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Introduction

· Globally there is a need to characterize potential risk to human health and the environment that arises from the manufacture and use of thousands of chemicals
· Several government mandates have been introduced internationally in recent years and these are driving the regulation of manufactured chemicals

· A strategy to manage the associated risks in a comprehensive fashion is urgently required

· One of the difficulties in regulating chemicals is that exposure is largely determined by the types of materials and products in which the chemicals occur, and the way in which the materials and products are used

· The indoor environment has been recognized as an important nexus for human exposure to chemicals present in myriad materials and products (also referred to as sources), especially in the developed and rapidly developing world

· SVOCs constitute an important class of chemicals with health effects that are of serious concern, and exposure to many SVOCs occurs indoors where they tend to accumulate

· Provide a brief review of some important indoor sources of SVOCs and their health effects
· Recent research has shown how exposure to SVOCs can be predicted based on an understanding of the mechanisms governing emissions and the indoor transport and exposure pathways
· When linked with toxicokinetic models that account for the transport and metabolism of SVOCs within the human body, the concentrations of SVOCs (or their metabolites) within specific organs, tissues and body fluids can be predicted, providing it is possible to identify the required model parameters
· A mechanistic understanding of the toxic mode of action remains elusive for SVOCs, but rapid methods to characterize toxicity to a wide range of chemicals are being developed in ToxCastTM
· If similar screening-level exposure estimates (ExpoCast™) can be combined with the rapid estimates of toxicity (ToxCastTM), then an initial risk-based prioritization of the chemical/source combinations can be made
· More detailed examinations of both exposure and toxicity can then be carried out for the chemical/source combinations that are of greatest concern
· Finally, a mechanistic understanding of the continuum linking emissions to SVOC exposure and toxicity will allow materials and products to be reformulated or completely redesigned based on principles of green chemistry and responsible management over the life cycle of both the chemical and the material/product
Currently, a significant research effort is underway to apply new technologies to screen and prioritize chemicals for toxicity.  For example, the US EPA is developing a chemical prioritization research program called ToxCastTM (Judson et al., 2010) which uses computational chemistry, high-throughput screening, and toxicogenomic technologies to predict potential toxicity and prioritize limited testing resources.  Recognizing the critical need for exposure information to inform chemical design, evaluation and health risk management, US EPA’s Office of Research and Development launched ExpoCast™ in 2009.  Through ExpoCast™, ORD aims to develop novel approaches and metrics to screen and evaluate chemicals based on biologically relevant human exposures.  Combining information from ToxCast™ with information from ExpoCast™ will help determine priority chemicals for evaluation based on the potential to harm human health (Cohen Hubal et al., JTEH, 2010).
Objectives

Given the urgency with which rapid exposure assessment approaches are needed, our first objective is to:

· Propose rapid methods to obtain screening-level exposure estimates based, where possible, on a mechanistic understanding of emissions, transport and exposure.  A tiered-approach will be used including

· A zero-order uptake to production ratio (UPR)

· A first-order screening-level exposure estimate for SVOCs that are either present in materials and products as additives or are directly applied to interior surfaces

Novel insights concerning population-based and individual exposures can be gained from the UPR while health risks can be prioritized using the first-order, screening-level exposure estimates combined with rapid toxicity estimates from ToxCast™.  Once it has been established which SVOC/source combinations are of greatest concern, there will be a need to more comprehensively investigate exposure to the high-priority SVOCs.  Our second objective is therefore to

· Map the source to dose continuum, illustrating how mechanistic approaches can be used to describe how SVOCs move from the source through the indoor environment, into the body, distributing through body fluids and tissues, where they can potentially exert a toxic effect.

· Review current understanding of the overall process using phthalates as an example

· Briefly show how mechanistic understanding of the source to effect continuum can be extended to other SVOCs such as flame retardants and pesticides
Screening-Level Exposure Estimates

In this section, we propose rapid methods to obtain screening-level information that can be used to characterize exposure.  We adopt a tiered-approach including a zero-order uptake to production ratio (UPR) that can be applied to any manufactured chemical, and a first-order screening-level exposure estimate for SVOCs that are either present in materials and products as additives or are directly sprayed or applied indoors.

Uptake to Production Ratio (UPR)

The uptake to production ratio or UPR is calculated from the rate of chemical production and an estimate of the total uptake rate by humans exposed to the chemical.  The uptake rate can be estimated from human biomonitoring data obtained, for example, from the NHANES database.  For some chemicals, regardless of exposure pathway, the major removal process from the human body is urinary excretion, either in the original form or as a metabolite.  Thus, urinary excretion can provide a simple and relatively non-intrusive means to estimate the overall uptake rate of the chemical.  The UPR should prove useful as an exposure indicator with a magnitude that depends on the properties of the chemical, the sources, modes of use, and the associated exposure pathways.

An interesting example is shown in Figure 1.  The daily intake of DEHP by German university students is almost perfectly correlated with the industrial production of DEHP in Germany (Helm, 2007), suggesting that exposure to DEHP of the population in Germany can be simply predicted by the rate of industrial production.  Interestingly, and somewhat surprisingly, the almost perfect correlation between uptake and production further suggests that exposure arises predominantly from new products (Helm, 2007).  The annual industrial production of DEHP in Germany is 140,000 tons or ~4.8 g/person/day, while the average uptake rate is ~250 µg/person/day.  The UPR for DEHP is obtained by dividing the uptake rate by the production rate, which yields a ratio of ~50 ppm.  This means that for every million molecules of DEHP that are produced, 50 molecules are taken up by the population.  Of course, the situation might change as industrial production in Germany shifts to other parts of the world, such as China.
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Figure 1.  Industrial production of DEHP in Germany and median value of daily intake by students at the University of Münster in Germany (Helm, 2007).

We have also estimated UPR values for pentachlorophenol (500 ppm) and triclosan (8000 ppm).  The relatively high UPR for triclosan, an antibacterial agent, indicates that humans are rather easily exposed to triclosan, probably due to its frequent use in products such as soaps, toothpastes and mouth washes.  Before being banned in 1987 in the United States, pentachlorophenol was used as a wood preservative.  Pentachlorophenol has a much higher vapor pressure (1.1×10-4 mm Hg at 25oC) than DEHP (6.2×10-8 mm Hg at 25oC), which allows pentachlorophenol to emit faster from products than DEHP and this probably explains the higher UPR compared to DEHP.

As suggested by these three cases, the UPR is expected to range over several orders of magnitude, depending on the way a given chemical is used.  A chemical primarily used in food or pharmaceuticals should have a UPR approaching 1.  The UPR for a chemical mainly used in personal care products might be on the order of 0.01 to 1.  The UPR for a chemical mainly applied indoors, such as in sprays and pesticides, might be on the order of 0.0001 to 0.01.  Finally, the UPR for SVOCs present as additives, such as plasticizers or flame retardants, might be on the order of 0.1 to 100 ppm.

One way in which the UPR could be used is as follows.  Assume that there are roughly 30,000 chemicals to prioritize in terms of public exposure.  The reported or intended use for each of these compounds could be used to assign them to specific UPR ranges or bins based on the categories outlined above.  Combining available information on annual production with the chemical’s assigned UPR will yield a rough estimate of body burden.  This zero order screening will allow those compounds with the highest anticipated body burdens to be identified.  

Rapid Estimation of Exposure to SVOCs

We briefly describe a model that can be used to predict emissions and exposure to SVOCs present as additives in materials and products and then show how simplified versions of the model can be used to make rapid exposure estimates.
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Figure 2.  Schematic showing mechanisms governing emissions of SVOCs present as additives in materials and products.

The mechanisms governing emissions of SVOCs from a solid material in which it is present as an additive (for example, phthalate plasticizer in vinyl flooring or brominated flame retardants in polurethane foam) (Xu and Little, 2006; ) are illustrated in Figure 2.  V is the room volume, A is the surface area of the source, Q is the ventilation rate, and y is the bulk gas-phase concentration of the SVOC.  The SVOC in the solid material, at a material-phase concentration of C0, is in equilibrium with the SVOC in the air in immediate contact with the solid material, which has a gas-phase concentration of y0.  For SVOCs present as additives, the depletion of the source occurs so slowly that C0 and hence y0 are usually effectively constant (Xu and Little, 2006).  This simplifies the situation considerably and the emission rate is given by
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where the product of h, the convective mass transfer coefficient, and (y0 – y), the concentration driving force, determines the rate at which the SVOC moves through the boundary layer of air into the bulk air in the room.  SVOCs have very low volatility, and as the concentration begins to build in the air, they will partition strongly to surfaces in contact with the air.  The resulting mass transfer between the bulk air and all interior surfaces (for example, walls, ceilings, windows, carpets, curtains, airborne particles, dust, clothing and even human skin) strongly influences the rate at which the gas-phase concentration, y, changes with time, and this in turn affects the emission rate, as shown in equation 1.  A simple linear and reversible equilibrium relationship is assumed to exist between the exposed interior surface area As and the gas-phase concentration of the SVOC in immediate contact with the surface, or
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where qs is the sorbed SVOC concentration on the surface, Ks is the surface/air partition coefficient, and ys is the gas-phase SVOC concentration in the air in immediate contact with the surface.  As with emission from the source, there is a boundary layer through which the SVOC must transfer in order to get either to or from the surface, and ms, the mass transfer rate, is given by
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where hs is the convective mass transfer coefficient associated with the surface.  A linear and instantaneously reversible equilibrium relationship is also assumed to exist between the airborne particles and SVOCs in the air, or
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where qp is the sorbed SVOC particle phase concentration, Kp is the particle/air partition coefficient, and TSP is the total suspended particle concentration.  Because the particles are small, the effect of the boundary layer around the particles can usually be neglected for time-scales on the order of an hour (Xu et al., 2006; Weschler and Nazaroff, 2008).  For emissions of DEHP from vinyl flooring, various elements of the model have been validated (Xu and Little, 2006; Xu et al., 2008; Clausen et al., 2010) or are in the process of being validated (Benning et al., 2010).  The model is illustrated for vinyl flooring placed in an idealized room.  The model parameters used for the simulation are provided in Table 1 with predictions shown in Figure 3.

During the first 100 days, approximately 150 mg of DEHP is emitted from the vinyl flooring.  Of this, about 12 % leaves the room in the air, 57 % leaves the room sorbed to the particles suspended in the air, and the remaining 31 % accumulates on the interior surfaces.  It is also of interest to compare the instantaneous amounts in the various compartments.  On day 300, for example, there is ~10 µg present in the air, ~50 µg present on the airborne particles in the air and ~ 58,000 µg present on the interior surfaces (Table 3 in Weschler (2003) provides similar information for a wide range of compounds).  If the windows in the room were opened, the air in the room was completely replaced with fresh air, and the windows were shut again, it would not take long for the ~60 µg present in the air and on the associated airborne particles to be replenished.  This DEHP would come from the vinyl flooring source (at an initial maximum rate of ~1.2 µg/min) as well as from the accumulated DEHP on the interior surfaces (at an initial maximum rate of ~1.4 µg/min).  The system therefore tends towards homeostasis, and restores itself to the former condition after perturbations occur.
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Figure 3.  Predicted gas-, particle- and interior surface-phase concentrations of DEHP emitted from vinyl flooring.

Clearly, the processes taken into account in Figure 2 provide a highly idealized representation of reality.  For example, all interior surface interactions are considered to be on “hard” surfaces with no diffusion of the DEHP into the many soft or porous materials that are found indoors.  In addition, a large variety of interior surfaces are lumped into a single surface represented by a “typical” partition coefficient of 2,500 m (Xu et al., 2009).  Although this may seem like an extreme idealization, it has been suggested that many interior surfaces are covered by a thin organic layer with fairly constant properties.  Indeed, the relatively narrow range of partition coefficients estimated for different interior surfaces by Xu et al. (2009) suggests that this may indeed be the case.  The assumed interior surface area of 120 m2 is only about twice the nominal surface area associated with walls and ceilings, and the actual interior surface in many indoor environments may be higher than this value.  Finally, it is well known that DEHP sorbs strongly to dust (Weschler et al., 2008; Weschler and Nazaroff, 2010), but this is not taken into account in our simple model, and will be accounted for later in the exposure assessment.

Exposure to SVOCs Present as Additives:  As already mentioned, additive SVOCs are often present in large amounts with low emission rates, and emissions are likely to continue for decades, without substantial depletion of the source.  At steady-state, the gas-phase concentration y can be obtained from a balance between the amount being emitted from the source and amount being removed from the room, or
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Simplifying, we obtain
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where
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(7)
is an “equivalent” air flow rate that includes the amount of SVOC present on the particles in the air.  For an analogous approach using different notation, see Equation 5.15 in Weschler and Nazaroff (2008).  Thus, y is largely determined by y0, A, and other parameters that are relatively easy to estimate (h, Q, Kp, and TSP).  The convective mass transfer coefficient, h, can be estimated using correlations based on the near surface flow velocity (Axley, 1991) and typical values of h indoors are also available in the literature (Huang et al., 2004; Lin et al., 2004).  Using the same numerical example above, the gas-phase concentration y is estimated to be 0.195 µg/m3, which is equal to the predicted steady-state value shown in Figure 3, as expected.

Exposure to SVOCs in Sources that are Sprayed or Applied:  For SVOCs in products that are either sprayed or applied, and because of the strong sorption of SVOCs onto interior surfaces, the emissions process can be divided into two phases.  First, SVOCs emit from the original applied source into air and sorb onto interior surfaces.  Then, after the original applied source is depleted, the SVOCs sorbed on the surfaces desorb, compensating for the decrease in gas-phase concentration (Weschler and Nazaroff, 2008).  During the initial phase, a quasi-steady state condition is obtained from a balance between the amount being emitted from the source, the amount being sorbed by interior surfaces, and the amount being removed from the room, or
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(8)

where y0 is the gas-phase concentration in equilibrium with the original source (powders) or the vapor pressure (liquids).  Assuming that ys is small relative to y, the average gas-phase concentration during the initial phase is
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(9)
During the second phase, the surfaces behave as secondary sources and SVOCs desorb, compensating for the loss due to ventilation.  Here we simply assume that y is held reasonably constant due to the substantial contributions from desorption.  If the only loss of SVOCs from the indoor environment is via ventilation, then the characteristic time for the entire emission period is
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(10)

where M0 is the initial SVOC mass applied.  Equations 9 and 10 are analogous to Equations 5.4 and 5.9, respectively, in Weschler and Nazaroff (2008).  Again, y is largely determined by y0, A, and other parameters that are relatively easy to estimate (h, hs, As, Q, Kp, and TSP), with the emissions period determined by M0.

To illustrate the approach for SVOCs in products that are either sprayed or applied, we use experimental data from US EPA’s Indoor Air Quality Test House case study of chlorpyrifos, an indoor sprayed pesticide (Bennett and Furtaw, 2004).  For our purposes, we consider the house to be a single well-mixed volume with required parameters shown in Table 2.  Equations 9 and 10 yield an average gas-phase concentration of 0.54 µg/m3 over a period of about 200 days.  This estimate is close to the concentrations measured in the EPA test house following application of the pesticide.  For example, the observed concentration in the treated region was as high as 0.5-1 µg/m3 in the first few days after application and then decreased to about 0.1-0.2 µg/m3, lasting for a few months.  The concentration in the other area of the house of ~ 0.1 µg/m3 also persisted for a few months (Bennett and Furtaw, 2004).

Thus, for SVOCs present as additives, equation 6 can be used to roughly estimate the gas-phase concentration, and emissions are considered to persist for the entire time in which the source is present in the indoor environment.  For SVOCs that are sprayed or applied, equation 9 can be used to roughly estimate the gas-phase concentration, and emissions are considered to persist for the period given by equation 10.  For the cases described above, exposure via inhalation of airborne particles (Xu et al., 2006; Weschler and Nazaroff, 2008), ingestion of dust (Weschler et al., 2008; Xu et al., 2009; Weschler and Nazaroff, 2010), and dermal sorption (Kissel, 2010) may play a significant role, in addition to inhalation of air.  With an estimate of the gas-phase concentration available, the particle-phase concentration and dust-phase concentration can be estimated based on Kp and Kdust (partition coefficient between dust and air) and the amount sorbed through the skin can be obtained with an estimate of the overall permeability, P, based on transfer from the air.  Values for Kp, Kdust and P were obtained using the relationships listed in Table 3, with the required chemical properties for DEHP in Table 1 and chlorpyrifos in Table 2.  This information was then used to calculate exposure via inhalation, dermal sorption, and oral ingestion of dust for a 3-year old child, as shown in Tables 4 and 5.  Exposure via oral ingestion of dust is based on an estimated dust ingestion rate of 10.3 mg/kg/d, which may be too high.  Although Weschler and Nazaroff (2010) demonstrated that a compound’s octanol-air partition coefficient (Koa) is a strong predictor of its abundance in settled dust based on the gas phase concentration, for SVOCs with high Koa values the concentration in settled dust may not have sufficient time to equilibrate with the gas phase.
To estimate the indoor gas-phase concentration resulting from emissions of SVOCs present in materials and products as additives, the primary parameters we need are y0 and A.  The other required parameters are h, Q, Kp, and TSP.  To estimate the indoor gas-phase concentration resulting from emissions of SVOCs present in products that are directly sprayed or applied, the primary parameters we need are also y0 and A.  The other parameters required are h, hs, As, Q, Kp, and TSP, with the emission period determined by M0, which can generally be estimated from product composition information, or obtained by direct chemical analysis of the product.  This leaves y0 as the primary parameter that is required to estimate SVOC emissions into air.  In some cases, y0 may be approximated by the vapor pressure of the pure liquid.  For example, DEHP plasticizer present in vinyl flooring at a concentration of ~15% by mass appears to behave as a thermodynamically-separated liquid phase with a y0 that is close to the vapor pressure (Clausen et al., 2010).  Indeed, Ekelund et al. (2010) have suggested that the DEHP in plasticized PVC products spreads out in a very thin liquid layer on the exterior surface of the PVC.  In situations where the additive and the bulk material constitute a solution and the additive is present at high percentage levels, Raoult’s law may be applicable.  In other cases, it could be that y0 is not directly available and the development of methods to measure and/or estimate y0 for SVOCs in materials and products is an area for future research.

Although our proposed rapid exposure assessment approaches have been illustrated for gas-phase emissions of SVOCs, similar estimates could also be made for emissions from materials and products containing SVOC-like chemicals into other environmental media, including food, water, saliva, and blood.  A key criterion would be whether the medium is fluid or solid.  Fluids would be handled in an analogous fashion to air, with an equilibrium parameter equivalent to y0 providing the concentration in the fluid in contact with the source, and a mass-transfer coefficient determining the rate at which the compound moves through the adjacent fluid boundary layer.  Applications include migration of compounds from plastic products into water, blood, saliva, and liquid foods.  For migration into solids, an equilibrium parameter would again be required together with a diffusion coefficient that determines the rate at which the SVOC migrates into the adjacent solid phase.  Applications include migration of SVOCs from plastic products directly into skin as well as into food.  For rapid exposure assessment purposes, the equilibrium relationships between the source and the various environmental media are important, as shown for air.  Mass-transfer coefficients for fluids and diffusion coefficients for solids can be roughly estimated using available correlation equations.

Mapping the Source-to-Dose Continuum

The rapid estimates of exposure can be combined with toxicity information from ToxCastTM to obtain a health risk estimate that can be used to prioritize further action.  For the higher-priority SVOC/source combinations, this will require a more detailed assessment of exposure and risk.  Specific SVOC/source combinations will need to be investigated on a case-by-case basis.  For example, critical exposure scenarios might include pregnant woman, crawling infants and young children.  However, if a mechanistic approach is used to elucidate the source-to-effect continuum for one SVOC, then the approach can likely be generalized to other SVOCs in the same class as well as other classes of SVOC.  In the following sections, we briefly map the source to dose continuum, illustrating how mechanistic approaches can be used to describe how SVOCs move from the source through the indoor environment, into the body and distribute throughout body fluids and tissues.

Source to Dose Continuum for Phthalates
To illustrate the process, we choose the class of SVOCs known as phthalates as an example.  The many materials and products containing these phthalates can be roughly classified as either: (1) solid PVC products containing phthalates with high molecular weight (MW) that are used as plasticizers, or (2) liquid or cream personal care products containing phthalates with low MW that are used as solvents (Schettler, 2006; Wormuth et al., 2006).  The high MW phthalates in these solid PVC products migrate from the plasticized materials into food, air, water, blood, and saliva, resulting in exposure via ingestion, inhalation, dermal sorption, as well as via other less traditional exposure routes involving drugs and medical devices.  Although the concentrations of phthalates that accumulate in indoor air are relatively low, the air nevertheless serves as an effective conduit allowing the compounds to accumulate in dust and on all other indoor surfaces, including human skin, hair and clothing.  The approach to predicting exposure to phthalate plasticizers present in PVC products has already been explained in some detail for migration of plasticizers into air, and outlined for the migration of plasticizers into other environmental media.

Dickson-Spillmann et al. (2009) note that the most likely explanation for phthalates in food is the presence of phthalates in various food contact materials during processing, storage and transport.  Migration of phthalates from food contact materials (such as packaging, conveyor belts, gloves and tubing) could be predicted in the way that has been described for emission into air.

The low MW phthalates in liquid/cream personal care products are also released into the various environmental media, but exposure to these compounds is primarily driven by the way in which consumers use the products, as described by Lorenz et al. (2010) for nanoparticles in cosmetics and personal care products.  For example, when phthalate-containing lotion is applied to a baby’s skin, phthalates are directly taken up via dermal sorption, and probably inhalation, but they are also released into the indoor air, and hence accumulate in dust and on interior surfaces.  Models and data sets describing exposure to SVOCs in personal care products during consumer use are therefore needed.

Once exposure to phthalates present in specific PVC products and personal care products has been estimated, a toxicokinetic model (also referred to as a physiologically-based, pharmacokinetic or PBPK model) is needed to account for the transport and metabolism of the various phthalates in the human body.  For example, a toxicokinetic model for di(n-butyl) phthalate (DnBP) and its active metabolite, mono(n-butyl) phthalate (MnBP), as well as the glucuronide of MnBP, has been developed for the rat.  The rodent-based model was evaluated by comparison with the only human kinetic study of DnBP reported in the literature, with very good results (Clewell et al., 2008).  This suggests that human toxicokinetic models can be developed using allometric scaling of animal models, although in vitro metabolism data will be necessary to ensure the predictive ability of the human model to estimate target tissue dose (Clewell et al., 2008).

Investigators in the US EPA National Center for Computational Toxicology have proposed a Toxicological Prioritization Index (ToxPI) designed to integrate multiple domains of knowledge to inform chemical prioritization (reference needed).  The ToxPI framework is amenable to incorporation of new data from any number of sources and provides the opportunity to enrich prioritization of potential hazard with exposure information.  The framework also provides graphical insight into the multiple domains considered in chemical profiling and prioritization and can be continually updated with new chemicals and future data.  As such, the ToxPI platform provides context for application and further development of exposure prioritization models as well as for incorporation of exposure model results into chemical prioritization schemes.
Outlook

Although our mapping of the source to dose continuum for the SVOCs is preliminary in nature, the outline of such a framework is needed to guide future research.  In particular, a more detailed mechanistic understanding of the factors governing exposure will be of great benefit to:
· Health professionals who wish to identify the most important sources (something that is almost impossible to do using biomonitoring data alone)

· Toxicologists and epidemiologists who wish to design more relevant studies to identify health effects associated with the high-priority SVOCs – for example, our proposed approach allows exposure via different pathways to be evaluated; something which is valuable because the different pathways involve different “processing” of the SVOC within the body
· Manufacturers who wish to make more rational decisions about product reformulation, potentially substituting (for high-risk SVOCs) less toxic compounds or those that are retained in the product in a way that reduces exposure
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Table 1.  Parameters used to estimate DEHP concentrations in indoor environment.

	Parameter
	Value
	Units
	Source/Reference

	Room Volume (V)
	50
	m3
	-

	Ventilation Rate (Q)
	50
	m3/h
	-

	Emission Surface Area (A)
	20
	m2
	-

	Interior Surface Area (As)
	120
	m2
	-

	Total Suspended Particle
Concentration (TSP)
	20
	µg/m3
	Weschler et al., 2008

	Gas-phase Concentration in Contact
with the Emission Surface (y0)
	1
	µg/m3
	Xu and Little, 2006; Clausen et al., 2010

	Convective Mass-transfer Coefficient
over Emission Surface (h)
	3.6
	m/h
	Huang et al., 2004; Lin et al., 2004

	Convective Mass-transfer Coefficient
over Interior Surface (hs)
	3.6
	m/h
	Huang et al., 2004; Lin et al., 2004

	Interior Surface/Air Partition Coefficient (Ks)
	2500
	m
	Xu et al., 2009

	Airborne Particle/Air Partition Coefficient (Kp)
	0.25
	m3/µg
	Xu et al., 2009, Equation in Table 3

	Dust/Air Partition Coefficient (Kdust)
	21100
	m3/g
	Xu et al., 2009, Equation in Table 3

	Octanol/Water Partition Coefficient
(log Kow)
	7.4
	
	SPARC 4.5 (32 oC)

	Octanol/Air Partition Coefficient
(log Koa)
	12.5
	
	SPARC 4.5 (32 oC)

	Water/Air Partition Coefficient
(log Kwa)
	5.1
	
	SPARC 4.5 (32 oC)

	Air Permeability (Pair)
	5.8
	m/h
	Xu et al., 2009

	Skin/Water Permeability (Pskin/water)
	0.0042
	m/h
	Equation in Table 3

	Skin/Air Permeability (Pskin/air)
	530
	m/h
	Equation in Table 3

	Overall Skin Permeability (P)
	5.7
	m/h
	Equation in Table 3


Table 2.  Parameters used to estimate chlorpyrifos concentrations in indoor environment.

	Parameter
	Value
	Units
	Source/Reference

	Room Volume (V)
	290
	m3
	Total area 122 m2 and room height 2.4 m (Bennett and Furtaw, 2004)

	Ventilation Rate (Q)
	440
	m3/h
	Air exchange rate of 36 d-1 (Bennett and Furtaw, 2004)

	Treated Area (A)
	0.75
	m2
	(Bennett and Furtaw, 2004)

	Interior Surface Area (As)
	360
	m2
	Assume the plan view of house is about 17 m×7 m

	Total Suspended Particle
Concentration (TSP)
	21.6
	µg/m3
	Sum of TSP in different size ranges (Bennett and Furtaw, 2004)

	Gas-phase Concentration in Contact
with the Emission Surface (y0)
	352
	µg/m3
	Vapor pressure of chlorpyrifos is 2.5×10-3 Pa (Bennett and Furtaw, 2004)

	Convective Mass-transfer Coefficient
over Emission Surface (h)
	3.6
	m/h
	Typical value (Huang et al., 2004; Lin et al., 2004)

	Convective Mass-transfer Coefficient
over Interior Surface (hs)
	3.6
	m/h
	Typical value (Huang et al., 2004; Lin et al., 2004)

	Initial applied amount (M0)
	1.29
	g
	(Bennett and Furtaw, 2004)

	Airborne Particle/Air Partition Coefficient (Kp)
	0.0037
	m3/µg
	Equation in Table 3

	Dust/Air Partition Coefficient (Kdust)
	43
	m3/g
	Equation in Table 3

	Octanol/Water Partition Coefficient
(log Kow)
	6.36
	
	SPARC 4.5 (32 oC)

	Octanol/Air Partition Coefficient
(log Koa)
	9.2
	
	SPARC 4.5 (32 oC)

	Water/Air Partition Coefficient
(log Kwa)
	2.84
	
	SPARC 4.5 (32 oC)

	Air Permeability (Pair)
	5.8
	m/h
	

	Skin/Water Permeability (Pskin/water)
	0.0015
	m/h
	Equation in Table 3

	Skin/Air Permeability (Pskin/air)
	1.02
	m/h
	Equation in Table 3

	Overall Skin Permeability (P)
	0.86
	m/h
	Equation in Table 3


Table 3.  Relationships used to estimate exposure.

	Parameter
	Units
	Equation/Source

	Particle/Air Partition Coefficient (Kp)
	m3/µg
	
[image: image14.wmf]67

.

4

)

Pa

(

V

log

86

.

0

K

log

p

p

-

×

-

=


(Xu et al., 2009)

	Dust/Air Partition Coefficient (Kdust)
	m3/g
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	Air Permeability (Pair)
	m/h
	5.8

(Xu et al., 2009)

	Skin/Water Permeability (Pskin/water)
	cm/s
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	Skin/Air Permeability (Pskin/air)
	m/h
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Table 4.  Parameters used to estimate exposure for a 3-year old child (Xu et al., 2009).
	Parameter
	Value
	Units

	Inhalation Rate (InhR)
	0.52
	m3/kg/d

	Dust Ingestion Rate (IngR)
	10.3
	mg/kg/d

	Skin Surface Area (SA)
	0.59
	m2

	Fraction Skin Exposed (fSA)
	1
	(-)

	Exposure Duration (ED)
	17.8
	h/d

	Body Weight (BW)
	13.1
	kg


Table 5.  Estimated exposure to DEHP (exposure persists as long as vinyl flooring is present in house) and chlorpyrifos (exposure persists for ~ 200 days).

	Exposure Pathway
	DEHP
(µg/kg/d)
	Chlorpyrifos
(µg/kg/d)
	Equation

	Inhalation (air)
	0.08
	0.21
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	Inhalation (particles)
	0.37
	0.02
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	Inhalation (total)
	0.45
	0.22
	

	Ingestion (dust)
	42.6
	0.24
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	Dermal Sorption (from air)
	0.9
	0.37
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	Daily Exposure
	44
	1
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