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SUMMARY
The formation of tropospheric ozone from a volatile compound is a dynamic
multi-step kinetic process that is highly dependent upon the relative concentrations of
NOx and the VOC1. The tropospheric concentration of a VOC is likewise affected by
both the rate and extent of release from an emission source and by the rate of removal
through a variety of competing processes (photooxidation, deposition, horizontal and
vertical transport, aerosol formation)2.
Consideration of equilibrium vapor pressures and partition between gas phase and
aerosols suggests that many low-vapor-pressure (LVP) VOC will be present
predominately in the gas phase. However, this conclusion may not be entirely correct in
view of those studies indicating alternate fates for the VOCs contained in consumer,
commercial, and agricultural products3,4. There are many ways that compounds of low
volatility, especially those which are hydrophilic, may be prevented from entering the
atmosphere or removed once they enter, but quantitative assessments are rare.
The rate of volatilization may dictate the overall rate of ozone formation for a
particular VOC. Under some circumstances, the rate of release of a VOC to the
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environment may be the rate-limiting step in ozone production, thereby restricting its
relative importance and overall contribution. Although, research has shown that the rate
of volatilization from wastewater’s and agricultural lands can affect airborne exposures to
VOCs, there has been no systematic study of the volatilization rates from complex
mixtures such as coatings, composites, and consumer products5,6. The overall impact of
VOCs from these emission categories can be affected by the nature of matrix in which
they are dissolved with lower rates of volatilization occurring when water soluble
7
compounds are dissolved in an aqueous matrices . Another important aspect of the
volatilization issue is the role of competing removal processes. When volatilization rates
are low, there is time for competing processes to remove the VOC by alternate routes8.
New research is needed to examine the issue of volatilization rate and to the develop
models that can incorporate all that that is known about a chemicals tropospheric fate and
removal.
Because LVPs fall outside normal analytical methods, little is known about the
ambient air concentration of semi-volatile compounds. Difficulties with source
apportionment by chemical mass balance and analytical determination hinder any reliable
estimation of the emissions rate for low volatility compounds. The total emissions of
these compounds is not known with certainty, and the contribution from coatings and
commercial products may be much lower than the proportions attributed to these sources
in current emissions inventories8.

VOLATILIZATION
Current regulations presume the availability of low-vapor-pressure (LVP) VOCs in air9.
The assumption is based on equilibrium considerations for air-surface exchange and
consideration that during performance of EPA Method 24 to determine VOC emissions
from paints and coatings certain compounds, such as diethylene glycol monobutyl ether,
may be volatilized even though they have a vapor pressure of less than 0.1 mm Hg at 20
degrees C9. Source apportionment studies show that LVP VOCs emitted such as
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cholesterol and oleic acid from meat cooking are observed on aerosols . Semi-volatile
compounds (including heavy hydrocarbons, C10-C20) may exist as gases if they are
emitted at high temperatures; however, there are alternative fates for these compounds
when their evaporation rate is slow11. These processes effectively modify the fraction of
LVP VOC released into the air and consumed by photooxidation. Removal processes
such as aerosol formation and dry deposition also need to be considered in any modeling
exercise aimed at assessing the contribution of an LVP VOC on ozone yield.
Though some regional-scale predictive models for ozone formation incorporate
information on fate and removal, others do not, and a systematic approach is necessary to
ensure that all available information on the rates of release and removal of all VOCs has
been incorporated and evaluated in future modeling exercises.
Waste treatment, industrial and commercial operations, combustion, and product
applications are all potential VOC emission sources that can result in the release of VOCs
2

to the environment12. Under some circumstances, however, the rate of release to the
environment will be sufficiently slow to limit the airborne concentration of a VOC and its
ultimate contribution to ozone formation. This occurs if the rate of release of a VOC to
the environment is less than its rate of reaction in the condensed phase with hydroxyl
radicals or other species that convert it through one or more reactions to non volatile or
photochemically unreactive material (such as carbon dioxide from waste treatment).
Under these circumstances the rate of release or volatilization becomes the rate-limiting
step in ozone formation, thereby restricting the relative importance and contribution of
the VOC.
Although, research has shown that the rate of volatilization from wastewaters and
agricultural lands can affect airborne exposures to VOCs, there has been no systematic
study of the volatilization rates from complex mixtures such as coatings, composites, and
consumer products.
The overall impact on ozone formation of VOCs from these emission categories may be
affected by their volatilization rates from complex matrices. A low volatilization rate
allows time for competing processes to consume the VOC. New research is needed to
examine the issue of volatilization rate and to develop models that can incorporate all that
is known about a chemicals tropospheric availability.
A source of concern from the standpoint of scientifically sound reactivity policy is the
lack of established methodology for determining volatility-reactivity linkages for some
classes of emissions. For example, current EPA policy exempts Consumer Product
organic compounds with low volatility (vapor pressure < 0.1 mm Hg at 25 °C) in setting
VOC content limits in the National Volatile Organic Emission Standards12a. This was
primarily due to a lack of an established test method for VOC content/volatility in
consumer products13. In contrast, paints have an accepted test method - Reference
Method 24 (ASTM D 2369) - which is used to compare VOC content and determine
compliance, and an attempt was made to adapt it to use in consumer products14. The
precision of the modified method was similar to that of EPA Method 24. The mean
method reproducibility was found to be 4.8 weight percent VOC. The California Air
Resources Board has recently adopted Method 310, “Determination of VOC in Consumer
Products”. Like method 24 it is an accelerated evaporation test under standard conditions
with provisions for subtracting exempt volatile materials (e.g., water and acetone). A
failing of both methods is that they are not calibrated to reflect emissions in the real
world. Method 310 was tested with mixtures of VOC, water and glycerine. The method
tended to give high values for VOC due to loss of glycerine, especially in the presence of
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large amounts of water. Glycerine has a vapor pressure at 20 °C of about 10 atm, so its
loss is more likely to be an artifact of the test than a true indication that it would be
released at ambient temperature. ASTM D 2369 was originally published in 1965. In
1978, as a result of a meeting of six people representing the California Air Resources
Board, the paint industry, academia and the U. S. Environmental Protection Agency
(EPA), the EPA selected D 2369 as the basis for its measure of air pollution resulting
from the use of paints, inks and other coatings14a. The precision of the method has been
established but not its bias.
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FATE ANALYSIS
Environmental fate and transport models are available to examine how a chemical
partitions among air, water, soil, and sediment15. These fate and transport models
examine intermedia transport rates for various diffusive and nondiffusive processes and
estimates the mass fraction of a chemical in each environmental compartment. Four
processes govern the transport of a chemical from air to water: diffusion (absorption),
dissolution in rain, and wet and dry deposition of particle-associated chemical. The
troposphere is treated as an air-aerosol mixture in these calculations with chemicals
partitioning between the two phases. Calculations with 2-butoxyethanol have shown that
once emitted to air most of the chemical is removed by deposition to soil, while about
24% is removed by reaction in air. If the compound is emitted into water, more than 99%
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of the chemical is found in water . These data indicate that partitioning of organic
compounds among different media is an important consideration that can directly impact
the amount of VOC available in the atmosphere for hydroxyl radical reactions and ozone
formation.
These processes may account for the large discrepancies sometimes found in VOC
emissions inventory versus emissions monitoring. According to the South Coast Air
Quality Management District emissions inventory, architectural coatings contribute
approximately 4% of total VOC emissions (including biogenic VOC from trees and
vegetation) within the South Coast Air Basin17a. Recent monitoring and source
apportionment studies found that the concentration of VOC attributable to architectural
coatings in Los Angeles was 3.2%-5% at 3 Air Resources Board sites and 0.3-1.1% at 8
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Coordinating Research Council sites . Two source apportionment studies in Chicago
showed contributions to non-methane organic compounds (NMOC) from solvents from
architectural coatings of 1.5% and 3.1% compared to emissions inventories of 5.5%8.
The agreement ranges from good to poor.

EMISSION AND REMOVAL PROCESSES
The following emission and removal processes have been identified as potentially
important contributors to the atmospheric availability of a VOC. Although data exist to
support the inclusion of these processes in reactivity models under specific sets of
circumstances and conditions of use, it is difficult to judge a priori their overall
importance on model-predicted ozone formation. Research is needed to further evaluate
the impact of these processes for specific classes of chemicals and environmental
conditions. The physico-chemical and kinetic data needed to conduct this research are
generally available, either through direct measurement or predictive models.
Emission Attenuation Processes
Down-the-drain preference. A large percentage of the hydrophilic VOCs found in
commercial products may never reach the atmosphere, but will remain instead in aqueous
4

solution. Environmental removal of these compounds will then occur by chemical and
biological degradation after the chemical goes down-the-drain. This process may be
important in limiting VOC emissions from consumer products and has been shown to be
important for ethanol and eleven other VOCs in laundry and dish washing products18,19.
At present, the California Air Resources Board applies an adjustment factor to ethanol
emissions from liquid laundry detergent to account for the “down-the-drain” effect.
Indoor atmospheric chemistry. Research in the field of indoor atmospheric
chemistry has begun producing results that may be particularly relevant to emissions
modeling. Data are beginning to emerge which show an appreciable generation of
hydroxyl radicals concentrations indoors20. The generation of hydroxyl radicals indoors
may have a profound effect upon VOC emissions by oxidizing a portion of the VOCs
emitted from consumer products and limiting the amount available for ozone formation
outdoors. A recent study has in fact shown that the total VOC concentration in the supply
air of some buildings can be higher than the total VOC concentration inside the room 21.
Adsorption onto inert materials. Although the emission of VOCs from consumer
products and building materials has received considerable attention by both indoor air
scientists and material manufacturers, the dynamics of VOC emissions from commercial
products is not completely understood. Research has shown that materials in the vicinity
of a product’s use can quickly adsorb an emitted VOC and then slowly re-release the
chemical over time. This rapid adsorption-slow desorption phenomenon has been shown
to occur with latex paint on gypsum board and the adhesives used for carpet laying22.
Environmental conditions such as temperature control and air flow may also enhance or
diminish VOC emissions indoors.
Competitive Removal Processes
Sorption onto vegetation. Recent studies have shown that the sorption of
chemicals in the cuticles covering the leaves of plants may be an important removal
23
process for many VOCs . The process of plant sorption may occur by direct partitioning
24
from air or by dry deposition from the particle phase . Methods are currently available to
independently assess the impact of both processes on VOC concentrations in the
environment, through model experiments with isolated cuticular membranes23 and studies
of the temperature dependence of partition coefficients23a,24.
Welke et al. 23 estimated that 1.6 g of 12 volatile compounds would be sorbed by
the cuticles of vegetation growing on 1 km2 and concluded that the high affinities of
cuticular material for organic substances and the extensive leaf areas present in most
types of vegetation suggest that substantial amounts of VOCs will be removed from the
atmosphere by this mechanism. This estimate of deposition assumes a leaf index of ∼23,
which is very high. Using a value between 6-14 would be more reasonable23a, and would
lower the deposition rate by 40-70 percent. In an absolute sense, the sorption of
hydrocarbons to plant surfaces is likely to be minor, and stomatal uptake of vapor-phase
organics is not a well established removal process. However semivolatile persistent
hydrophobic compounds are rapidly absorbed with a good correlation of the leaf/air
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partition coefficient with the octanol/air partition coefficient23b. The deposition of gasphase organic compounds to plant surface is likely to be dependent primarily upon
atmospheric concentration and ambient temperature and for particle, aerodynamic
diameter as well.
The most important factors leading to deviations from equilibrium air-to-cuticle
partitioning are slow equilibrium kinetics for highly lipophilic compounds as well as
metabolism and translocation within the plant23. Compounds other than hydrocarbons,
especially water -soluble compounds, may be more effectively scavenged from the
atmosphere due to translocation and metabolism. As with other work on environmental
fate modeling,. most of the work has not been concerned with how vegetation (or some
other compartment) purifies the atmosphere, but with how the atmosphere deposits
persistent pollutants (polycyclic aromatic hydrocarbons (PAH) and polychlorinated
compounds) into these compartments. Thus, the majority of compounds studied have not
been those that are photochemically reactive.
Rain-out and wash-out. Rain-out and wash-out are important for both vapors and
aerosols. Aerosols with radii <0.01 µm may act as condensation nuclei which are subject
to wet removal with a lifetime of 3-30 days25. The amount of removal of a vapor may be
calculated from the air-to-water partition coefficient (i.e., Henry’s law constant). A
significant fraction of VOC will only reside in the aqueous phase if its Henry’s law
constant exceeds 5,000 M atm-1, which suggests that VOCs with Henry’s law coefficients
-1
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between 1000 and 10,000 M atm can be classified as moderately soluble . Since many
oxygenated solvents and VOC intermediates with low volatilities tend to have high
Henry’s law coefficients, this process may be particularly important for LVP VOCs.
Overall, wash-out is a rather minor removal process for vapor-phase chemicals, since the
majority are quite volatile and/or are hydrocarbons, which have low Henry’s law
coefficients.
Gas to aerosol conversion. Photochemical oxidation of organic molecules
containing seven or more carbon atoms can generate semi-volatile secondary organic
27
aerosol (SOAs) . In addition, SOAs may also be formed by both physical absorption and
chemical adsorption onto urban particulate material, which is composed mostly of
amorphous organic carbon28. Semivolatile organic compounds (SOCs), substances with
vapor pressures roughly between 10-4 and 10-11 atm at ambient temperature exist in air
distribute between gas and particle phases. The vapor-to-particle ratio is controlled by the
SOC vapor pressure and the total suspended particle concentration. Airborne SOCs are
almost entirely gaseous or particulate at the high and low ends of the above vapor
pressure range, but both phases are important to their atmospheric chemistry at
intermediate volatilitites.28a. The gas/particle partitioning of SOCs to urban particulate
matter containing a significant fraction of secondary organic carbon will be dominated by
absorptive partitioning28b so it will sensitive to polarity of both the SOC and the organic
component of the aerosol. SOA formation thus represents a sink for the removal of many
emitted LVP VOCs.
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RESEARCH OPPORTUNITIES
Validation. Fate and transport models (such as those described above in the Fate
Analysis section) have been applied mainly to long-term disposition of persistent
pollutants. The results are not readily subject to validation because the emissions are
usually not known. Some validation data is are available for chlorinated solvents;
however, more data are needed29.
Applicability to Ozone-forming Potential. The applicability of such modeling to
the relatively short times and small areas involved in non-attainment of ozone standards
is unknown. A method is needed to 1) incorporate alternative fates into EKMA
calculations of MIR or 2) incorporate EKMA modeling or some of its outputs into
environmental fate models. Work needs to be done to see if there is a practical means to
obtain an ozone yield. One difficulty is that the EKMA model used to obtain MIR values
begins with a single charge of VOC, while the availability models use continuous input
and loss.
Physico-Chemical Data. The principal physicochemical properties used in
environmental fate analysis include Henry’s law constant30, octanol-water partition
coefficient31, air-octanol partition coefficient, and vapor pressure at 25 °C. These
parameters are generally available for common volatile compounds, but the values for of
low-vapor-pressure compounds are often undetermined and must be estimated32.
Analytical Techniques. Methodologies for the ambient air measurement of
carbonyl compounds is much more advanced than for other VOC classes such as alcohols
and glycol ethers. The list of commonly measured substances in ambient air does not
include semi-volatile oxygenated compounds9. The standard methods: non-methane
hydrocarbons by TO-14 canister sampling and GC-FID analysis; heavy hydrocarbons by
Tenax/GC-FID, aldehydes by DNPH/HPLC; and a variety of compounds in the gas and
solid phase by PUF-XAD/GC-MS, do not detect many oxygenated and LVP VOCs.
More research on VOC monitoring methods is needed to ensure data reliability.
Field Studies. In order to test any modeled hypothesis regarding atmospheric fate
of emitted species, field studies designed to measure the emitted species are required.
These are a necessary last step in determining the accuracy of both the emissions profiles
and the assumptions made with regards to the relationship among usage, emissions and
ambient air concentrations. Experimental costs may require the generalization of a limited
number of measurements to a larger class of compounds or emissions types.
Sensitivity Analysis. Studies are needed to examine how the ozone yield from
VOCs can be affected by factors affecting the VOC volatilization and removal from the
troposphere. These studies are needed using urban, regional, and global models which
include state-of-the-art chemical mechanisms for VOC photooxidation.
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