheric
VOC/NOy reaction mechanism.

Ozone production in a VOC/NOy system is usually initiated by hydroxyl (OH)

radical attack on a hydrocarbon molecule to produce a peroxyalkyl radical, RO,

RH + OH ——O—z———> RO, + H,O R1
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followed by reactions of RO, with NO,

RO, + NO —2 R'CHO + HO, + NO, R2
HO, + NO —— OH + NO, R3

Photolysis of the NO, formed from NO then leads to ozone through the photochemical

cycle,

NO, + hv —— NO + O R4
O+0,+M — O, + M R5
NO + O, — NO, + O, R6

Ozone formation is governed by the efficiency of reactions R2 and R3 relative to R6,
since R6 requires the consumption of a molecule of ozone, while R2 and R3 do not. The
cycling of a particular nitrogen atom through reactions R2-R6 can be terminated by
reactions that convert NO,, either permanently or temporarily, into inorganic (e.g., nitric
acid, HNO3) and organic nitrogen (e.g., PAN, CH3C(O)OO0 NO,) products. At
moderately high NO, concentrations (NOy > 0.3 ppb), particularly under urban
conditions, reactions R2 and R3 represent the dominant reaction pathway for RO, and
HO, radicals. In the remote troposphere (NOy <0.1 ppb) reactions R2 and R3 are no
longer the dominant reactions of the peroxy radicals. Radical-radical, (RO, + RO, RO,

+ HO,, and HO, + HO,), and other reactions such as HO, + O3, become important in NOy
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-limited conditions (Madronich and Calvert, 1990; Trainer et al., 1987). With a mixture
of hydrocarbons present, the peroxy radical pool that drives ozone formation consists of a
constantly varying mixture with species that originated from all the VOCs present. Also,
species like the aldehyde R'CHO, formed in reaction R2, can be present initially or, as
indicated in R2, can be formed as a product of the oxidation of one or more of the
hydrocarbons present. The aldehyde, whether present initially or produced in the
photooxidation of hydrocarbons, will itself proceed to be oxidized and make its own
contribution to overall ozone formation. If the aldehyde resulted from the oxidation of a
hydrocarbon, then the ozone contributed by the aldehyde is ultimately attributable to its
hydrocarbon precursor. The same aldehyde may have also been present in the initial
mixture, or been emitted, and it may be desirable to be able to differentiate between the
ozone formed from the initially present aldehyde and that attributable to the aldehyde
formed photochemically during the course of oxidation of hydrocarbons.

The key oxidizing species in the chemistry of the troposphere is the OH radical.

Hydroxyl radicals are formed from ozone photolysis,

O, + hv —— 0, + O('D) R7

o('D) + H,0 —> 20H RS

They are also formed in reaction R3, and as a product of ozone-olefin reactions (Paulson
et al., 1992; Paulson and Seinfeld, 1992). The OH formed as a result of reactions R7 and

R8 can be considered as "new" OH, as opposed to that formed in reaction R3, which is
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the result of radical propagation originally initiated by an OH in reaction R1. As noted

above, radical termination reactions such as HO, + HO», or

OH + NO, —> HNO, R9

compete with radical propagation reactions such as R2 and R3. Under conditions where
sufficient NOy is present, a new OH that participates in R1 is more likely to emerge as
reformed OH, say in reaction R3, and therefore be available to participate again in R1,
than to be terminated, say, by R9. Each VOC photooxidation mechanism has its own
radical propagation/termination character. One would like to be able to determine at any
time the fraction of the radical pool that is "new" radicals and also to determine the
contributions to the radical pool from each of the initially present and photochemically
formed VOCs.

In this paper we present a method for determining the contributions of each
individual VOC in a complex VOC/NO; mixture to ozone, radical, and product
formation. In so doing we will be able to answer questions such as: (1) How much of the
total ozone formed during a given photooxidation is attributable to each initially present
VOC; (2) What is the individual contribution of each VOC to the radical pool at any
time; (3) What are the contributions of each VOC to products such as PAN and nitric
acid; and (4) For a compound such as formaldehyde (HCHO) that generally occurs both

in the initial VOC mixture and is produced by the photooxidation of other VOCs, what
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are the contributions to ozone and other product formation from that initially present, or

emitted from sources, and that produced by in situ chemistry.

OZONE ASSIGNMENT METHOD

Hydrocarbon reactivity in atmospheric VOC/NOy systems can be judged on the
basis of ozone-forming capability (Carter and Atkinson, 1989; Chang and Rudy, 1990;
Carter, 1991; Auto/Oil, 1993b). Recent efforts have been directed toward evaluating the
so-called incremental reactivity of VOCs, the incremental change in peak ozone
generated resulting from ‘addition of a small amount of an individual VOC to a VOC/NO4
mixture (Carter and Atkinson, 1987). The question underlying studies of hydrocarbon
reactivity is that of the individual contribution of each VOC to ozone formation. We
present in this section a method to accomplish this assignment of ozone for any
atmospheric VOC/NO, chemical mechanism.

The basic concept of this method is to follow the reaction pathways of a
mechanism and trace the ozone, or other product species, formed back to the original
organic precursors. As an organic species reacts, the RO; radicals and all other product
species that are formed are assigned to that initial organic. When these species in turn
react, the resultant ozone, PAN, or other products are assigned back to the original

organic from which the RO, radical was created. In this way, the total amount of ozone
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attributable to an individual VOC may be calculated. It should be noted that this method
deals with the total amount of ozone produced during a simulation, in contrast to the
incremental reactivity approach which analyzes changes in peak ozone - changes that
occur upon adding an individual VOC and include changes to the ozone production from
all VOCs in the mixture.

The technique we will present actually represents a continuation and extension of
ideas previously in the literature (Leone and Seinfeld, 1984; Leone and Seinfeld, 1985:
Jeffries, 1993). The essential concept is to track the progress of each reaction in the
chemical mechanism through the use of dummy products added to each reaction, termed
counter species (since they "count" the number of times a particular reaction occurs), and
then, by appropriate stoichiometric manipulations of these products, to unravel the
complex chemistry.

Given a mechanism with N species, A;, i=1,2,...,N, and M reactions, a generalized

reaction using the species, A;, and the stoichiometric coefficients, sij, can be written

(s DA+ (-s5,)A, —L sy Ay + o syAy + o+ sy Ay, j=12,00M

where the stoichiometric coefficient s;; is, by convention, negative for reactants and

positive for products. As noted, a counter species, C;, is added to each reaction,

CsiDA + Cs,)A, —Lo sy AL + s A, + o+ syAy + C
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The concentrations of the chemical species, A;, and the counter species, C;, at any time
can be represented by the vectors, x(#) and f(#), the elements of which are x;(¢), the
concentration of species A; at time ¢, i=1,2,...,N, and f(), the concentration of the counter
species C; for reaction j at time ¢, j=1,2,....M.

This technique for following the reaction pathways of a mechanism, which we call
the Ozone Assignment Method, requires that one reactant in each reaction be selected as
the "dominant” or controlling reactant. The dominant reactant for a given reaction will be
the precursor to which the product species formed in the reaction will be assigned. Thus

for the reaction

A+ Ay, —> Ay + Ay

the product species Az and A4 can be "assigned” to either A; or A; depending on which
species is specified as the dominant reactant. The selection of dominant reactants is
based upon the information sought from the mechanism. The selection process is
straightforward for reactions that have essentially only one reactant. Examples are
photolysis reactions and those involving a constant species such as O, or H>O. Since the
main goal of the Ozone Assignment Method is to assign ozone back to the emitted
organics, for our calculations when more than one reactant was present, these organics
were given priority for selection as dominant reactant followed by organic radical species
and, lastly, the nitrogen oxides. When, for example, an organic reacts with the OH

radical, the organic species will be designated the dominant reactant. For the case of
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peroxy-peroxy reactions, the larger radical is selected as the dominant reactant such that a
peroxyalkyl radical has preference over an HO, radical which itself takes priority over an
OH radical. In this way the organics and their more immediate products are selected as
dominant reactants. Dominant reactant information can be placed in a vector d,
composed of the elements d;, where d; is the index number of the species selected as the
dominant reactant for reaction j, j=1,2,...,M. Thus for the reaction above, if A, is selected
as the dominant reactant, the vector element d; for this reaction will be 2. In this way the
dominant reactant for any reaction j will be the species Adj.

Using the concentration vectors, x(f) and f(¢), together with the stoichiometric
coefficient matrix S, with elements s;;, i=1,2,...,N, j=1,2,....M, and the above vector d, all
the necessary manipulations to trace the mechanism pathways may be performed. The
first step is to determine the fraction, (), of the dominant reactant Adj that passes

through each reaction j. This fraction can be expressed in the following form,

Af; (D)

x, (t-A1) + D S A (D) + ey ()

>0

h(t) =

s
djk

amount of reactant passing through reaction j during time step At ending at ¢

amount of reactant available during time step At ending at ¢

where Afj(?) is the change in counter species j during the time step ending at t, x4 (#-At) is
J

the concentration at the beginning of the time step of species A, (the dominant reactant
J

for reaction j), sq4x is the stoichiometric coefficient of A, in reaction k, and ey(f), an
7 J J
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element of the vector e(t), is the concentration of species Adj emitted during the time step
ending at £. The summation in the above expression is over all reactions &, k=1,2,...,M, in
which species Adj 1s produced (that is, when Sdk > 0). The variables (1), j=1,2,....M,
constitute the elements of a vector h(¢).

To illustrate this consider the following three reactions, with counter species Cj,

C,, and C; added, that occur in all VOC/NO, mechanisms:

HCHO + hv —— 2HO, + CO + C,
CO + OH —— HO, + CO, + G,
HO, + NO —— OH + NO, + C,

For the reactions above, the fraction of HO,, the dominant reactant in reaction (3),

reacting via reaction (3) is obtained by calculating h5(?),

AlG, ]
[HO,].,, + 2A[C,] + A[C,]

hy(t) =

The numerator of the above expression is the amount of HO, that has passed through
reaction (3) during the time step from #-At to z. The denominator is the total amount of
HO; available for reaction during the time step, being composed of the HO, present at the
beginning of the time step as well as any HO, produced during the time step by reactions
(1) and (2), with, in this case, no HO, emitted.

The next quantities to be calculated are termed production factors, and can be

placed in an N x N matrix, G(#), composed of the elements gu(r), defined such that
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net amount of species k produced or destroyed attributable to

the reactions of species i and its products during the time step ending at ¢

x () = N ) : :
8 amount of reactant species i available during the time step ending at ¢

That is, gi is the amount of species k attributable to species i that is produced per amount
of species i available for reaction. The production factor, g;(f), when multiplied by a
species concentration x;(-At), will give the net amount of species k produced (or
destroyed) by species i during the time step Ar ending at time ¢. It is in defining the
production factors that the degradation pathways of the mechanism are traced. The
production of species k due to species i is not merely the amount of species k formed or
destroyed directly by reactions of species i, but includes also any amount of species k that
is formed or destroyed by the reaction products of species i. Using the simple three-
reaction mechanism from above, with HO, as the assigned species &, the following

production factors can be written

8ucriono, (1) = M) [2 + 2840, 10, (1) + 8como, ()]
8cono, (1) = M) [1 + guo, 0, (1) + &co, .0, (D]
8hosmoy (1) = (D) [-1 + goupo, () + &noy.mo, (D]

Production factors are obtained by multiplying the reaction probability, ;(f), for each
reaction j in which species i is the dominant reactant, by the production factor of each
product species in reaction j. When the assigned species & is formed, as is the case for

HO: in reactions (1) and (2), a factor of +1 is included for each molecule of species k
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created; when species k 1s destroyed, as occurs for HO, in reaction (3), a factor of -1 is
included. For more complicated mechanisms each production factor will contain several
terms corresponding to each reaction in which species i is the dominant reactant.
Production factors are, therefore, interdependent and can be determined by solving the

system of linear equations for G(z),

A@®) G@® = B

where the N x N matrices A(f) and B(¢) are formed according to

A = S"h(

B(r»)

S" h(r)

where the N x N x M matrices S' and S"" are composed of the elements s'uj and ",

i=1,2,....,N, k=1,2,...,N, j=1,2,...M, with

s =0 fori # d; s =0 fori # d;
S’,’kj = -Skj fori = dj S”ikj=skj fori = dj, Skj > 0
S”,'kaO fOI'i = dj, Skj <0

such that

amount of species k formed as a product

in reactions of species i during the time step ending at ¢

a,(t) = . 5 . . )
(1) amount of reactant species i available during the time step ending at ¢



21

net amount of species k produced (amount formed as product minus amount

destroyed as reactant) in reactions of species / during the time step ending at ¢

b,(t) = U ; ; :
x () amount of reactant species i available during the time step ending at ¢

Once the matrices A(#) and B(?) are calculated, the system of equations is solved
for the matrix G(#). A(r), B(?), and G(?) are all square N x N, non-singular matrices, thus
permitting a variety of methods for solving the equations. The computer code we used
for our calculations employed simple Gauss-Jordan reduction. The set of production
factors, G(#), once calculated, may then be used to create a matrix of assigned species,
X'(t), composed of the elements x'y(?), the concentration of species i attributable to
species k at time ¢, i=1,2,...,N, k=1,2,...,N. At time 7 = 0, the initially present hydrocarbons

will be assigned to themselves such that

x'u(t) = x(0) fori =k

xu® =0 fori # k

Similarly, emitted species, whose concentrations are listed in e(?), are also assigned to
themselves by forming a diagonal N x N matrix, E'(f), composed of the elements e';(7),

i=1,2,...,N, k=1,2,...,N, where

ew(t) = e'(t) fori = k

ew() =0 fori # k

The matrix X'(7) is then calculated as follows



22

X' = X'(t-4n + X'(+-An G(t) + E'(t) G(D)

The concentration of a species i, attributable to species k, at a given time is, therefore, the
sum of the concentration at the previous time step plus any change in the concentration of
species i during the time step due to the reactions of all the species attributable to species
k, including emissions of species k during the time step. Once calculations are completed
for all time steps, the matrix X'(#) will contain full information assigning all species
within the mechanism back to the initially present or emitted hydrocarbons.

The Ozone Assignment Method as presented in this section is applicable in
principle to any chemical reaction mechanism. With slight modification, the above
analysis can be applied to multiple cell models in which the chemical mechanism is being
solved simultaneously in each grid cell. For mechanisms of atmospheric chemistry, with
the addition of counter species to the mechanism reactions, the theory developed above
will enable identification of the individual contributions of each VOC to the formation of
ozone, radicals, and all other photochemical products. This information can then be used
to analyze the complex chemistry of a large VOC/NOy system. The following sections
illustrate analysis possible using the Ozone Assignment Method.

Similar techniques have been developed by Jeffries and co-workers to assess
individual VOC contributions to ozone formation (Jeffries and Crouse, 1990; Jeffries,
1993). Both methods follow the reaction pathways of a mechanism; in the Jeffries

approach, ozone production is apparently determined by explicitly calculating various
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ratios of radicals and NO to NO, conversions. The methodology presented here is
universally applicable to any given chemical reaction mechanism and can be used to

determine VOC contributions not only to ozone, but to all other product species as well.

APPLICATION TO EVALUATE OZONE PRODUCTIVITY

Ozone Assignment was used to investigate the reaction pathways of the
condensed SAPRC 90 VOC/NOy mechanism (Carter and Lurmann, 1990). The version
of the mechanism we used contained methane, two lumped higher alkanes, termed ALK 1
and ALK?2, two lumped aromatics, termed ARO1 and ARO2, ethene, three lumped higher
alkenes, designated OLE1, OLE2, and OLE3, and four carbonyls, HCHO, CCHO,
RCHO, and MEK. The lumped species in the mechanism represent a composite of the
individual species present in the organic mixture, with species assigned to the lumped
groups based on their OH radical rate constants. The species ALK represents alkanes
with koy < 10* ppm 'min”', and contains approximately 4 carbons per molecule. Alkanes

with koy = 10* ppm 'min™*

are assigned to ALK2 and contain on average 8 carbons per
molecule. The lumped aromatic species ARO1 represents all aromatics with koy < 2x10*
ppm 'min” and is composed mostly of toluene. ARO?2 represents the aromatics with koy

> 2x10* ppm 'min™ and contains mostly xylene. Alkenes with koy < 7.5x10* ppm 'min’’

are assigned to OLE1 which are in general terminal olefins with 4 carbons per molecule.
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OLE2 represents the alkenes with koy = 7.5x10* ppm ' min™' which are mostly internal
olefins of approximately 5 carbons. Biogenic alkenes and isoprene are used to form the
lumped group OLE3 which has on average 7 carbons per molecule. The carbonyls are
modeled after formaldehyde (HCHO), acetaldehyde (CCHO), propionaldehyde (RCHO),
and methyl ethyl ketone (MEK).

A photochemical box model, from the Carter mechanism preparation program
(Carter, 1988), was used to implement the mechanism for simulations designed to
represent summertime conditions in Los Angeles. All reactants were present initially,
with no additional emissions or dilution occurring over the course of the simulation.
Organic reactant concentrations were determined using the August 21, 1987, California
Air Resources Board (ARB) inventory for the South Coast Air Basin of California (ARB,
1987), from which concentrations for all VOCs except CO were obtained, together with
the EPA EKMA scenario for Los Angeles (EPA, 1988), which contains CO levels. The
EKMA scenario was also used to select a representative base case VOC/NOy ratio of 8.2.
The initial reaction mixture contained 1230 ppbC of NMHC, 1700 ppb CH,4, 1500 ppb
CO, 120 ppb NO, and 30 ppb NO,. (See Table 1.) Kinetic parameters for the lumped
species in the SAPRC 90 mechanism were calculated from the Carter emissions
processing program (Carter, 1988) using the initial organic reactant concentrations.
Chemical reactions occurred under the influence of time-varying solar irradiation,

corresponding to June 21, and were followed for 15 hours, from 6 am to 9 pm.
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Calculations were performed at the base case VOC/NOx ratio of 8.2 as well as VOC/NO,
ratios of 4 and 20, representing high and low NOy conditions.

General results of the analysis of the SAPRC 90 mechanism by the Ozone
Assignment Method are shown in Figures 1-3. Figure 1 shows ozone concentration over
the course of the 15 hour run, with a breakdown of the ozone due to each emitted
hydrocarbon. A summary of the relative contribution to peak ozone levels of each
species for the three VOC/NOy ratios investigated is given in Table 2. The base case NO,
conditions lead to ozone levels very close to the maximum obtained for the given VOC
concentrations. The base case can, therefore, be viewed as representing maximum ozone
production near the ridge line on an ozone isopleth diagram, while the high and low
VOC/NOx conditions will fall on either side of the ridge line and produce relatively lower
ozone levels. For each of these VOC/NO, conditions, the alkenes, alkanes, and aromatics
produce the majority of the ozone. CO also produces a significant amount of Os at the
higher VOC/NOx ratios due to its relatively high concentration. Methane and the higher
aldehydes, at the given concentration levels, however, are responsible for only a small
fraction of the total ozone produced.

The total Oj attributable to each organic is influenced greatly by the relative
concentrations of each species. A measure of the relative ozone forming potential of each
organic, its ozone productivity, normalizes the ozone produced from an organic in a
particular situation by the amount of that organic, both initially present and emitted,

available for reaction.
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[03 ]VOC,'
PO3,VOC,' = [VOC,]
ppb O 3 produced due to VOC,;
ppbC VOC,; initially present + ppbC VOC, emitted

Figure 2 compares the ozone productivity of the organics present at VOC/NOy ratios of 4,
8.2 and 20. In all cases, the aldehydes, alkenes, and the xylene class aromatics, ARO?2,
exhibit the highest productivity of ozone. The alkanes, ketones, and lower molecular
weight aromatics show much lower productivity, and CO and CHy produce only small
amounts of ozone on a per carbon basis. The highest ozone productivities occur in the
base case. Productivity will also vary with the VOC mixture composition since ozone
production by each orgaric is affected by the other species present. The relative
productivity of the various organics also varies significantly with the NO, conditions.
This behavior is notable, for example, with the higher aldehydes, where RCHO is the
most productive at low VOC/NO, but at high VOC/NO,, CCHO is more productive.

An alternative measure of ozone production is the amount of ozone formed per
"molecule” of NOy, as shown in Figure 3. The alkanes, olefins, aromatics, and CO
account for the majority of the ozone produced. This measure is greatly influenced by the
relative abundance of the various organic species, as evidenced by the large ozone
contribution from the alkanes and CO, which is more a reflection of their high initial
concentrations than their relatively small ozone productivities. The shape of the curve is

different for each species as a result of varying relative productivities. The variability of
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ozone production by the individual organics points once again to the complex behavior of

the VOC/NO, mixture.

ORIGIN AND EVOLUTION OF THE RADICAL POOL

The Ozone Assignment Method was also used to track the formation of radical
species. Through photolysis of Os, aldehydes, and other species, substantial amounts of
radical species are created; however, their production is offset by equally large losses due
to HNOs and PAN formation and radical-radical loss reactions. In order to accurately
track radical species, both radical-creating reactions and radical-destroying reactions were
identified for OH, HO», and RO, radicals. The SAPRC 90 mechanism represents OH and
HO; radicals explicitly and employs several other radical species to represent the various
peroxy radicals. For our purposes all of these higher peroxy radicals were defined as RO,
radicals. A radical-creating reaction is one in which more radicals are created than
destroyed, and, likewise, a radical-destroying reaction is one where more radicals are
destroyed than created. Propagation reactions which involve conversions between RO,
HO,, and OH radicals are also identified, but those propagation reactions where one type
of RO; radical is converted into another type of RO, radical were not considered since no

net change to the RO, pool occurs.
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The interrelation between these various radical flows for the entire VOC mixture
at each of the three VOC/NOx ratios is shown in Figures 4-6, where the numbers by each
arrow indicate the amount of radicals, in units of ppb, that follow each pathway over the
entire time of the simulation. Sources of radical creation are identified by lightly shaded
ovals, and radical-destroying sinks are denoted by more heavily shaded ovals.
Conversion flows between the three radical types and the species that cause the
conversion are listed within rounded rectangles.

New OH production increases dramatically with increasing VOC/NO, ratios and
is a result of two main processes. Ozone photolysis accounts for virtually all of the new
OH radicals at low VOC/NOy, and the majority of new OH production at high VOC/NO;.
At the high VOC/NO; ratio, peroxide concentrations become large enough to result in
significant new OH formation through photolysis. The increase in new OH as VOC/NO,
increases is a result of increased ozone concentrations. Although the peak ozone
concentration for VOC/NOx = 20 is lower than for VOC/NOj = 8.2 (see Table 2), the
amount of ozone photolysis is greater at the higher VOC/NO; ratios since in that scenario,
ozone concentrations build up more quickly, resulting in a higher average ozone level.

The production of new HO; and RO, radicals also increases with increasing
VOC/NOy and is primarily a result of the photolysis of aldehydes and, in the case of RO,
radicals, other species, such as aromatic fragmentation products and cresols. While a
small fraction of these species are present initially, the majority are produced from

reactions of the larger lumped species. As VOC/NO, increases, more of these organics
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react, causing the amount of new HO; and RO; radicals to increase. Both HO, and RO»
creation are major sources of new radicals at all three VOC/NOj ratios, while OH
creation is important for all but the low VOC/NOy condition.

The loss reactions of OH, HO,, and RO, when taken together, match the creation
reactions of new OH, new HO,, and new RO, radicals, indicating that all of the radicals
created are destroyed with no net buildup of radical species. Creation and loss flows for
the individual radicals, however, are not equal, as a result of interconversion between the
three radical types. In fact, it can be seen from Figures 4-6, that propagation, the arrows
between the OH, HO», and RO, boxes, occurs much more often than termination as new
radicals cycle between the radical types several times before being destroyed. While the
overall amount of radical termination increases with VOC/NO, to match radical creation
flows, OH losses decrease at high VOC/NO, and RO; and HO, losses increase.

OH losses occur almost exclusively via reaction with NO, to form HNO; .
Between VOC/NO, =4 and 8.2, an increase in OH concentration is sufficient to offset the
decrease in the amount of NO, present causing nitric acid formation to remain relatively
constant, but at high VOC/NOy, the drop in NO; levels causes the OH - NO; reaction rate
to decrease. Since most of the radicals at low VOC/NO, are removed as OH via HNO;
formation, the RO, loss pathway is quite small, and HO, losses are negligible. As the
NOy level decreases and radical levels increase, however, HO, and RO, destruction
become important. The majority of RO, radical losses occur through reaction with NO,,

forming PAN or causing NO to NO, conversions without radical propagation. Radical
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destruction via these pathways peaks at the intermediate VOC/NO, ratio when both NOy
and RO, are present at appreciable levels, but drops off at both low VOC/NOy, due to a
lack of RO; radicals, and high VOC/NOy, due to an absence of NO,. Additional losses
of RO,, and the only losses of HO,, result from radical-radical reactions forming
peroxides. Only at the high VOC/NOy condition, when there is not sufficient NOy to
react with all the radicals, do radical-radical interactions become important.

The conversion between radical types occurs via reactions with NO, organics, and
ozone. The initial OH attack on organics results in conversion to RO, or HO, radicals.
RO, then reacts with NO and is converted to HO, which can react with NO or O; to
convert back to OH. It can be seen that conversion to OH depends greatly on the
availability of NO. Together with the effect of NO, concentration on HNO; formation
the overall effect of this NOx dependence is such that at low VOC/NOy levels RO,
radicals are ultimately converted to OH and then destroyed by HNO; formation, while at
high VOC/NOy, OH radicals tend to be converted to HO, and RO, radicals and are then
removed via radical-radical and PAN formation reactions.

The contribution of the individual VOCs to these radical flows was determined
and radical productivities, or the amounts of radical creation or destruction per carbon
atom of organic, were calculated. Figures 4-6 indicate distinct behavior for the OH
radical, while HO, and RO, radicals are much more similar to each other. For greater
simplicity, in the following radical productivity calculations HO, and RO, radicals are

grouped together, so that only two radical types will be examined. Figure 7 contains
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information regarding new OH and new HO,/RO, productivities. Since new OH radicals
are formed by O3 photolysis, the chart of new OH productivities (Figure 7a) is very
similar to the ozone productivity chart (Figure 2), with the aldehydes, alkenes, and higher
aromatics (ARO2) exhibiting the highest productivities, and large variations with
VOC/NOy ratio. New HO,/RO, productivities (Figure 7b) are highest for formaldehyde,
followed by ARO?2, the higher aldehydes, and the alkenes. The alkanes, ketones, and
toluene class aromatics (ARO1) had much lower productivities and CO and CH,4
produced virtually no peroxy radicals on a per carbon basis.

Variations with VOC/NOy are largely determined by the availability of the
reacting organic molecule. As VOC/NOx ratios and OH concentrations increase, the rate
of OH initiated reactions increases. Since fast reacting species such as the aldehydes,
react nearly completely, reaction with the OH radical competes with photolysis reactions
so that as VOC/NOy increases, photolysis, and therefore new HO»/RO, production,
decreases. On the other hand, more slowly reacting species, such as the alkanes, do not
react to completion, so that an increase in OH reaction rates causes more of the organic to
react, resulting in increased new HO,/RO; production. The relative contributions to new
OH and new HO,/RO; radicals of each organic species at the three VOC/NOj ratios is
given in Table 3.

OH and HO»/RO; loss productivities for the individual VOCs, as shown in Figure
8, are generally a reflection of their new radical productivities. This is to be expected

since the radicals produced by an organic will eventually be destroyed and attributed back
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to that organic. As a result, VOCs that are highly productive with respect to new radicals
will also tend to exhibit high radical loss productivities. Losses of OH and HO»/RO,
radicals attributable to individual organics, do not, however, correspond directly to their
respective new OH and new HO,/RO; productivities since conversion between these two
radical types also occurs.

The overall effect of these radical flows can best be understood by examining
Figure 9, where net OH and net HO,/RO; productivities are presented. For these figures,
the creation, destruction, and conversion flows were all used to calculate the net amount
of OH or peroxy radicals produced by each VOC. Net producers of OH radicals are
formaldehyde, the aromatics, and the alkenes, species typically regarded as highly
reactive with respect to ozone formation, while CO and the alkanes, which are generally
thought of as less reactive towards Oz formation, show a net loss of OH radicals. The
productivities for CCHO, RCHO, and MEK are all reported here as zero since the net
amount of OH radicals produced by each of these species was extremely small, with
fluctuations between positive and negative values, and was indistinguishable from
uncertainties in OH concentration.

Net production of HO, and RO; radicals varied with VOC/NO,. At VOC/NO,=4,
only the olefins were net sinks for peroxy radicals, due primarily to the conversion of
HO; radicals to OH and subsequent removal as nitric acid. All other organics were slight
net HO»/RO; sources. At VOC/NO ratios of 8.2 and 20, many more of the organics

exhibit negative net HO,/RO, productivities, particularly the aldehydes, as a result of
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large PAN and PPN formation and increased radical-radical reactions. Comparison of
Figures 9a and 9b, as well as Figures 4-6, shows the important role of CO in assisting
radical chain propagation by converting OH radicals to HO, radicals. While the reported
productivities for CO are small, as a result of the large concentration of CO present in the
mixture, they represent a major fraction of OH and HO, radical flows. Several other
organics exhibit similar behavior, most notably the alkenes which produce the opposite

conversion from RO, to OH radicals.

VOC CONTRIBUTIONS TO PAN AND OTHER PHOTOCHEMICAL PRODUCTS

The reservoir species PAN and HNOj, which serve as major sinks for both NOy
and radicals, can also be examined to determine the contribution of each organic to their
formation. The HNO; productivity for each hydrocarbon at three different VOC/NOy
ratios is shown in Figure 10. The productivities shown here are essentially the same as
the OH loss productivities shown in Figure 8a, for all organics except the aromatics. The
major pathway for HNO; formation is the reaction of OH and NO, and as a result OH
loss and HNO; productivities are equivalent for most species. The aromatics, however,
have an additional pathway for nitric acid formation via the reaction of cresols with NOs,
and therefore exhibit higher HNO3 productivity than would be predicted by OH loss

alone. Table 4 details the relative contribution of each hydrocarbon to HNOj; production
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at the three VOC/NOy ratios. The majority of nitric acid formation is due to, in order of
importance, the aromatics, alkenes, and alkanes. As was the case for OH loss
productivity, for all species, nitric acid productivity decreases at high VOC/NO,, due to a
decrease in the available NO,.

PAN productivities for all relevant hydrocarbons are shown in Figure 11. It
should be noted that the SAPRC 90 mechanism includes both PAN and PPN as distinct
species. The results here are for PAN only and do not include any PPN formation. CO,
CH4, and HCHO are not included because they produce none of the peroxyacetyl radical
that is the precursor to PAN. The higher aldehydes and alkenes are the most effective at
producing PAN, but even the alkanes show a significant ability to form PAN. Since PAN
formation is dependent on peroxyacetyl radical production, those species that produce,
either directly or indirectly, more of this radical will therefore produce the most PAN.
For all organics, PAN productivity was highest near the base case VOC/NOy and was
lower at both high and low VOC/NOy. As was the case with HNO5 formation, at high
VOC/NO there is little NO, available, thus limiting the amount of PAN that can be
formed. Atlow VOC/NOy little PAN is formed since few peroxyacetyl radicals are
present and most of the available NO, is converted into HNO; instead of PAN.

The relative share of PAN production for each organic is shown in Table 5.
Alkenes, aromatics, and alkanes produce over 90% of all the PAN formed. The
aldehydes exhibit high productivity, but contribute only slightly to the total PAN

production. This results from the manner in which the Ozone Assignment Method
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assigns product species to their parent organics. PAN formed from aldehydes that were
themselves produced by other hydrocarbons will be assigned back to the originally
emitted organic. The small aldehyde contribution to PAN formation (Table 5) includes
only that PAN produced from originally emitted aldehydes, which is quite small, while
the PAN derived from chemically produced aldehydes is included in the contribution of

the parent species.

CONCLUSIONS

The Ozone Assignment Method for tracing the reaction pathways of an
atmospheric VOC/NOy system is a technique that determines the individual contribution
of each VOC to ozone and other product species formation. The reactivity measure
associated with Ozone Assignment is termed productivity and describes the amount of
ozone (or other product species) produced by an organic per amount of that organic
emitted.

Using the condensed SAPRC 90 mechanism with a VOC/NOy mixture
representing the South Coast Air Basin, the productivities calculated for formation of
ozone, radicals, PAN, and HNOs exhibited several similarities. The aldehydes, alkenes,
and heavy aromatics were in all cases the most productive, the light aromatics, ketones,

and alkanes showed much lower productivities, and CO and CHy4 had extremely low
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productivities. Much of this difference can be attributed to the fraction of each VOC that
reacted. Those species that react most completely tend to have the highest productivities.
The total production of ozone or other products is greatly influenced by the VOC mixture
composition. Relatively unproductive species, such as CO and the alkanes, if present in
sufficiently high concentration, will lead to significant amounts of ozone, while species
showing high productivities, such as the aldehydes, if present in small concentrations,
will cause only a small amount of ozone to be formed.

Radical production is shown to involve interactions between new radical creation,
radical propagation with conversion of OH, HO,, and RO, radicals, and radical
termination. All species exhibit significant production of new radicals, with those species
reacting most completely showing the highest productivities. Formaldehyde, xylene class
aromatics (ARO2), and alkenes, species that have been viewed as highly reactive
regarding ozone formation, provide a net source of OH radicals, with CO and the alkanes
acting as net OH radical sinks. The olefins and higher aldehydes are net sinks of RO,
radicals due to PAN formation and radical-radical reactions, while CO serves as a net
source of HO, radicals via conversion of OH.

Variations in VOC/NOy conditions also influence the productivities of the various
VOCs, with a peak in production observed at a particular VOC/NOx ratio. The location
of this peak varies among the organics and depends on the product species being
assigned. For the particular example studied here, both PAN and O; have peak

productivities near the base case condition of VOC/NO, =8.2. New radicals, and nitric
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acid, however, exhibited peak productivities at much different VOC/NO, ratios with
HNOj3 peaking near VOC/NOy = 5, and new radical production near VOC/NO, =16.
With the Ozone Assignment Method, these relationships can be studied and a better

understanding of the interactions of VOC/NOy chemistry may be gained.
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Table 1. Base Case Organic Emissions.

Initial Carbon
Concentration Fraction
(ppmC) (%)

CO 1500 34.88

CH4 1700 39.53
aldehydes & ketones

HCHO 8 0.19

CCHO 5 0.11

RCHO 2 0