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Abstract In this study, an automated mechanism generation framework was applied
to atmospheric chemistry of volatile organic compounds (VOCs) and nitrogen oxides
(NOx). The framework generates reactions with minimal input based on a small
set of reaction operators and includes a hierarchy for specifying rate constants
for every reaction created. Mechanisms were generated for formaldehyde-air-NOx,
acetaldehyde-formaldehyde-n-octane-air-NOx, and acetone-air-NOx, and the model
results were compared to experimental data obtained from smog chambers and to
the SAPRC-99 lumped models. The models generated captured the experimental
data very well, and their mechanistic formulation provided new insights into the
controlling reaction pathways to pollutant formation. The approach applied here is
sufficiently general that it can be applied to a wide range of alkane and oxygenate
mixtures.

Keywords Mechanistic modeling · Ozone formation · VOC mixtures ·
Kinetic modeling

1 Introduction

Ozone is a major component of photochemical smog, an important air quality
problem. Emission of volatile organic compounds (VOCs) into the atmosphere leads
to increases in the ambient ozone concentration because nitrogen oxides (NOx),
primarily from vehicle exhaust, interact with VOCs in the presence of sunlight. While
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it is known that different organics in the atmosphere vary in their reactivity and
thus their contribution to ozone formation, it would be extremely valuable to have
the ability to determine how significantly a particular VOC contributes to ozone
formation (Bowman and Seinfeld 1994; Carter and Atkinson 1987, 1989).

VOC-NOx chemistry of the atmosphere is complex, and many attempts have been
made to determine the mechanism for reaction of various VOCs as well as study
the kinetics for different types of hydrocarbons (Saunders et al. 2003; Aschmann
et al. 2001; Atkinson 2000, 1997; Atkinson et al. 1995, 1997, 2000; Calvert et al. 2000;
Carter and Atkinson 1996). Modeling has played an important role in these efforts,
and indeed, many models have been proposed in the literature in recent years to
account for ozone formation from VOCs in the presence of NOx (Dodge 2000). Since
atmospheric reaction mechanisms can get very large, even the most detailed mech-
anisms adopt some form of a priori mechanism reduction strategy. Most commonly,
lumping strategies which either lump the species by their molecular classifications or
their structure (i.e., bond types) are implemented. Several similarities exist between
the various lumped mechanisms that have been developed. All of them consider the
chemistry of inorganic species identically. These species are NO, NO2, NO3, N2O5,
O3, O(1D), O(3P), OH, HO2, HONO, HNO3, HNO4, H2O2, and CO. Because of
the large amount of uncertainty in the reactions and rate parameters of aromatic
and biogenic VOCs, all of the mechanisms contain highly parameterized chemistry
that has been optimized to fit smog chamber data. Finally, all of the mechanisms are
revised periodically to correct deficiencies and update the experimental information,
and hence, each mechanism has several versions.

A well-known lumped structure mechanism is the Carbon Bond (CB) mechanism
which is also widely used in air quality simulation models (AQSMs) and has been
developed since 1976 by researchers at Systems Applications International (Gery
et al. 1989). In general, this mechanism lumps molecules based on the types of bonds
that they contain. A second mechanism based on the lumped molecule approach
that is well known is the SAPRC-99 mechanism developed at the Statewide Air
Pollution Research Center by Carter and co-workers (Carter 2000). The SAPRC-
99 mechanism contains more than three times the number of organic species as the
CB mechanism, but lumping is still performed. As an illustration, reactions of alkanes
with OH are represented in the mechanism by Eq. 1:

Alkane + OH → aPRODa + bPRODb + cPRODc + ... + nPRODn (1)

where a, b, c,..., n are the stoichiometric coefficients or product yield parameters
of the products of the reaction. For this reaction type, there are rate constants
available for many different types of alkanes. Therefore, depending on the system
being modeled, the user specifies what species are to be lumped together, and these
are referred to as the generalized species. For example, if the user wants to model
a mixture of four alkanes, either one generalized species may be defined, or if the
rates are different for each of the four species, two or more generalized species may
be used. Parameters for the generalized reaction are then derived from the rate
data. Once the product yield parameters and rate constants are defined, they are
fixed throughout the simulation. Reactions of peroxy radicals are reduced by using a
universal peroxy radical operator that counts the number of NO to NO2 conversions
for each peroxy radical that is formed. Several classes of peroxy radical operators are
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identified to represent acyl peroxy radicals and phenoxy radicals. The SAPRC-99
mechanism contains a total of 54 species and 158 reactions.

Other lumped molecule mechanisms are the Regional Acid Deposition Model
(RADM) (Stockwell et al. 1990) and the Regional Atmospheric Chemistry Mech-
anism (RACM) (Stockwell et al. 1997), which is an update to the RADM. These
are similar to the other lumped approaches, but they contain more explicit represen-
tations of the peroxy radical reactions. This expansion is limited to consideration
of HO2 and CH3O2 radicals, while larger radicals are ignored. The RADM and
RACM mechanisms contain a total of 55 and 69 species, respectively, and 156 and
236 reactions, respectively.

Beyond lumped mechanisms, explicit mechanisms have also been proposed.
Derwent et al. developed an explicit mechanism for 95 VOCs containing 515 chemi-
cal species and 900 reactions (Derwent et al. 1996). This was still not a comprehensive
mechanism because it was condensed by treating peroxy radical chemistry in a
simplified fashion and neglecting particular reaction intermediates. Jenkin et al. also
developed an explicit mechanism for 120 VOCs containing 2,500 chemical species
and approximately 7,000 reactions (Jenkin et al. 1997). This mechanism required
ignoring minor reaction pathways and parameterization of peroxy radical reactions.
This parameterization of peroxy radical reactions condensed the number of reactions
involving peroxy species from 12,500 to 500. Makar et al. have also developed
condensation schemes for explicit mechanisms which alter the differential equations
for VOC reactants in order to limit the number of reactants by lumping them (Makar
et al. 1996). One such scheme was used in a later study by these authors, but the
reduced mechanism was almost as large as an explicit mechanism. This is because
the reduction method could not be used to condense the reaction intermediates
or products (Makar and Polavarapu 1997). Finally, a more recent approach used
by Aumont et al. uses a similar approach to the one used in this paper (Aumont
et al. 2005). The major differences between their approach and ours is how the rate
constant estimation correlations are setup and our use of a rate-based generation
algorithm.

In this study, automated mechanism generation was used to create models of the
atmospheric chemistry of alkanes and oxygenates. The approach relies on definition
of a small number of reaction operators that are applied repeatedly to different
reactants. The framework also includes a hierarchy for specifying rate constants for
every reaction generated. The methodology was applied to examine the reactivity
of several different VOC single components and mixtures. Specifically, models
were generated for formaldehyde-air-NOx, acetaldehyde-formaldehyde-n-octane-
air-NOx, and acetone-air-NOx, and the results were compared to experimental data.
Furthermore, the model results were compared to the results of the SAPRC-99
model.

2 Methodology

2.1 Automated mechanism generation

Automated mechanism generation is a tool which generates reactions for the chem-
istry of interest based on a graph theoretic representation of species (Ranzi et al.
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1995; Tomlin et al. 1992; Hillewaert et al. 1988; Matheu et al. 2001; Broadbelt et al.
1994a, b, 1995, 1996; Pfaendtner and Broadbelt 2008a, b; Wong et al. 2004a, b).
Information is provided about the reactants and the reaction types, and the computer
transforms this information into the reaction network, i.e., a list of reactant/product
pairs. Computer generation of reaction species, properties and networks relies on a
graph theory representation of molecules. The adjacency matrix for a graph, G, is
the n-by-n matrix M = (mij) with elements 0 and 1, such that mij = 1 if (vi, vj) is an
edge of G or a connection between vertices (or atoms) of G and mij = 0 otherwise
(Tarjan 1977). The bond and electron (BE) matrix augments the adjacency matrix
and provides a description of not only the connectivity of a molecule but also its
formal electronic state (Ugi et al. 1979). The diagonal element, ii, of the BE matrix
gives the number of non-bonded valence electrons of atom i, and off-diagonal entries,
ij, provide the connectivity and bond order of atoms i and j. An example BE matrix
for ethyl radical is shown in Fig. 1. The rows of the BE matrix correspond to the
atoms in the order in which they are numbered in the picture on the left.

Chemical reaction may then be carried out via simple manipulations of the BE
matrices of reactant molecules. The BE matrix is well suited for description of
chemical reactions because the number of atoms actually affected in a chemical
reaction is small. The BE sub-matrix comprising only those atoms is small and dense.
To carry out a particular reaction type, the reaction matrix that quantifies the change
in the electronic configurations and the connectivity among the atoms affected by
reaction is determined. The reaction matrices can be identified by simple matrix
subtraction operations of the reactant and product matrices. This is illustrated in
Fig. 2 for a hydrogen abstraction reaction. First, the reactants, methane and hydrogen
radical, and products, methyl radical and hydrogen, are represented by their BE
matrices. The two matrices for the reactants are combined into one matrix, and
the same is done for the products. The matrices are then permuted in a consistent
manner so that the atoms that will experience the bond breaking, bond formation, or
change in number of non-bonded electrons are moved to the upper left hand corner.
The reaction matrix for hydrogen abstraction is then calculated by the difference
between the reactant and product matrices. The reaction matrix thus obtained is
general and can now be applied to any combination of a radical and a substrate
with an abstractable hydrogen. To apply automatic mechanism generation to a new
chemistry, it is necessary to determine the reaction matrices for the reaction types
involved. For atmospheric chemistry, operators were formulated for the reaction
types discussed in detail in part 1 of this paper. For the alkanes and oxygenates
investigated here, all reaction types in Table 1 were applied.

Fig. 1 Molecular structure of
ethyl radical and its
bond-electron matrix
representation that specifies
atomic connectivity
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Fig. 2 Development of a reaction matrix for a hydrogen abstraction reaction. Atoms in reactants
and products are numbered and converted into BE matrices. The submatrices are combined, and the
atoms that are affected in the reaction are moved to the top. The matrices for the affected atoms
are extracted, and a reaction matrix is found by subtracting the reactant submatrix from the product
submatrix

The basic algorithm for generating reaction mechanisms is to repeatedly apply the
set of reaction matrices to the reactants and their progeny that have the necessary
functionality to undergo each reaction. However, it is possible to generate an infinite
set of reactions. To control growth of the mechanisms generated, the rate-based
termination approach developed by Susnow et al. was applied (Susnow et al. 1997).
The rate-based generation criterion aims to include an important species in the
mechanism as it is generated based on its rate of formation (Susnow et al. 1997;
De Witt 1999; DeWitt et al. 2000). The reactants and model conditions (i.e., temper-
ature, pressure, reactor type, reaction time) are specified that are representative of
the experimental conditions to which the model will be applied. Initially, the reactant
species are specified and form the initial reactive species pool. The reaction time
is divided into intervals, with smaller intervals at earlier times. The reactions for
the reactive species are carried out, and the unique species that are formed are the
unreactive species that will only be allowed to react if they meet certain criteria. Once
the reactions are generated, the model is solved for the time interval that is currently
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being analyzed. A characteristic rate of change for the system, Rchar, is calculated as
shown in Eq. 2:

Rchar = max(|ri|) (2)

where ri is the net rate of formation of species i, and the maximum from the set of all
reactive species’ ri values is selected as Rchar. A minimum rate of formation, Rmin, for
a species to be considered reactive is then calculated based on Eq. 3 using the Rchar

value from Eq. 2:

Rmin = εRchar (3)

where ε is a user-defined threshold which must be greater than zero. The species with
the largest rate of formation, r j,max, is then selected from the unreactive species list. If
r j,max is greater than Rmin, species j is added to the reactive species pool; otherwise,
this test is performed for the next time subinterval until the final simulation time is
reached and no more reactions or species are included. However, if a species is added
to the reactive species pool, the reactions which this species undergoes must also be
generated, and the process is repeated for determining the characteristic rate and
including additional reactions. For lower threshold values (ε), larger mechanisms are
generated, and thus, the mechanism size can be tailored by selecting ε.

2.2 Air-NOx chemistry

To ensure that all necessary reactions of small molecules in an air-NOx mixture
were included in every model generated regardless of the value of ε applied, all
mechanisms were seeded with small molecules whose reactions are listed in part
1 of this paper and reproduced here in Table 2 along with their rate coefficients.
Subsequent mechanism generation runs of different VOC-NOx mixtures simply
included all the air-NOx reactions directly from a lookup table consisting of these
reactions.

2.3 Mechanism convergence as a function of ε

Application of the rate-based criterion involved starting with an ε value equal to 1.0
and then lowering it, typically by factors of 10. To determine which mechanisms were
likely to be sufficiently comprehensive, three criteria were used. First, important
secondary products had to be included. The mechanisms were simply inspected for
the presence of products reported experimentally. Second, a mechanism for a given
value of ε was solved, and the concentrations of the major products (O3, NO2, NO,
VOC, peroxy-acetyl nitrate) were calculated for a fixed set of kinetic parameters
and using a batch reactor model. The threshold was then lowered by a factor of 10
in most cases, and new values of the concentrations were calculated and compared
to the previous model results according to the maximum deviation (MD) defined in
Eq. 4:

MD = 100 ∗ max
(∑ |Ci,model 1 − Ci,model 2|∑ |Ci,model 1|

)
(4)

where Ci,model 1 and Ci,model 2 are the concentrations of species i from model 1 and
model 2. If the value of MD was less than 5%, then the mechanism was deemed
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sufficiently comprehensive. This threshold of 5% was selected based on extensive
generation of the mechanism for formaldehyde-air-NOx where ε was lowered until
there was no change in the concentration values. Finally, the mechanisms were
compared to experimental data and the kinetic parameters were required to lie
within any specified uncertainty ranges.

2.4 Experimental data modeled

Experiments conducted at the Statewide Air Pollution Research Center (SAPRC)
at the University of California at Riverside (Carter 2000; Carter et al. 1993, 1995;
Carter and Lurmann 1991; Carter and Atkinson 1987) and at the University of North
Carolina (UNC) (Jeffries et al. 1985) were used to evaluate the model results. To
measure the overall ability of the model to capture the experimental data, a sum of
squares error (SSE) was defined as in Eq. 5:

SSE =
∑

i

∑
j

(Ci,exp(t j) − Ci,model(t j))
2 (5)

where i represents a species with experimental data, j is a given time at which a
measurement was taken, and C is concentration.

Experimental data collected in five different chambers were used. The experi-
ments conducted at SAPRC were carried out in various collapsible smog chambers
containing different light sources and of variable size. Three of the chambers em-
ployed a blacklight source and consisted of a Teflon bag in which the reactants were
injected and irradiated: the evacuable (∼3,000 L), dividable (2 ∼5,000 L chambers),
and indoor (∼6,400 L) chambers are denoted as ETC, DTC, and ITC, respectively.
The fourth distinct chamber used a xenon arc light source and consisted of a Teflon
chamber (∼5,000 L) denoted by XTC. All the SAPRC experiments modeled in this
work include the radical source reactions that have been characterized in the studies
(Carter 2000). However, the effect of these reactions on the model results is minimal.
The fifth chamber was an outdoor chamber (∼300,000 L) at UNC that uses natural
sunlight and is simply denoted by UNC.

It is important to note that while experimental measurements for the majority
of the species were taken directly, measurement of NO2 was done by passing the
effluent through a NOx converter. Since this will convert not only NO2, but also alkyl
nitrates and in some cases nitric acid, NO2 measurements from the SAPRC smog
chambers include all nitrates. Therefore, the composite concentration of all of these
types of species was compared to the experimentally reported NO2 concentration,
which is henceforth referred to as nitrates.

The specific systems examined were formaldehyde-air-NOx, formaldehyde-
acetaldehyde-n-octane-air-NOx, and acetone-air-NOx. All mechanisms and results
are discussed in the following sections.

2.5 Thermal rate constant estimation

The thermal rate constants that need to be estimated for the purposes of modeling
atmospheric chemistry have been outlined in detail in part 1 of this paper. Therefore,
the reader is directed to part 1 to become familiar with how these properties are
determined. A summary of the kinetic parameters that are used for each reaction
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family is listed in Table 1 where the Arrhenius form for the rate coefficient is
assumed. In most cases, the Evans–Polanyi relationship is utilized to estimate the
Arrhenius activation energy, where the activation energy is related to the enthalpy
of the reaction as represented by Eq. 6:

Ei = Eo + α�Hrxn,i (6)

where Eo and α are constants obtained by fitting to experimental data. For the pre-
exponential factor, it is often assumed that a single value is valid for all reactions in
the family since the grouped reactions are entropically similar (Evans and Polanyi
1938). A variation of the Marcus equation is used to represent the hydrogen
abstraction reactions (Blowers and Masel 1999). Structural relationships are used
as well to represent some of the peroxy-peroxy radical reactions using work done by
Kirchner and Stockwell (1996) and Madronich and Calvert (1990).

2.6 Photolysis rate constant estimation

It was necessary to estimate photochemical rate constants for reactions that are
attributed to exposure to sunlight. As detailed in our previous work (Khan and
Broadbelt 2004), photolysis rate constants depend on other factors besides the tem-
perature and do not follow the Arrhenius form. Instead, the relationship presented
in Eq. 7 is valid:

kphotolysis =
∫

λ

F(λ, θ)φ(λ, T)σ (λ, T)dλ (7)

where F is the actinic flux, φ is the quantum yield, and σ is the absorption cross
section (Finlayson-Pitts and Pitts 1999). Actinic flux is a function of the wavelength
(λ) and solar zenith angle (θ) and is therefore not specific to any molecules. Rather
it is a function of time of day and geography, or if indoor experiments are conducted,
it is a function of the spectrum and intensity of the artificial light source. On the
other hand, quantum yield and absorption cross section are mainly functions of
wavelength, with only a weak dependence on temperature. Therefore, to estimate
rate constants, it was necessary to specify the quantum yield and absorption cross
section of a given molecule as a function of λ. The approach used to specify φ and σ

is discussed in our previous work (Khan and Broadbelt 2004).
Methods were developed for calculation of photolysis rate constants in both out-

door and indoor environments. The factors that vary in these two environments are
the spectra and intensity of the light source. For indoor chambers that were modeled,
both blacklight and xenon arc light sources were used. For the outdoor chamber
modeled, the light source is sunlight. For both indoor and outdoor chambers, all
photolysis rate constants are referenced to the photolysis rate constant of NO2

(kNO2 ) because only the relative intensity of the light source is typically known. The
nitrate photolysis rate constants have been shown to have errors of up to 0.05 min−1

for some chambers using blacklight sources and ±0.01 min−1 for the xenon arc light
chamber.

For the indoor chamber experiments of Carter (2000), kNO2 was calculated
for a given characterization run by flowing NO2 through a plug-flow reactor and
measuring the amount of NO that was formed. These light characterization runs
were carried out between actual VOC-NOx runs. The values of kNO2 for these runs
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were fit as a function of the run number, and depending on the experimental run
number, kNO2 for the particular VOC-NOx run being modeled was predicted. The
values for the photolysis rate constant for all other species for a particular run were
then calculated from kNO2 according to Eq. 8:

ki = kNO2

∫
λ

J(λ)φi(λ)σi(λ)dλ∫
λ

J(λ)φNO2(λ)σNO2(λ)dλ
(8)

where J(λ) is the spectrum for the particular light source and the rest of the
properties are defined as in Eq. 7. For the xenon arc light source, runs had a measured
spectrum for each run, and the blacklight source had a single measured spectrum that
was not expected to change from run to run.

The approach used to estimate photolysis rate coefficients for outdoor exper-
iments was slightly different because natural sunlight was used. The only infor-
mation provided in the experimental data (Jeffries et al. 1985) was kNO2 inside
the chamber as a function of time, but the measured spectrum of sunlight was
not available. Instead the solar zenith angle as a function of time was estimated
based on the known solar zenith angles of 90◦, 0◦, and 90◦ for the sunrise, solar
noon, and sunset times, respectively, reported for a given experiment. Given the
estimated solar zenith angle as a function of time, θest(t), the value of F(λ, θ) could
be specified by using a known sunlight spectrum at the Earth’s surface and for
clear conditions (best estimate of surface reflection and no light scattering or cloud
cover) (Finlayson-Pitts and Pitts 1999). The predicted value of kNO2 given θest(t) was
then calculated using Eq. 7 with absorption cross-section data from Finlayson-Pitts
and Pitts (1999) and ratioed to the known kNO2(t) value measured experimentally.
Photolysis rate coefficients for other species were then estimated according to
Eq. 9:

ki = kNO2(t)
ki(θest(t))

kNO2(θest(t))
(9)

where θest is the estimated solar zenith angle, t is the time, and ki is the rate constant
for photolysis of species i. The use of the ratio kNO2(t)/kNO2(θest(t)) aimed to correct
for any errors introduced by F(λ, θ).

3 Results

3.1 Formaldehyde-air-NOx

A mechanism for formaldehyde-air-NOx was developed using the rate-based mech-
anism generation strategy. The experiment used to generate this mechanism and to
which a smog chamber model was compared was the SAPRC ETC smog chamber
run number 441 (ETC-441) of Carter and coworkers (Carter et al. 1993). The initial
concentrations of NO, NO2, formaldehyde, and CO were 0.226, 0.048, 0.441, and
0.800 ppm, respectively. The temperature varied linearly from 300.5 to 301.0 K
throughout the experiment, and the photolysis rate constant of NO2 was reported
as 0.351 min−1. The threshold value, ε, was reduced by increments of an order of
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magnitude from 1 to 1 × 10−7. Table 3 shows how the mechanism increased in size
as the threshold value was decreased. More specifically, the table shows how the
number of reactive species, thermal and photolysis reactions, SSE and MD varied
as the threshold value was decreased. The number of species and thermal reactions
consistently increased with threshold value while the number of photolysis reactions
was fairly constant throughout. The mechanisms generated at the threshold values
of 1.0 and 0.1 were identical. The SSE also converged to a constant value as the
threshold was reduced. The convergence of the mechanism was also manifested in
the value of MD, which dropped to 0.00% when ε was equal to 0.000001. Therefore,
the mechanism at ε equal to 0.01 was chosen as the mechanism that contained all
of the significant reactions since it was smaller then the 0.001 mechanism with nearly
the same results.

The SSE values reported in Table 3 were all obtained based on experimental
rate constants when available and estimation of unknown rate coefficients using
the default parameters summarized in part 1 of this paper and in Table 1. When
the concentrations of all primary products were compared to experimental data
using these default parameters, it was found that the model results agreed well with
experiment. The model results that are thus a pure prediction, i.e., no parameter
fitting was performed, are shown in Fig. 3. Figure 4 shows the detailed mechanism for
formaldehyde oxidation. The mechanism was analyzed, and net rates of all reactions
were studied at 2, 4 and 6 h. Any net rate that was found to be above 6.023 × 106

molecule cm−3 s−1 at any of those times is shown in Fig. 4. Furthermore, reactions
that utilize a kinetic correlation are identified in the mechanism.

In order to test the predictive capabilities of the model, the mechanism was
used without any adjustment to model additional formaldehyde-air-NOx runs at
different conditions and in different smog chambers. First, the model predictions
were compared to the UNC formaldehyde chamber experiment from July 15, 1988.
The results for the concentrations of the major species are shown in Fig. 5. The
model does quite a reasonable job in capturing the experimental data for this outdoor
chamber. The mechanism was then tested on two other experiments in indoor
chambers at different VOC/NOx concentration ratios. In this case, VOC simply
refers to formaldehyde. One of the experiments was conducted in the ETC chamber
and was run number 378 (ETC-378), and the other was the SAPRC ITC chamber
with run number 1554 (ITC-1554). The VOC/NOx ratios for the ETC-378, ETC-
441, and ITC-1554 experiments were 0.90, 1.61, and 2.32, respectively. Note that
although the mechanism was generated using a specific initial VOC/NOx ratio (1.61)

Table 3 Formaldehyde-air-
NOx model as a function of
mechanism generation
threshold value

aSSE = sum of squares error
for NO, nitrates, O3, and
formaldehyde and has units of
molecule2 cm−6

ε Species Reactions SSEa MD

Thermal Photolysis

1.0 25 81 13 2.76 × 1025

0.1 25 81 13 2.76 × 1025 0.00
0.01 27 93 13 3.50 × 1025 9.78
0.001 28 107 13 3.51 × 1025 0.38
0.0001 32 123 15 3.50 × 1025 0.11
0.00001 36 156 18 3.50 × 1025 0.01
0.000001 39 191 18 3.50 × 1025 0.00
0.0000001 48 235 18 3.50 × 1025 0.00
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a b

c d

e

Fig. 3 Results of the formaldehyde-air-NOx model compared to experimental data. The concen-
tration versus time curves for ozone, NO, nitrates, formaldehyde, and �(O3 − NO) correspond to
a–e, respectively. Experimental data which is shown as the symbols were obtained from the SAPRC
ETC smog chamber (ETC-441). The solid lines represent results from our models and dashed lines
represent results from the SAPRC-99 model

to guide the rate-based generation, the final mechanism generated was not sensitive
to the initial formaldehyde/NOx ratio used. Various measures have been proposed
as the best representation of the reactivity of VOCs (Carter 1994). One measure of
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Fig. 4 The major reactions in the formaldehyde reaction mechanism. Small molecule reactions are
not shown on the diagram and can be found in Table 2 and the Supplementary Information

how well the experimentally measured reactivity is represented by the model is to
estimate the difference in the ozone and NO concentrations according to Eq. 10:

�(O3 − NO)(t) = (CO3(t) − CNO(t)) − (CO3(ti) − CNO(ti)) (10)

where CO3(ti) and CNO(ti) are the concentrations of ozone and NO initially.
Figure 3 demonstrates how the formaldehyde model captures this reactivity measure
for ETC-441 as a function of time, and the error compared to the experimental data
is consistently lower than that observed for the SAPRC-99 model except for the
VOC/NOx ratio of 2.32. Figure 6 shows how the percent error of the �(O3 − NO)

values compares to experiment at selected reaction times. The errors from the
SAPRC-99 model compared to experiment are also shown. The percent error of our
model is quite low, especially for the two lowest VOC/NOx ratios, and is consistently
lower than the error observed for the SAPRC-99 model.

3.2 Acetaldehyde-formaldehyde-n-octane-NOx

With the relatively compact formaldehyde-air-NOx model in hand, the automated
mechanism generation framework was applied to create a mechanism for a multi-
component mixture of acetaldehyde, formaldehyde, n-octane, and NOx. Experimen-
tal data for this system was available from SAPRC in the XTC chamber. Specifically,
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a b

c d

Fig. 5 The model predictions for the UNC chamber formaldehyde run from July 15, 1988. The
concentration versus time curves for ozone, NO, NO2, and formaldehyde correspond to a–d, respec-
tively. Experimental data are represented by the symbols while the model results are represented by
the solid lines

run number 083 (XTC-083) was modeled. The initial concentrations of NO, NO2,
formaldehyde, acetaldehyde, n-octane and CO were 0.204, 0.0418, 0.0462, 0.953,
0.085 and 0.800 ppm, respectively. The temperature remained constant at 301.6 K
throughout the experiment, and the NO2 photolysis rate constant was measured as
0.256 min−1. Table 4 shows how the mechanism size varied as the threshold value was
reduced as well as SSE and MD values. The SSE value remained relatively constant
as the threshold value was lowered while the MD value decreased with the threshold.
It was also found that the number of reactions increased significantly with reductions
in the threshold value. This was primarily due to the presence of a large alkane in the
mixture, which has a substantial number of reaction channels available to it. Since
the SSE is constant at a threshold value of 0.0001 and the MD value is below 5% at
this threshold as well, this mechanism was considered to be the complete mechanism
for this system.

A model of the XTC chamber using the mechanism generated with ε equal to 1 ×
10−4 was formulated, and its predictions were compared to the experimental data.
The mechanism was analyzed to determine which reactions had the most significant
effect on the major species’ concentrations. A subset of the mechanism that leads to
formaldehyde formation is shown in Fig. 7. Specifically, small molecule reactions are
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Fig. 6 The percent error in
�(O3 − NO) values for
ETC-378, ETC-441, and
ITC-1554 corresponding to
formaldehyde/NOx ratios of
0.90, 1.61, and 2.32,
respectively. The percent
errors are shown at 2 h
intervals from 2–6 h

a

b

c

not shown and only those reactions that have net rates above 1.205 × 106 molecule
cm−3 s−1 at reaction times of 2, 4, and 6 h are shown. The formaldehyde reactions
illustrated in Fig. 4 are also a subset of the acetaldehyde-formaldehyde-n-octane-air-
NOx mechanism but are not repeated in Fig. 7. There are several pathways that lead
to formaldehyde formation. These include β-scission of acetyl alkoxy radical that is
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Table 4 Acetaldehyde-formaldehyde-n-octane-air-NOx model as a function of mechanism genera-
tion threshold value

ε Species Reactions SSEa MD

Thermal Photolysis

1.0 70 341 20 5.11 × 1024

0.1 71 345 23 5.11 × 1024 0.00
0.01 73 353 23 5.46 × 1024 1.91
0.001 117 702 37 6.16 × 1024 4.01
0.0001 317 3,145 50 6.23 × 1024 0.89

aSSE = sum of squares error for NO, nitrates, O3, formaldehyde, acetaldehyde, n-octane, and
peroxy-acetyl nitrate (PAN) and has units of molecule2 cm−6

Fig. 7 The major reactions of the mechanism for reaction of a multicomponent mixture of acetalde-
hyde, formaldehyde, and n-octane generated using the conditions of XTC-083. The formaldehyde
mechanism (not shown) is the same as that of Fig. 4. Reactions for the n-octyl radicals are not
shown in detail since they are below the threshold value set. Additional detail on part of the n-octane
decomposition pathways is provided in Fig. 8
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formed from hydrogen abstraction of acetaldehyde and the reaction of methyl alkoxy
radical with oxygen, the relative rates of which are approximately 2:1. The reactions
of n-octane that lead to acetaldehyde formation from the 3- and 4-octyl radicals are
shown explicitly in Fig. 8. Similar reactions that lead to acetaldehyde formation occur
for the 1- and 2-octyl radicals. In the SAPRC-99 model the n-octane reactions are
represented by Eq. 11:

n − Octane + OH → RO2 Ṙ + RO2 N + R2 Ȯ2 + RCHO + PROD2 + XC (11)

Fig. 8 The reactions that lead to acetaldehyde formation, a precursor for PAN, from n-octane
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Each of the products in the above reaction is assigned a product yield and has its own
lumped reaction. As is clear from the detailed mechanism we have developed, the
reactions of n-octane are not as simple as the representation in Eq. 11. The model
results are compared to the experimental data and the results from the SAPRC-
99 model in Fig. 9. The model captures the experimental data quite well, and the
agreement is comparable to that of the SAPRC-99 model.

The model generated based on the three component mixture was then applied
without any parameter adjustment to two subsystems. One was the experiment of

a b c

d e f

g h

Fig. 9 Comparison of the acetaldehyde-formaldehyde-n-octane-air-NOx model results to experi-
mental data from XTC-083. The concentration versus time curves for ozone, NO, nitrates, formalde-
hyde, acetaldehyde, n-octane, PAN, and �(O3 − NO) correspond to a–h, respectively. Experimental
data are shown as the symbols, models results are shown as solid lines and SAPRC-99 model results
are shown as dashed lines
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acetaldehyde, n-octane, and NOx conducted in a DTC chamber with run number
055b (DTC-055b), and the other was the ETC-441 experiment discussed earlier in the
section on formaldehyde. These evaluations tested whether a larger mechanism gen-
erated automatically to capture a multicomponent system was applicable to smaller
subsystems comprising it. The initial concentrations in the DTC-055b experiment
of NO, NO2, acetaldehyde, n-octane and CO were 0.0978, 0.0471, 1.25, 0.0993, and
0.800 ppm, respectively. The temperature varied linearly from 299.6 to 300.6 K, and
the photolysis rate constant of NO2 was reported as 0.388 min−1. Figure 10 shows that
the predicted concentrations agree well with the experimental data for the DTC-055b

a b c

d e f

g h

Fig. 10 Comparison of the acetaldehyde-n-octane model results to experimental data from DTC-
055b. The concentration versus time curves for ozone, NO, nitrates, formaldehyde, acetaldehyde,
n-octane, PAN, and �(O3 − NO) correspond to a–h, respectively. Experimental data are shown
as the symbols, models results are shown as solid lines, and SAPRC-99 model results are shown as
dashed lines
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smog chamber experiment. The predictions by our model were comparable to the
SAPRC-99 model. The ETC-441 model results afforded a SSE value of 3.51 × 1025

molecule2 cm−6 when compared to the experimental data and a MD value of 0.38
when compared to the model results presented in Fig. 3. These results were of
particular note since they suggest that the methodology is sufficiently robust that
one comprehensive mechanism can be generated that will apply to its constituent
components.

3.3 Acetone-air-NOx

The final system examined was acetone-air-NOx using the rate-based methodology
with the parameter set that captured the ETC-441 and XTC-083 experimental
data well. SAPRC ETC chamber run number 445 (ETC-445) was used to set
the initial conditions for generation and for evaluation of the model results. The
initial concentrations of NO, NO2, acetone, and CO were 0.0916, 0.0452, 8.46, and
0.800 ppm, respectively. The temperature varied linearly from 299.6 to 300.6 K, and
the NO2 photolysis rate constant was measured as 0.351 min−1. The evolution of the
characteristics of the mechanism as a function of the threshold value is reported in
Table 5. The mechanism results changed only slightly below a threshold of 0.001 as
evidenced by the values of MD below 5%. The SSE value converged to a constant
value at an ε value of 1 × 10−5. The mechanism at a threshold value of 0.0001 was
chosen since the MD value was low and the SSE was nearly converged at that point.
Initial model results revealed that the amount of ozone was over-predicted by this
mechanism with the default parameters. Therefore, the mechanism was analyzed
in a manner similar to that applied to probe the formaldehyde and acetaldehyde
mechanisms, where reactions with net rates above 1.205 × 106 molecule cm−3 s−1 at
2, 4, and 6 h are shown in Fig. 11. Based on sensitivity analysis of the full mechanism,
it was found that the mechanism was most sensitive to two reactions to an equal
extent. These two reactions are listed in Eq. 12:

CH3C(O)CH2 Ȯ
O2−→ CH3C(O)C(O)H + HOȮ
−→ CH3Ċ(O) + HC(O)H (12)

The alkoxy radical and oxygen reaction was considered to be described by the less
well-supported correlation of the two, and its pre-exponential factor was optimized.
The rate constant for this reaction was initially estimated using the Evans–Polanyi
relationship shown in Table 1 with a representative pre-exponential factor based
on limited experimental data. The pre-exponential factor was optimized and was

Table 5 Acetone-air-NOx
model as a function of
mechanism generation
threshold value

aSSE = sum of squares error
for NO, nitrates, O3, acetone,
formaldehyde, and PAN and
has units of molecule2 cm−6

ε Species Reactions SSEa MD

Thermal Photolysis

1.0 28 81 14 4.79 × 1026

0.1 41 161 24 4.00 × 1026 4,561.44
0.01 52 273 32 3.08 × 1026 20.52
0.001 74 601 39 3.45 × 1026 6.15
0.0001 148 2,577 70 3.05 × 1026 4.10
0.00001 251 9,633 97 3.05 × 1026 0.05
0.000001 354 22,616 125 3.05 × 1026 0.01
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Fig. 11 The mechanism for acetone-air-NOx with only the major reactions shown. The formalde-
hyde mechanism is the same as that of Fig. 4

found to be 2.00 × 10−15 cm3 molecule−1 s−1. The optimized parameter is also listed
in Table 6. Our results for this reaction agree with the findings of Orlando et al.
(2000) that the decomposition of the CH3C(O)CH2Ȯ radical is dominated by the
β-scission pathway and not the alkoxy radical and oxygen reaction pathway. A
third reaction that had a major impact on the model results was the peroxy and
NO radical reaction of CH3C(O)CH2OȮ. The rate constant for this reaction was
originally estimated using the Evans–Polanyi relationship shown in Table 1 with a
representative pre-exponential factor. The pre-exponential factor was optimized and
found to be 5.06 × 10−14 cm3 molecule−1 s−1. The model results after adjustment of
two pre-exponential factors (Table 6) are shown in Fig. 12, revealing that the model
is able to capture the concentrations of the major species very well. Furthermore, the
reactivity estimates agree very well with the experimental data. This is in contrast
to the reactivity estimates from the SAPRC-99 model; our model predictions are in
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Table 6 Initial and optimized values for the parameters that were optimized in the ETC-445 model
for acetone-air-NOx

Reaction Parameter Initial valuea Optimized value

CH3C(O)CH2 Ȯ + O2 → CH3C(O)CHO + HOȮ A f 2.70 × 10−14 2.00 × 10−15

CH3C(O)CH2 Ȯ + ṄO ↔ CH3C(O)CH2 Ȯ + ṄO2 A f 1.15 × 10−11 5.06 × 10−14

Units for all pre-exponential factors are cm3 molecule−1 s−1

aBased on the representative values from part 1 of this paper

a b c

d e

g

f

Fig. 12 Results of the acetone-air-NOx model compared to experimental data for ETC-445. The
parameters were the union of the parameters and the two parameters that were optimized specifically
against the ETC-445 data. The concentration versus time curves for ozone, NO, nitrates, acetone,
formaldehyde, PAN, and �(O3 − NO) correspond to a–g, respectively. Experimental data are
represented by symbols, model results before and after parameter optimization by the dotted and
solid lines, respectively, and the SAPRC-99 model results by the dashed lines
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error by −12%, −2%, and 2% while those of the SAPRC-99 mechanism are in error
by 15%, 18%, and 21% at 2, 4, and 6 h, respectively.

The acetone model was then used to predict the behavior in another experiment
of acetone, n-octane, and NOx conducted in a DTC chamber with run number 054b
(DTC-054b). The initial concentrations in the DTC-054b experiment of NO, NO2,
acetone, n-octane and CO were 0.1895, 0.09661, 10.97, 0.09428, and 0.800 ppm,
respectively. The temperature varied linearly from 300.5 to 301.3 K, and the pho-
tolysis rate constant of NO2 was reported as 0.388 min−1. Figure 13 shows that the
predicted concentrations agree well with the experimental data for the DTC-054b

a b c

d e f

g h

Fig. 13 Comparison of the acetone-n-octane model predictions to experimental data from DTC-
054b. The concentration versus time curves for ozone, NO, nitrates, acetone, n-octane, PAN,
formaldehyde and �(O3 − NO) correspond to a–h, respectively. Experimental data are shown as
the symbols, models results are shown as solid lines, and SAPRC-99 model results are shown as
dashed lines
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smog chamber experiment. The predictions by our model were comparable to the
SAPRC-99 model. These results suggest that optimizing two representative pre-
exponential factors is sufficient to describe the atmospheric chemistry of acetone
well.

4 Conclusions

Mechanisms for formaldehyde-air-NOx, acetaldehyde-formaldehyde-n-octane-air-
NOx, and acetone-air-NOx were generated to model smog chamber data for UNC
and SAPRC chambers. Overall, it was found that reaction mechanism growth was
well controlled by using rate-based mechanism generation. For the formaldehyde-
air-NOx model, the ETC-441 experiment was used to generate the model, and this
model resulted in predictions that were in reasonable agreement with experimental
data from an outdoor chamber (UNC) and also data from various VOC/NOx ratios
of two other indoor chambers.

A much more complex system of acetaldehyde, formaldehyde, n-octane, air,
and NOx was then modeled, and without any parameter adjustments there was
good agreement with experimental results for all species monitored. This model
was then used to study two sub-models within it: acetaldehyde-n-octane-air-NOx

and formaldehyde-air-NOx. The predictions of this large model compared well with
experimental data for the two subsystems, and the results for formaldehyde-air-NOx

were the same as those for the smaller model generated for formaldehyde alone.
Finally, acetone-air-NOx was studied. It was found that refinement of the pre-

exponential factors for reaction of CH3C(O)CH2Ȯ alkoxy radical with oxygen to
form CH3C(O)CHO and HOȮ and reaction of CH3C(O)CH2OȮ peroxy radical
with NO to form CH3C(O)CH2Ȯ alkoxy radical generated model results that
compared very well with experimental data. This model also performed much better
than the SAPRC-99 model with respect to the reactivity estimates. Overall, the
results suggest that the automated mechanism generation methodology that includes
rate-based generation is sufficiently robust that it can be applied to a wide range of
alkane and oxygenate mixtures.
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