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ABSTRACT

An experimental and modeling study was carried out to assess the ground-level atmospheric
ozone impacts of representative pesticide-related VOCs. Environmental chamber experiments were
carried out to develop and evaluate mechanisms for methyl isothiocyanate (MITC), S-ethyl N,N-di-n-
propyl thiocarbamate (EPTC), 1-3-dichloropropenes, kerosene, and carbon disulfide. The first four are
important compounds in the California pesticide emissions inventory where ozone impact data are not
available, and carbon disulfide is a known pesticide degradation product. In addition, results of previous
experiments on the pesticide chloropicrin were used to evaluate an updated mechanism for this
compound. Chamber data were also used to derive rate constants for the reactions of OH radials with the
MITC and EPTC, with the results indicating rate constants of 1.72 x 10™ and 2.21 x 10" cm® molec™ s?,
respectively, which are both somewhat different from previously measured values. The UCR EPA
environmental chamber was employed, and most experiments were “incremental reactivity” experiments
to determine effects of adding the test compounds to experiments simulating representative ambient
chemical conditions. These employed NO, levels of 25-30 ppb and at reactive organic gas (ROG)/NOy
ratios representing maximum incremental reactivity (MIR) and NOy-limited conditions. Mechanisms for
the compounds studied were developed based on available information in the literature and the results of
the chamber experiments, and the mechanism for chloropicrin was updated. Mechanisms for other
thiocarbamates were estimated based on the mechanism derived for EPTC. The SAPRC-99 mechanism
was used as the starting point, to which an updated chlorine mechanism was added so the reactions of the
chlorine-containing compounds could be modeled. It was necessary to adjust uncertain portions of the
mechanisms for MITC, CS,, and EPTC to give predictions that were consistent with the chamber data,
and it was also necessary for the 1,3-dichloropropene mechanism to include an explicit representation of
chloroacetaldehyde undergoing photolysis to form chlorine atoms at near-unit quantum yields to simulate
the reactivity data for these compounds. The experiments with kerosene were found to be consistent with
the predictions of the model derived from the available compositional data without the need for
adjustments. The mechanisms were then used to derive quantitative ozone impacts for these and other
pesticide compounds in the MIR and other incremental reactivity scales. The MIR values derived (in units
of grams O3 per gram VOC) were 1,3-dichloropropenes: 5.4; chloropicrin: 2.2; EPTC and pebulate: 1.8;
kerosene and molinate: 1.7; thiobencarb: 0.7; MITC: 0.35; and CS,: 0.25-0.28. (For comparison, the
mixture used to represent reactive VOCs from all sources has an MIR of 3.7, and ethane has an MIR of
0.3). In addition, relative impacts of these compounds on particulate matter (PM) formation were
determined, with kerosene having the greatest PM impact on a mass basis, followed by the sulfur-
containing compounds, and with the 1,3-dichloropropenes having no PM impact. Areas of uncertainties
and needs for future research are discussed.
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EXECUTIVE SUMMARY

Background

Pesticides are widely used in agricultural operations in California and in addition to their other
environmental impacts they may also be emitted into the atmosphere and contribute to the formation of
ground-level ozone. Because ground-level ozone continues to be a problem in many areas of California,
the California Air Resources Board (ARB) and the California Department of Pesticide Regulation need a
means to quantify the ozone impacts of pesticide compounds that are used in the state. The only practical
way to do this is to conduct airshed model calculations to predict the effects of the pesticides on ozone,
which mechanisms for the pesticides' atmospheric reactions, as well as models for airshed conditions.

However, airshed model calculations are no more reliable than the chemical mechanisms upon
which they are based. While the initial atmospheric reaction rates for many VOCs are reasonably well
known or at least can be estimated, for most VOCs the subsequent reactions of the radicals formed are
complex and have uncertainties that can significantly affect predictions of atmospheric impacts.
Laboratory studies can reduce these uncertainties, but for most VOCs they will not provide the needed
information in the time frame required for current regulatory applications. For this reason, environmental
chamber experiments and other experimental measurements of reactivity are necessary to test and verify
the predictive capabilities of the chemical mechanisms used to calculate atmospheric reactivities. They
provide the only means to assess as a whole all the many mechanistic factors that might affect reactivity,
including the role of products or processes that cannot be studied directly using currently available
techniques. Because of this, the ARB and others have funded programs of environmental chamber studies
to provide data needed to reduce uncertainties in ozone impact assessments of the major classes of VOCs
present in emissions.

Although progress has been made in developing methods to estimate and quantify relative ozone
impacts of the major classes of VOCs present in vehicle emissions and solvents, the ozone impacts of
many of the compounds used in pesticides are either unknown or very uncertain. Table E-1 shows the
VOC speciation profile that is used to represent pesticide emissions in the 2000 California VOC
emissions inventory. The approximate mass fractions, which represent the relative amounts of each
compound that are estimated to be emitted, are also shown, and the compounds are listed in order of
decreasing amounts emitted. The volatility and the estimated ozone impacts of the compounds are also
given on the table. The ozone impacts are expressed in terms of the MIR reactivity scale, which is used in
California vehicle and architectural coatings regulations (CARB 1993, 2000). The reactivity estimates for
the compounds that are not underlined were calculated using the existing SAPRC-99 mechanism (Carter,
2000a) and are from previous reactivity tabulations that have already been submitted to the CARB
(2003a). For the underlined compounds there was no chemical mechanism and therefore no ozone impact
estimate, prior to this study.

It can be seen that for a substantial number of the pesticides listed in Table E-1 there was no
chemical mechanism or quantitative ozone impact estimate prior to this study. The objective of the project
discussed in this report was to derive the mechanisms and make the reactivity estimates for these
representative pesticide compounds where this was needed. This requires environmental chamber
experiments to develop and evaluate the predictive capabilities of the mechanisms for representative
compounds. Based on the above considerations, and after discussions with the staff of the CARB and the
California Department of Pesticide Regulations, it was decided that the highest priority compounds to
study for assessing ozone impacts of pesticides are MITC, the 1,3-dichloropropenes, kerosene, EPTC and
carbon disulfide. The results for EPTC were also useful as a basis for estimating ozone impacts of the

1



Table E-1. Summary of pesticide compounds and calculated ozone impacts in the MIR scale.

. Mass V.P. MIR Source of MIR or comment
Compound or Mixture fract. [a] (ppm) [b] [c] * = Studied experimentally
Methyl bromide 25.3% High  <0.03 [d] Previously estimated
MITC (methyl isothiocyanate) 17.8% High 0.35 Unknown prior to this work *
1,3-Dichloropropenes [e] 11.3% High 4.64 Unknown prior to this work *
Chloropicrin 8.6% High 2.18 Updated for this work
Aromatic 200 solvent 4.8% High Depends on composition
Xylene range solvent 4.6% High Depends on composition
Molinate 3.3% 7.4 1.68 Unknown prior to this work
Kerosene 1.7% [f] 1.71  Unknown prior to this work *
Chlorpyrifos 1.7% 0.03 Low volatility
Methylisobutyl ketone 0.8% High 4.28 Previously calculated
Glyphosate, isopropylamine salt 0.7% Low Not volatile
Acrolein 0.7% High 7.55  Previously calculated
Glycerine 0.5% 0.22 3.26  Previously calculated
Propylene glycol 0.5% 170 2.74  Previously calculated
Thiobencarb 0.5% 0.03 0.72  Unknown prior to this work
N-Methyl pyrrolidinone 0.5% 454 2.55  Previously calculated
S-ethyl N,N-dipropyl thiocarbamate (EPTC) 0.5% 32 1.82  Unknown prior to this work *
Oxyfluorfen 0.5%  0.0003 Low volatility
Pebulate 0.4% 116 1.84  Unknown prior to this work
Pendimethalin 0.4% 0.04 Low volatility
Oryzalin 0.3% 0.00001 Not volatile
Trifluralin 0.2% 0.06 Low volatility
Aliphatic solvent 0.2% High Depends on composition
Oxydemeton-methyl 0.2% 0.04 Low volatility
Carbon disulfide [a] High 0.28 This work
Base ROG Mixture [h] - High 3.71  Previously calculated
Ethane [j] - High 0.31 Previously calculated
Methane - High 0.014 Previously calculated

[a] Mass Fraction of compound in total pesticide VOC profile. Data provided by the CARB staff in
October, 2004. The unidentified fraction is not shown.

[b] Vapor pressures at 25°C obtained from the Syracuse Research Corporation (SRC) online physical
properties database at http://www.syrres.com/esc/physdemo.htm. “High” means that the vapor
pressure is greater than 1000 ppm. “Low” means probably has negligible volatility.

[c] Calculated ozone reactivity in grams O3 per gram VOC in the Carter (1994a) MIR scale.
[d] Mechanism is highly uncertain. Estimated upper limit MIR is given (Carter, 2000a, 2003a).

[e] MIR calculated based on MIR's calculated for cis and trans isomer, assuming 56% cis and 44% trans,
based on initial concentrations in the environmental chamber experiments.

[f] Sufficient to inject at least 95% into the gas phase in the experiments for this project.
[g] Expected to be a pesticide degradation product.

[h] Mixture used to represent reactive organic gas (ROG) emissions from all sources for the purpose of
calculating atmospheric ozone impacts (Carter, 1994a).

[i] Ethane has been used by the EPA to define the borderline between reactive and negligible reactive for
VOC exemption purposes.



other thiocarbamates listed in Table E-1. Chloropicrin had been studied previously, but its mechanism
was out-of-date and the existing chamber data were used to evaluate an updated mechanism for this
compound. The results of experiments, mechanism development, and model analyses of ozone impacts of
these materials are discussed in this report.

Methods and Results

The environmental chamber experiments were carried out in the state-of-the art UCR-EPA
chamber, which was developed recently under EPA funding to permit mechanism evaluations at lower
reactant concentrations than previously possible. This chamber was used in previous CARB-funded
studies of low-NOy mechanism evaluation and in evaluations of impacts of coatings VOC emissions. The
experimental procedures were the same as used in the previous studies of coatings VOC emissions (Carter
and Malkina, 2005; Carter et al, 2005a). This primarily involved conducting “incremental reactivity”
experiments where the effects of adding the test compounds or mixtures to irradiations of “base case”
reactive organic gas (ROG) - NO, mixtures designed to represent ambient chemical conditions. To obtain
data for mechanism evaluation under differing chemical conditions, experiments were carried out at two
different base case ROG/NOy ratios. In addition to measurements of O; impacts, measurements were
made of impacts of adding the test compound on particulate matter (PM) formation. Information was also
obtained concerning the rate constants for the reactions of MITC and EPTC with OH radicals, based on
rates of consumption of these compounds in the chamber with m-xylene, a reference compound with a
well-known OH radical rate constant.

Chemical mechanisms or representations were developed for the compounds or mixtures that
were experimentally studied, and the results of the experiments were used to evaluate the mechanisms and
improve their predictive capabilities. The SAPRC-99 mechanism used to calculate existing reactivity
scales was used as the starting point, but an updated representation of chlorine chemistry, which is
documented in Appendix A to this report, was developed to adequately represent the impacts of the
dichloropropenes and chloropicrin. Adjustments had to be made to uncertain portions of the mechanisms
for MITC, carbon disulfide, and EPTC in order to obtain satisfactory fits for these compounds, and an
explicit representation of the 1,3-dichloropropene product chloroacetaldehyde was needed in the
mechanism to correctly predict these compounds' reactivity. Estimated mechanisms for the other
thiocarbamates were developed based on the mechanism for EPTC that fit the chamber data.

The mechanisms developed for this project were then used to calculate MIR and other reactivity
scales, using the same procedures, scenarios and base case mechanism as used to calculate the existing
MIR scale used in California. The results are shown on as the underlined values on Table E-1, and are
discussed in the following section.

Although this was not a primary objective of this study, information was also obtained
concerning the PM impacts of the representative pesticide materials studied. Kerosene had the greatest
PM impact on a mass basis, forming about 5 times more PM on a mass basis than the aromatic-containing
hydrocarbon solvents studied for the coatings reactivity project (Carter et al, 2005a). This is consistent
with the much higher molecular weight range of the constituents of this mixture. On the other hand, the
dichloropropenes had essentially no PM impact, which is also consistent with expectations based on their
mechanisms, which predict only high volatility products. All the sulfur-containing compounds studied
had measurable PM impacts, with the impacts of the three being generally comparable. In the case of
MITC and CS, this can be attributed to the formation of SO, in the oxidation mechanisms (which reacts
to form non-volatile sulfuric acid), but in the case of EPTC it appears likely that other condensable
products also contribute to PM formation.



Discussion and Recommendations

This project has been successful in its objective of reducing uncertainties in atmospheric impacts
of many types of pesticide-related VOCs used in California, and has resulted in quantitative estimates of
ozone impacts of most of the compounds in the California pesticide emissions profile. The major gaps are
complex mixtures whose compositions were not specified, or compounds of such low volatility that their
availability for participation in gas-phase ozone formation is highly uncertain. There are uncertainties in
some of the new ozone impact estimates, and additional data would be useful to reduce these
uncertainties. However, for the compounds that were studied experimentally the predictions of the
mechanisms developed in this work were sufficiently consistent with the experimental data obtained for
this project (or the previous experiments on chloropicrin) that they can be considered a useful basis for
estimates of atmospheric ozone impacts. In any case, the level of uncertainty in these estimates is
considerably less than would be the case previously, where in most cases quantitative ozone impacts were
not available.

Except for kerosene, the compounds studied for this project are representatives of chemical
classes whose ozone impacts have not been studied previously. There have been experimental
measurements of some of the primary atmospheric rate constants and some limited product data is
available in some cases, but in all cases the initially estimated mechanisms did not perform satisfactorily
in simulating the chamber data, and adjustments had to be made. In the case of the sulfur-containing
compounds the adjustments reflect uncertain aspects of the mechanism where additional study would be
useful to reduce uncertainties in the mechanisms, and therefore their predictions of atmospheric ozone
impacts. In the case of dichloropropenes, the adjustments made reflect the level of detail that is necessary
to be included in lumped mechanisms to obtain satisfactory representations of atmospheric reactivities of
chlorinates compounds. Although the adjusted mechanisms simulate the data reasonably well, there are
some inconsistencies in predictions of some aspects of the data that suggest that further refinements may
be appropriate.

The updated mechanism for chloropicrin was found to give good simulations of the chamber data
obtained previously. Since chloropicrin has a relatively simple mechanism for chlorine formation, the
good performance of the mechanism in simulating the data in these experiments therefore not only tends
to validate the chloropicrin mechanism, it also lends support to the predictive capability of the overall
chlorine mechanism that is presented in Appendix A of this report.

Although no new mechanisms had to be developed to successfully simulate the ozone impacts
measured for kerosene, studies with this mixture were useful in extending the range of types of
hydrocarbon mixtures for which experimental evaluation data are available to mixture with much higher
molecular weight constituents. Despite the greater uncertainties in deriving specific compositions for
heavier mixtures, and the greater uncertainties in the estimated mechanisms involved, the model was able
to simulate the kerosene experiments at least as well, and in some cases better, than was the case for the
lighter hydrocarbon mixtures studied for the coatings project. In addition, the calculated MIR agreed with
the MIR estimated with the CARB “binning” method developed for the aerosol coatings regulation
(Kwok et al, 2000, CARB, 2000) within the range that is observed for lighter mixtures when we reviewed
the “binning” method as part of our previous study of coatings reactivity (Carter and Malkina, 2005).
Therefore, use of this “binning” method is probably appropriate in cases where detailed compositional
data are not available.

As indicated above, as a result of this project we were able to derive quantitative estimates of the
ozone impacts of most of the pesticides in the California pesticide profile in the MIR and other reactivity
scales. The results indicate a relatively wide range of ozone impacts of the pesticide compounds, as might
be expected considering the wide range of chemicals involved. The most reactive is acrolein, which is
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about twice as reactive as the base ROG, the mixture of reactive organic gases used to represent emissions
from all sources, followed by the 1,3-dichloropropenes and methyl isobutyl ketone, which are also more
reactive than this mixture. The least reactive is methyl bromide, which has a highly uncertain mechanism
but has an upper limit reactivity below that of ethane, the compound the EPA has used as the borderline
for defining negligible reactivity for exemption decisions. Whether it is more or less reactive than
methane is uncertain, and would require experimental data to determine. Carbon disulfide may also be
somewhat less reactive than ethane (on a mass basis), but the difference between the two is probably
within the uncertainty of the CS, mechanism. Most of the other pesticides have reactivities between those
of ethane and the base ROG.

Other than complex mixtures with unspecified compositions (for which the CARB “binning”
method can probably be employed), the only compounds on the California pesticide profile list on Table
E-1 which reactivity estimates were not made are all have estimated vapor pressures of less than ~30 ppb
at 25°C, which suggests that they may not have sufficient volatility to participate in gas-phase reactions.
The least volatile of these should probably not be included in VOC emissions profiles at all. However, the
semi-volatiles might exist at least to some extent in the gas phase, depending on partitioning and other
considerations, and therefore may undergo reaction. However, experimentally studying gas-phase
reactions of such compounds would be very difficult in practice, and modeling their atmospheric impacts
probably would require appropriate representation of the heterogeneous partitioning processes they
probably also undergo. This is beyond the scope of this project, but is an appropriate study for future
research.

Finally, it should be noted that the mechanisms for the test compounds are not the only significant
source of uncertainty in model predictions of atmospheric ozone impacts. As discussed in previous
reports to the CARB, uncertainties in the aromatic photooxidation mechanisms lead to uncertainties in the
representation of the base case conditions that would affect predictions of atmospheric reactivity and also
complicates the use of incremental reactivity chamber data for mechanism evaluation. We are currently
developing an updated version of the SAPRC mechanism, with a major objective of addressing this
problem. However, progress to date suggests that at least some of the problems with the aromatics
mechanisms may not be resolved in the near term.

Another problem that needs to be addressed is limitations in the environmental chamber database
in evaluating mechanisms for the impacts of the reactions of the secondary products. A modeling analysis
indicates that chamber experiments such as used in this and previous projects are much less sensitive to
the effects on ozone of the reactions of the VOCs' oxidation products than is calculated to be the case for
the atmosphere. This means that an important aspect of the mechanism affecting predictions of ozone in
the atmosphere is not being adequately tested, and may not be giving correct predictions in airshed
models. This may be applicable to some of the pesticide-related compounds studied for this project,
particularly EPTC and kerosene. A project concept to address this has been submitted to the CARB



INTRODUCTION

Introduction and Background
Background

Pesticides are widely used in agricultural operations in California and in addition to their other
environmental impacts they may also be emitted into the atmosphere and contribute to the formation of
ground-level ozone. Because ground-level ozone continues to be a problem in many areas of California,
the California Air Resources Board (ARB) and the California Department of Pesticide Regulation need a
means to quantify the ozone impacts of pesticide compounds that are used in the state. Because VOCs can
react in the atmospheres at different rates and with different mechanisms, the different types of VOCs can
vary significantly in their effects on air quality. An ability to quantify the effects of emissions of different
types of VOCs on ozone formation is useful for assessing relative ozone impacts of various emissions
sources such as pesticide use, and for developing cost-effective ozone control strategies. The effect of a
VOC on ozone formation in a particular environment can be measured by its “incremental reactivity”,
which is defined as the amount of additional ozone formed when a small amount of the VOC is added to
the environment, divided by the amount added. Although this can be measured in environmental chamber
experiments, incremental reactivities in such experiment cannot be assumed to be the same as incremental
reactivities in the atmosphere (Carter and Atkinson, 1989; Carter et al., 1995a). This is because it is not
currently practical to duplicate in an experiment all the environmental factors that affect relative
reactivities; and, even if it were, the results would only be applicable to a single type of environment. The
only practical means to assess atmospheric reactivity, and how it varies among different environments, is
to estimate its atmospheric ozone impacts using airshed models.

However, airshed model calculations are no more reliable than the chemical mechanisms upon
which they are based. Although several chemical mechanisms are used in airshed modeling applications
in the United States (Gery et al, 1989; Stockwell et al, 1990, 1997; Carter, 2000a,b), the SAPRC-99
mechanism (Carter, 2000a) is considered to represent the current state of the art for model simulations of
ozone impacts of individual VOCs. This is because it is the only one of these mechanisms that is designed
to separately represent the reactions of several hundreds of different types of VOCs, while most other
mechanisms use a limited number of “lumped species” to represent a broad classes of compounds
assumed to have similar reactivity. The only other currently available state of the art mechanism that can
be used to asses impacts of multiple VOCs is the European “Master Chemical Mechanism” (MCM)
(Jenkin et al, 1997, 2003; Saunders et al, 2003, MCM, 2004), which explicitly represents the tropospheric
degradations of over 130 volatile organic compounds. However, this mechanism is not widely used in the
United States because it is not compatible with the multi-cell grid models that are currently used for
regulatory applications in this country. For that reason, most of the discussion and analysis in this report
will focus on use of the current version of the SAPRC-99 mechanism.

While the initial atmospheric reaction rates for many VOCs are reasonably well known or at least
can be estimated, for most VOCs the subsequent reactions of the radicals formed are complex and have
uncertainties that can significantly affect predictions of atmospheric impacts. Laboratory studies can
reduce these uncertainties, but for most VOCs they will not provide the needed information in the time
frame required for current regulatory applications. For this reason, environmental chamber experiments
and other experimental measurements of reactivity are necessary to test and verify the predictive
capabilities of the chemical mechanisms used to calculate atmospheric reactivities. They provide the only
means to assess as a whole all the many mechanistic factors that might affect reactivity, including the role
of products or processes that cannot be studied directly using currently available techniques. Because of
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this, the ARB and others have funded programs of environmental chamber studies to provide data needed
to reduce uncertainties in ozone impact assessments of the major classes of VOCs present in emissions,
and the development of the SAPRC-99 is based extensively on these data.

Although progress has been made in developing methods to estimate and quantify relative ozone
impacts of the major classes of VOCs present in vehicle emissions and solvents, but the ozone impacts of
many of the compounds used in pesticides are either unknown or very uncertain. The VOCs present in
pesticides used in California, and the extent of our knowledge and ability to represent their atmospheric
ozone impacts, are discussed in the following section.

Volatile Organic Compounds in Pesticides

Table 1 shows the VOC speciation profile that is used to represent pesticide emissions in the 2000
California VOC emissions inventory. The approximate mass fractions, which represent the relative
amounts of each compound that are estimated to be emitted, are also shown, with the compounds listed in
order of decreasing amounts emitted. The chemical structure, volatility, and the representation of the
compounds in the current SAPRC-99 mechanism, and the SAPRC-99 uncertainty classification, if
applicable, are also shown. It is immediately apparent that most of the pesticide VOCs listed on Table 1
are either not represented in the current mechanism or are represented in a highly approximate and
uncertain manner. Footnotes to the table indicate the meanings of the uncertainty classifications used.
Note that if there is no SAPRC-99 model species indicated for a compound in Table 1, then there is
presently no way to estimate the ozone impact of the compound, except by using highly lumped
mechanisms whose applicability is subject to significant uncertainty.

The first compound on the list is methyl bromide, which is currently represented using a
“placeholder” mechanism that probably does not correctly represent its mechanistic reactivity. However,
the rate constant for its reaction with OH radicals, which is expected to be its major atmospheric fate, has
been measured to be only 4 x 10™ c¢m?® molec™ s, indicating that regardless of its mechanism it may
have only a relatively low impact on Os. Therefore, studies of the atmospheric ozone impact of this
compound is not considered to be a priority for atmospheric ozone impact assessment.

After methyl bromide the most important compound according to Table 1 is methyl
isothiocyanate (MITC). Although no environmental chamber data are available for this compound, there
have been studies of its environmental fate (Wales, 2002, and references therein). Geddes et al (1995)
determined that MITC undergoes photodecomposition in simulated sunlight with a half life of about one
day, suggesting that its atmospheric reactivity is probably non-negligible. However, the impacts of the
subsequent reactions on O; formation has not been determined.

The next compound after MITC on Table 1 is 1,3-dichloropropene, which actually is a mixture of
two isomers, cis and trans. Although a gas-phase mechanisms for ozone reactivity assessment have not
been developed for these compounds, as discussed by Finlayson-Pitts and Pitts (1997) there are kinetic
and product data available for their atmospheric reactions.

The other previously unstudied compounds listed on Table 1 consist of various sulphur-,
nitrogen- and in some cases chlorine- and phosphorous-containing compounds with varying degrees of
volatility. The most volatile of these are the thiocarbamates molinate, EPTC and pebulate. Kwok et al
(1992) obtained reasonably comprehensive kinetic and some mechanistic information on EPTC and also
dimethylthiocarbamate and cycloate, a compound similar to EPTC except with the propyl groups on the
N replaced by cyclohexyl and ethyl groups. Although molinate and pebulate were not studied, the data for
the other compounds can provide a basis for estimating rate constants and mechanism for thiocarbamates



Table 1. Pesticide speciation profile from the 2000 California VOC emissions inventory.
. . Mass PVaPOf SAPRC-99 [c]
ompound or ressure
Mixture [a] CAS # fract. (pm)  Model Unc. Structure [d]
[a] [b]  Species Code
methyl bromide 74-83-9 25.3% high ME-BR 6 CH;Br
MITC (methyl 556-61-6  17.8% high CH,NCS
isothiocyanate)
1,3-dichloropropene 542-75-6 11.3%  high N
chloropicrin 76-06-2 8.6% high CCL3NO2 [e] CCI3NO,
aromatic 200 4.8% Mixture [f] Aromatic hydrocarbon
solvent mixture
xylene range solvent 4.6% Mixture [f] Afoma“c hydrocarbon
mixture
”\‘/S\//
0,
molinate 2212-67-1 3.3% 7.4 N
[q] Q
kerosene 1.7% Mixture [f] Alkane and aro_matlc
hydrocarbon mixture
S Cl / Cl
| |
b
chlorpyrifos 2921-88-2 1.7% 0.03 /\\D/D/\D =, "
metylisobuyl 108101 08%  high  MIBK 2 CH4C(O)CH,CH(CH;)CH;
aH
voh Hu‘xl/"\N v
glyphosate, . 38641-94-0 0.7%  [] NONVOL  [j] [—
isopropylamine salt i )NH\
acrolein 107-02-8 0.7% high  ACROLEIN 3 CH,=CHCHO
glycerine 56-81-5 0.5% 0.22  GLYCERL 2  HOCH,CH(OH)CH,OH
propylene glycol 57-55-6 0.5% 170 PR-GLYCL 3[k] CH3;CH(OH)CH,OH



Table 1 (continued)

Vapor SAPRC-99 [c]

Compound or CAS # ?:I;CS: Pressure Structure [d]
Mixture [a] " (ppm) Model Unc.
[a] [b]  Species Code
u]
thiobencarb 28249-77-6  05%  0.03 /j)LS/\Q\
a
N-methy! 872-50-4  05% 454  NMP 2 Ao
pyrrolidinone \j
[n]
S-ethyl N,N-di- N {
n-propyl e 0
thiocarbamate 759-94-4 0.5% 32 N1
(EPTC)
o
JOSN
oxyfluorfen 42874-03-3 05% 0.0003 NONVOL  [j] o
u]
pebulate 1114-71-2 04% 116 /\/j;)ks/\/
\:l\NH
pendimethalin 40487-42-1 0.4%  0.04 £ 7
N N’
/ \,
)
O0—=N
oryzalin 19044-88-3  0.3% 0.00001 NONVOL  [j] % ..
/ g
.
\\‘\0



Table 1 (continued)

MaSS Vapor SAPRC'99 [C]

Compound or Pressure
Mixture [a] CAS# fract. (ppm)  Model Unc. Structure [d]
[a] [b]  Species Code

l" I

| !
trifluralin 1582-09-8  0.2%  0.06 e Sy

F F
F

aliphatic solvent 0.2% Mixture [f] Q:'}‘(?Sfehydrocarbon
oxydemeton-methyl 301-12-2  0.2%  0.04 sf\/s“;p<°\

ﬂ u/ o

[a]

[b]

[c]

[d]

Mass Fraction of compound in total pesticide VOC profile. Data provided by Frank Spurlock of the
California Department of Pesticide Regulation on October 18 to the staff of the California Air
Resources Board and provided to us by Dongmin Luo of the CARB. The unidentified fraction, which
consists of 13.9% of the mass of the profile, is not shown.

Vapor pressure in mm Hg at 25°C obtained from the Syracuse Research Corporation (SRC) online
physical properties database. Awvailable at http://www.syrres.com/esc/physdemo.htm, accessed
October, 2004. Converted to ppm using 1315 ppm per torr. “High” means that the vapor pressure is
greater than 1000 ppm.

Model species used to represent compound in the current SAPRC-99 mechanism and assigned
uncertainty code. If these compounds are blank then the compound is not currently represented in the
mechanism. The uncertainty codes used in the current mechanism are as follows:

1. Considered to be relatively uncertain, or some uncertainties but reactivity is not expected to
change significantly.

2. Uncertain mechanism may change somewhat if refined, but change is expected to be less than a
factor of two.

3. Uncertain and may change if compound is studied (or studied further) or estimation methods are
updated. Change in atmospheric reactivity calculations could be as much as a factor of two.

4. Uncertain and is expected to change if compound is studied or estimation methods are updated. It
is recommended that uncertainty adjustments be employed in regulatory applications.

5. Non-negligible chance of the estimate being incorrect in significant respects. It is recommended
that uncertainty adjustments be employed in regulatory applications.

6. Current mechanism is probably incorrect, but biases in atmospheric reactivity predictions are
unknown. Uncertainty adjustments should be employed in regulatory applications.

Structure graphics obtained from the ChemFinder online database (http://chemfinder.cambridgesoft.
com)
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Table 1 (continued)

[e] This compound is not part of the standard SAPRC-99 mechanism because it requires chlorine
chemistry to be represented. No uncertainty code assigned, but it is probably equivalent to 2 or 3
when chlorine chemistry is implemented.

[fl The model species representation depends on the composition of the mixture. The SAPRC-99
mechanism has model species for the various alkanes and aromatics that can be contained in the
mixture. See text for a discussion of the uncertainties in representing these mixtures in model
calculations.

[9] Use of this compound is being phased out.
[h] Vapor pressure data not available from the SRC online database.

[i] This compound is represented as non-volatile in the current emissions speciation database (Carter,
2006).

[k] The uncertainty classification has been increased because of inconsistencies in model predictions of
results of recent environmental chamber experiments (Carter et al, 2005a).

in general. The rate constants they obtained indicate that these compounds should have non-negligible
atmospheric reactivity.

The compounds that have been studied, in order of mass fraction, are chloropicrin (Carter et al,
1997a,b), methyl isobutyl ketone (Carter et al, 2000a), acrolein (Carter, 2000a), propylene glycol (Carter
et al, 1997c. 2005a), and N-methyl pyrrolidinone (Carter et al, 1996a). An estimated mechanism for
glycerol was derived using the mechanism generation system (Carter, 2000a), and although no
experimental data exist to support this mechanism its uncertainty is not considered to be on the same
order as those for the other compounds discussed below.

The issue of volatility needs to be taken into account in considering (a) whether it is feasible to
carry out environmental chamber experiments suitable for mechanism evaluation and (b) whether the
compound actually exists in sufficient concentration in the atmosphere to participate in ozone formation.
Although an assessment of availability issues is beyond the scope of this project, we suspect that if a
compound is sufficiently volatile that it is feasible to carry out gas-phase environmental chamber
experiments suitable for evaluation of ozone formation mechanisms, it is likely to undergo such gas-phase
reactions in the environment. Note that the inverse is not necessarily true. The surface/volume ratio in
even the largest chambers is much greater than in the atmosphere, and semi-volatile or “sticky”
compounds that go to the walls in chamber experiments may still react in the gas phase in the
environment.

Although we have not investigated the limit of low vapor pressure for compounds for chamber
studies, from a thermodynamic standpoint we would place the absolute lower limit at about 0.1 ppm at
ambient temperatures (25°C). Concentration in this range are usually necessary to see a measurable effect
on environmental chamber experiments. This rules out chamber studies of chlorpyrifos, glyphosate
isopropylamine salt, thiobencarb, oxyfluorfen, pendimethalin, oryzalin, trifluralin, and oxydemeton-
methyl, and suggests that experiments with glycerine (which is expected to be very “sticky” in addition to
having borderline volatility) are unlikely to be successful.

In addition to individual compounds, the table indicates that a number of hydrocarbon mixtures,
such as “Aromatic 200” and “kerosene” are also present in pesticides used in California. Estimates of
ozone impacts of such materials require a knowledge of the composition of the mixture as well as
appropriate representations of the atmospheric reactions of the constituents, and thus there are two
sources of uncertainty in these cases. Hydrocarbon mixtures are also used in coatings applications, and for
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this reason atmospheric ozone impacts of many representative hydrocarbon mixtures have already been
studied (Carter and Malkina, 2005). However, hydrocarbon mixtures used in coatings applications are
generally lighter than those used in pesticides, and uncertainties in chemical composition and also in
chemical mechanisms generally increase as the molecular weight ranges of the mixtures increase. This is
particularly the case for the aromatics, where ozone reactivities can vary significantly from isomer to
isomer, and where data for higher molecular weight isomers are highly limited (Carter, 2000a). Of the
hydrocarbon mixtures listed on Table 1, those with the most uncertain ozone impacts are probably
Aromatic 200 and kerosene.

Many of the pesticides listed on Table 1 are either nonvolatile or have very low volatility, which
means that probably reaction of the compound itself is not important in affecting atmospheric ozone.
However, when assessing the atmospheric impacts of pesticide use, it is also important to consider
impacts of volatile products that might be formed when pesticides break down in the soil. Among the
known pesticide breakdown products is carbon disulfide (CS;), which is highly volatile and likely to be
emitted into the atmosphere if formed, but which is not represented in current mechanisms. Other volatile
breakdown products may also contribute to ozone formation, and this may be appropriate to examine in
future studies.

Based on the above considerations, and after discussions with the staff of the CARB and the
California Department of Pesticide Regulations, it was decided that the highest priority compounds to
study for assessing ozone impacts of pesticides are MITC, the 1,3-dichloropropenes, kerosene, EPTC and
carbon disulfide. The results for EPTC may also be useful as a basis for estimating ozone impacts of the
other thiocarbamates listed in Table 1. The results of experiments, mechanism development, and model
analyses of ozone impacts of these materials are discussed in this report.

Overall Approach

The chamber experiments were carried out in the UCR EPA chamber, which was developed
under EPA funding for more precise mechanism evaluation at lower and more atmospherically
representative pollutant levels than previously possible (Carter et al, 1999; Carter, 2002; Carter et al
2005b). Results of earlier experiments carried out in this chamber, including characterization results that
are applicable to this study, are given in previous reports or publications (Carter, 2004; Carter and
Malkina, 2005; Carter et al, 2005a,b). The approach employed followed that used in our previous studies
of architectural coating VOC reactivity, as discussed previously (Carter and Malkina, 2005; Carter et al,
2005a).

As discussed in more detail previously (Carter and Malkina, 2005), the primary objective of these
experiments with respect to ozone formation is not to directly measure atmospheric ozone reactivity, but
to provide data to test the ability of chemical mechanisms used in models to predict their ozone impacts in
the atmosphere. If the mechanism can be shown to adequately simulate the relevant impacts of the VOC
in well-characterized environmental chamber experiments with a range of chemical conditions
representative of the atmosphere, one has increased confidence in the predictive capabilities of the model
when applied to atmospheric scenarios. If the mechanism performance in simulating the experiments is
less than satisfactory, then the need to improve the mechanism is indicated, and one has decreased
confidence in its predictions of atmospheric reactivity.

The most realistic chemical environment in this regard is one where the test compounds or
mixtures react in the presence of the other pollutants present in the atmosphere. Therefore, most of the
environmental chamber experiments for this and the coatings VOC reactivity programs consisted of
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measurements of “incremental reactivity” of the subject compounds or solvents under various conditions.
These involve two types of irradiations of model photochemical smog mixtures. The first is a “base case”
experiment where a mixture of reactive organic gases (ROGS) representing those present in polluted
atmospheres (the “ROG surrogate”) is irradiated in the presence of oxides of nitrogen (NOy) in air. The
second is the “test” experiment that consists of duplicating the base case irradiation except that the VOC
whose reactivity is being assessed is added. The differences between the results of these experiments
provide a measure of the atmospheric impact of the test compound. These results can be used test a
chemical mechanism’s to predict the compound's atmospheric impacts under the chemical conditions of
the experiment.

Base case experiments to simulate ambient chemical environments require choice of an
appropriate reactive organic gas (ROG) surrogate mixture to represent the reactive organics that are
important in affecting ozone formation in the urban atmospheres. For this and the coatings reactivity
projects, we continued to use a modified version of the 8-component “full surrogate” that was employed
in our previous reactivity studies for the initial reactivity studies for this project. This is because as
discussed previously (Carter et al, 1995a) use of this surrogate gives a reasonably good representation of
ambient anthropogenic VOC emissions as represented in current models, and use of more detailed
mixtures would not give significantly different reactivity results. However, because of experimental
problems, for this and many of the experiments in the coatings project the formaldehyde was removed
from the surrogate and the initial concentrations of the other ROG components were increased by 10% to
make up for the reactivity. Model calculations indicate that this surrogate modification should not have
significant effects on experimental incremental reactivity results (Carter and Malkina, 2005). Target and
average measured compositions of the ROG surrogates for the reactivity experiments for coatings projects
are given by Carter and Malkina (2005). The target concentrations used in the experiments for this
program were the same.

In order to provide data to test mechanism impacts of the test compounds or mixtures under
differing atmospheric conditions, the incremental reactivity experiments for this and the coatings projects
were carried out using two different standard conditions of NO, availability relevant to VOC reactivity
assessment. Probably the most relevant for California regulatory applications is “maximum incremental
reactivity” (MIR) conditions, which are relatively high NO, conditions where ozone formation is most
sensitive to VOC emissions. However, it is also necessary to provide data to test mechanism predictions
under lower NO, conditions, since different aspects of the mechanisms are important when NOy is
limited. The NOy levels that define the boundary line between VOC-sensitive, MIR-like conditions and
NO,-limited (and therefore NO,-sensitive) conditions is that which vyields the maximum ozone
concentrations for the given level of ROGs, or the conditions of the “maximum ozone incremental
reactivity” (MOIR) scale. Therefore, experiments with NOy levels that are approximately half that for
MOIR conditions might provide an appropriate test of the mechanism under NO,-limited conditions. This
is referred to as “MOIR/2” conditions in the subsequent discussion. If NO, levels are reduced
significantly below this, the experiment becomes less sensitive to VOC levels and thus less relevant to
VOC reactivity assessment.

The conditions of NO, availability are determined by the ROG/NOy ratios in the base case
incremental reactivity experiments. In order to completely fix the conditions of these experiments, it is
also necessary to specify a desired absolute NOy level. In order to determine this, we sought input from
the CARB staff concerning the NO, levels they would consider to be appropriate to use for reactivity
studies in the new chamber (Carter and Malkina, 2005). Based on their input, and model simulations of
reactivity characteristics in our chamber, it was determined that the nominal initial concentrations of the
MIR base case experiment would consist of ~30 ppb NO, and ~0.5 ppmC ROG surrogate, and the
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MOIR/2 experiment would consist of ~25 ppb NO, and ~1 ppmC ROG surrogate (Carter and Malkina,
2005). These were therefore the two standard base cases 