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Computer modeling of aggregate exposure provides the capa-
bility to estimate the range of doses that can occur from product
use and to understand the relative importance of different routes of
exposure. This paper presents an assessment of aggregate occupa-
tional exposure to two glycol ethers used as solvents in floor main-
tenance products for industrial and institutional facilities, using
a simulation tool named PROMISE. Three commercial floor-care
products were assumed to be applied in sequence—a floor strip-
per, then a floor cleaner, and lastly a protective coating. The glycol
ethers modeled were ethylene glycol butyl ether (EGBE) in the floor
stripper and in the floor cleaner, and dipropylene glycol methyl
ether (DPGME) in the coating. Modeling uncertainty was assessed
through a comparison of the PROMISE inhalation exposure esti-
mates with those from an independent model (MCCEM), and pa-
rameter uncertainty was investigated using PROMISE software’s
Monte Carlo simulation capabilities. Modeling results indicated
that inhalation is the dominant exposure route. The predicted aver-
age air concentration and inhalation dose from PROMISE agreed
with the second model MCCEM) within 10 % . Monte Carlo simula-
tion indicated that the upper end of the aggregate-dose distribution
for the scenario was more than 50% higher than the value of the
point estimate. The modeled 8-h TWA concentrations for EGBE
and DPGME were lower than the corresponding permissible ex-
posure limits American Conference of Governmental Industrial
Hygienists (ACGIH) Threshold Limit Values (TLV) by at least a
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factor of 20, indicating that under the assumed conditions work-
place exposures to glycol ethers are below levels of concern.

Keywords Dose, Exposure, Floor Products, Glycol Ethers, Model-

ing, Multiroute

Glycol ethers are a group of solvents that, alone or in
combination, are used as carriers or active components in
a wide range of products (Chinn, Anderson, and Yoneyama
2000). These solvents have different toxicological activity
that has been extensively summarized in a number of recent
reviews for both the category as a whole and the specific
chemicals considered in this paper, ethylene glycol monobutyl
ether (EGBE; CAS no. 111-76-2) and dipropylene glycol
monomethyl ether (DPGME; CAS no. 34590-94-8) (Boatman
and Knaak 2001; Cragg and Boatman 2001; ECETOC 2005).

Risk assessments for applications using these chemicals must
take into consideration not only the potential for producing ad-
verse health effects but also the potential to cause exposure by
multiple routes (i.e., via inhalation, dermal contact, or hand-to-
mouth ingestion). The possibility of multiroute exposure makes
the evaluation of the total (i.e., aggregate) exposure essential for
the assessment of potential health risks. Monitoring strategies
often are limited to one route of exposure (such as inhalation or
dermal) and, thus, do not address the issue of risks associated
with multiroute exposure.

Computer modeling is an especially useful tool for assessing
solvent exposures because the total dose from multiple routes
can be determined, as well as the route(s) primarily responsible
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for the aggregate exposure. Because models may have errors
in structure or programming and frequently require the use of
untested assumptions, a comparative assessment of modeling
uncertainty is an important part of model application (Hertwich,
McKone, and Pease 2000). Uncertainty can be evaluated by com-
paring results from alternative models to determine how robust
the model predictions are with respect to variation in model de-
sign. The extent of variability in model predictions that occurs
from parameter uncertainty can be assessed through probabilis-
tic approaches such as Monte Carlo simulation (Burmaster 1996;
Findley and Paustenbach 1994), whereby key inputs are varied
about their central values to obtain a distribution of estimates
rather than a point estimate of total/aggregate exposure.

This paper presents an assessment of aggregate occupa-
tional exposure to two glycol ethers used as solvents in floor
maintenance products for industrial and institutional facili-
ties. The assessment uses a simulation model—PROMISE
(Probabilistic Methodology for Improving Scenario-Driven
Exposure Assessment)—that models solvent exposures occur-
ring during use of solvent-containing consumer and commer-
cial products. PROMISE determines the absorbed dose received
by the worker from three routes of exposure: (1) inhalation
of solvent vapor released from the product during and fol-
lowing application; (2) dermal contact with the product; and
(3) incidental ingestion of the product. As part of this assess-
ment, PROMISE predicts time-varying airborne concentrations
of chemicals during and after product use. A downloadable
version of the PROMISE model along with full documen-
tation is available from the American Chemistry Council at
www.americanchemistry.com.

The primary goal of this paper is to demonstrate the utility
of exposure models to characterize occupational exposures to
solvents resulting from sequential use of commercial cleaning
products. The scenario was constructed as a reasonable exam-
ple of an upper-end exposure to a worker using institutional
cleaning products containing glycol ether solvents. The goal
can be achieved by (1) using the model to assess the product-use
scenario and to produce an estimate of the aggregate dose
for the worker; (2) comparing the results of the PROMISE
prediction of air concentrations to those from a second
model, the Multi-Chamber Concentration and Exposure Model
(MCCEM) (Nagda and Koontz 1991); and (3) examining the
uncertainty in this estimate as a result of variation in selected
model inputs. Full documentation of MCCEM including the
equations used to estimate evaporation of volatile chemicals
from a film can be found on line under the embedded “help
tab” of MCCEM. The model itself is downloadable trom
the U.S. Environmental Protection Agency (USEPA), Office
of Pollution Prevention and Toxics (OPPT) web site: http://
www.epa.gov/oppt/exposure/docs/updates_mccem_v1.2.htm.

OVERVIEW OF THE PROMISE MODEL
PROMISE models exposure to one or more solvents as
a series of mass transfers between “compartments.” These

compartments are defined as follows:

¢ The volume of the liquid phase of the solvent contain-
ing product(s) used in an application;

¢ The air volume of the roomy/location where the product
is applied;

¢ An external compartment of infinite size (essentially
ambient air) that receives air from the application
room/location and provides make-up air for the room;

¢ The volume and mass of the product that reaches the
worker’s skin (applied dose);

¢ The volume of the worker’s lungs; and

¢ The volume of the worker’s body.

The movement of the solvent among these compartments is
based on user inputs describing the properties of the solvent
and the product containing the solvent, the amount of product
applied, and the characteristics of the room/location where the
product is used. The processes that drive the movement of the
solvent are modeled using thermodynamic models along with
models developed by Jayjock (1994) and described in the tech-
nical documentation for the ConsExpo model (Van Veen 1996).
PROMISE includes a series of equations describing the rate of
movement of the solvents and the volume of each compartment
(selected equations are presented below). The types of inputs
required to model multi-route exposure in PROMISE are sum-
marized in Table 1.

The evaporation of the solvent from a product is modeled
based on the properties of the solvent(s) in the product, other
components of the product, and Roult’s law. The software can
model products containing up to four components. The model
tracks the mass of the applied product and how it changes as
a function of the evaporation of the solvent(s) of interest, the
presence of other components in the product, or by the reaction
(or irreversible absorption) with a surface. The evaporation rate
is driven by (1) the difference between the vapor pressure of
the solvent in the mixture and the concentration in the room,
and (2) by mass-transfer coefficients. PROMISE allows a de-
fault method of estimating the mass-transfer coefficient using
the procedure of Jayjock (1994) or the ability to enter a specific
value as was done in this study. The airborne concentration of
each solvent then is predicted based on the evaporation rate, the
volume of the room where the product is applied, and the air
exchange rate between the room and outdoors (see Figure 1).
The mathematical equations used to estimate the evaporation
rate are described in Appendix 1.

For estimation of exposure via inhalation, the model as-
sumes that a fraction of the inhaled chemical mass is absorbed,
according to the following equation:

U=TxQxCxAxR [1]

where

U is the uptake or absorbed mass of the chemical (mg);
T is the time (min) the individual is breathing the vapor;
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TABLE 1
PROMISE input requirements for multiroute exposure assessment

Air concentrations

Room volume, m?

Ventilation rate, 1/h

Application start/stop times, min

Area application rate, cm*/min

Applied solution thickness, cm

Temperature, °C

Initial room-air concentration per compound
Outside air concentration per compound
Solution density, g/cm?

Weight fraction in solution per compound
Molecular weight per compound

Vapor pressure per compound

Mass transfer coefficient per compound, cm/min
Immobilization rate constant per compound, 1/min

Inhalation of vapors

¢ Inhalation uptake, respirable fraction
e Contact time, min

e Inhalation rate, ml/min

e Inhalation uptake absorbed fraction
Dermal contact

Product amount, g

Weight fraction for compound of concern
Product volume, ml

Contact volume of product, ml
Dermal absorbed fraction

Ingestion

e Ingestion absorbed fraction

e Number of swallows per event

e Product amount ingested per swallow, g

e Compound concentration in product, mg/g

Q 1s the inhalation rate (ml/min);

C is the room-air concentration (mg/ml) of the chemical;
A is the absorbed fraction; and

R is the respirable fraction.

PROMISE provides several alternative algorithms/models for
dermal contact. The algorithm used here is based on fixed-
volume exposure and fractional uptake, as follows:

U=MxCxFxD [2]

where

U is the uptake of the chemical (mg);
M is the product mass applied (mg);

C is the chemical weight fraction in the product (mg/mg);

F is the product contact volume relative to applied product vol-
ume (ml/ml); and

D is the dermal absorbed fraction.

Incidental ingestion of the chemical of concern is estimated by
the model according to the following equation:

U=MxNxFxA [3]

where

U is the uptake of the chemical (mg);
M is the product mass ingested per swallow (mg);
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FIGURE 1

PROMISE evaporation model for prediction of airborne concentrations. C(t) = chemical concentration in room air; Mgoln, net(t) = mass in solution = A(t) x H x
Dsoln; S(t) = evaporation rate from solution (source to air); L(t) = condensation rate from vapor (loss from air); V; = room volume; Q, = ventilation rate: Coy =
chemical concentration in outside air; A(t) = net liquid area (applied — evaporation); t = time.
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N is the number times during the exposure period that the chem-
ical of mass M enters the mouth, i.e., is swallowed;

F is the chemical weight fraction in the product (mg/mg); and

A 1is the absorbed fraction.

The incidental ingestion equation makes no assumptions regard-
ing the anatomical differences in tissue structure that may have
different absorptive characteristics.

MODELING APPROACH

Exposure Scenario

When assessing exposures from a product, it is important to
first develop an exposure scenario that defines the products used,
the environment where the products are used, the interaction
of the worker with the products (i.e., the product applications),
and the characteristics of the worker. The scenario used in this
paper is selected as an example of a common task involving
the use of large volumes of multiple products that contain the
solvent(s) of interest. Floor-care products typically are used
in combination (e.g., products that clean a floor and products
that replace the finish). Glycol ethers are used in both types
of products. The amount of product used will be a function
of the floor area treated. Therefore, the selected scenario is an
8-h exposure that results from application of multiple floor-
care products on the floor of a relatively large commercial
establishment.

In this scenario, three commercial floor-care products are ap-
plied sequentially—a floor stripper, followed by a floor cleaner,
and lastly a protective coating. Table 2 summarizes the respec-
tive compositions of these products. The solvents modeled are
EGBE, in both the floor stripper and the floor cleaner, and
DPGME in the protective coating. The stripper and the cleaner
were diluted with water 1:4 and 1:256, respectively, whereas
the floor finish (protective coating) was not diluted. The weight
fraction of EGBE in the applied (diluted) product was consid-
erably higher for the stripper than for the cleaner, reflecting the
much lower dilution in the stripper.

The user of the product was assumed to be an adult male.
The environment in which the product was applied is assumed
to be a large room with a volume of 2834 m* (100,000 ft),
a floor surface area to be treated of 929 m? (10,000 ft?), and
an air exchange rate with the outdoors of one air change per

TABLE 2
Product composition (by volume)*
Other
Product EGBE DPGME ingredients  Water
Floor stripper 5.0% 5.0% 90.0%
Floor cleaner 0.1% 0.2% 99.7%
Floor finish 5.0% 21.0% 74.0%

*Information supplied by manufacturer of tloor-cleaning products.

hour (ACH). Outdoor-air requirements for buildings have been
developed by American Society of Heating, Refrigerating and
Air-Conditioning Engineers (ASHRAE 1989) based on either
the number of occupants per building. For office buildings, the
1989 requirement is 15 ft3/min (25.5 m*/h) per occupant. As-
suming 100 occupants, a building of 5000 m* (Robinson and
Wiley 1989) yields a requirement for mechanical ventilation
of approximately 0.5 ACH. This rate, when added to an air-
infiltration component (0.5 ACH), assumed to be similar to res-
idences, see, for example, Koontz and Rector 1995, results in an
estimated ACH of 1/h. This estimate is close to the median value
0f 0.89 ACH reported by Persily (1989), based on measurements
of air exchange rates in 14 office buildings.

A structure of these dimensions would correspond to com-
mercial establishment such as a large supermarket, warchouse,
or store. It is likely that the ventilation rates in a large com-
mercial structures could be greater than 1 per hour, typical for
residential housing; however, this value was used as a conserva-
tive estimate as higher ventilation rates would tend to lower air
concentrations and decrease exposure.

All activities were assumed to occur on the same day. A
crew of workers arrived at the beginning of an 8-h workday and
conducted the following activities:

Application of stripper (80 min)

Application of cleaner and cleaning of floor (66 min)
Application of new coating (36 min)

Other activities in the room (no additional use of products
containing glycol ethers).

bl

Each member of the crew was responsible for a portion of the
floor, approximately 100 m? (1076 ft?).

Floor strippers are designed to loosen existing floor finishes;
to work properly, the stripper and the existing finish must be
removed before the stripper evaporates. As aresult, stripping the
finish from a large floor area was performed as a series of separate
stripping tasks. Each task, in turn, consists of (1) application of a
stripper, (2} a waiting period during which the solution remains
on the floor to soften and loosen the existing floor finish, and
(3) removal of the old finish and stripping solution. The size
of an area to be stripped was determined by the rate at which
the solution dried. Therefore, for this scenario the floor area for
each worker was divided into eight smaller areas. The product
application for each subarea was modeled as a 5-min period
for applying the product followed by 5 min for the stripping
solution to soften the finish and 5 min for removal (i.e., a total
of 15-min exposure time). This separation of the process into
a series of separate events was not required for the other two
floor care products, each of which is assumed to be applied in a
continuous manner.

Each worker was assumed to wear gloves when dealing with
the concentrated products but not when applying or removing
the diluted products. Values for the specific model input values
and rational for these values are found in Table 3.
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TABLE 3
Specific input values and rationale for modeling institutional floor care scenario

Model input

Values

Reference

Building values
Room of use volume

Room of use air exchange rate
Total floor surface treated

Period of application

Floor stripper

Floor mopping

Floor refinishing

Total exposure period
Chemical specific values (EGBE)

Molecular weight

Specific gravity

Vapor pressure

Chemical specific values (DPGME)

Molecular weight

Specific gravity

Vapor pressure
Product-specific floor stripper

Concentration EGBE

Quantity used (after dilution)
Floor cleaner

Concentration EGBE

Quantity used (after dilution)
Protective coating

Concentration DPGME

Quantity used
Physiological factors

Body weight

Inhalation rate

Pulmonary absorption

8 sectors x 10 min/sector = 80 min

66 min
36 min
8h

118.17
0.898 (25°C)
0.88 torr (25°C)

148.2
0.95 (25°C)
0.41 (25°C)

5% (aqueous solution)
78,900 g

0.1%
20,200 g

5%
15,100 g

71.6 kg
1 m3/h
60%

Typical of a large room of a commercial
establishment (210,000 ft*> floor space)

ASHRAE, 1989 (also see text)

Typical of a large room of a commercial
establishment (10,000 ft*> floor space)

ISSA 1999
ISSA 1999
ISSA 1999
Shift length

Boatman and Knaak 2001
Boatman and Knaak 2001
Boatman and Knaak 2001

Cragg and Boatman 2001
Cragg and Boatman 2001
Cragg and Boatman 2001

Based on information from manufacturer
Based on information from manufacturer

Based on information from manufacturer
Based on information from manufacturer

Based on information from manufacturer
Based on information from manufacturer

USEPA 1997
USEPA 1997
Johanson 1986

Table 4 gives the values for the volumes and mass of the

products that are applied and the thickness of the applied
products (applied volume divided by floor surface area) to the
establishment floor as a whole. The product thickness is about a
factor of 4 higher for the stripper than for the cleaner or coating.

TABLE 4
Product application characteristics®

Applied volume Applied mass Film thickness

Product (cm?) (2) (cm)

Floor stripper 78,900 78,900 0.0085
Floor cleaner 20,200 20,200 0.0022
Floor finish 15,100 15,100 0.0016

*Information supplied by manufacturer of floor-cleaning products.

The application rate, in cm®/min or g/min, is determined by
dividing the applied volume/mass by the corresponding duration
of application indicated above.

Model Inputs

The types of inputs needed to model multiroute exposure with
PROMISE are listed in Table 1. The exposure-scenario descrip-
tion given above supplies the values for a number of the inputs
for modeling room-air concentrations—troom volume, ventila-
tion or air exchange rate, application start/stop times, applica-
tion rate, and applied solution thickness. The solution density
for each product is assumed to be 1 g/cm®. The weight frac-
tions of the modeled product constituents are constrained to add
to unity. A room-air temperature of 22°C is assumed, and the
outdoor-air and initial indoor-air concentrations are assumed to
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be 0 for each compound. The mass-transfer coefficients for the
modeled constituents are estimated using a method described
by Sparks et al. (1996); in a review of alternative methods for
estimating mass-transfer coefficients, McCready and Fontaine
(2003) recommend this method over others because “it is based
on experimental data simulating evaporation inside a room.” No
sinks are assumed to be present in the room.

For modeling of inhalation to vapor (see Equation 1 in the
model overview), the inhalation uptake fraction for each worker
is assumed to be 0.6 (Johanson 1986). The modeled time during
which the individuals are breathing the vapor is 480 min (8 h)
and the assumed inhalation rate was 16,700 ml/min (1 m>/h).
This inhalation rate is believed to be representative of light to
moderate activities (USEPA 1997) and the duration time that of
an 8-h work shift. The model calculates time-varying air con-
centrations (mg/ml) for up to four solvents but estimates in-
halation dose (mg) only for the compound of concern—in this
case, EGBE in the floor stripper and cleaner, and DPGME in the
protective coating.

The algorithm used for dermal contact exposure (see
Equation 2 in the model overview) is based on fixed-volume
exposure and fractional uptake. The uptake is a function of the
product mass applied, the chemical weight fraction, the prod-
uct contact volume relative to applied volume, and the dermal
absorption fraction (D). D was estimated using the following
equation:

D = (FR x PC x CT x HA)/(PC x HA x FT)  [4]

where

FR is the permeability coefficient (cm/h);

PC is the product concentration (mg/cm?®);
CT is the contact time (h);

HA is the hand area (cm?); and

FT is the film thickness on the hand (cm).

Equation 4 reduces to (FR x CT)/FT. A skin permeability con-
stant of 0.0002 cm/h (flux rate 0.2 mg/cm?/ h) (Dugard et al.
1984) and a film thickness of 0.002 cm (Versar, Inc. 1992) are
assumed. The flux value reported by Dugard et al. appears to
fall within the range anticipated by the structure, and physical
and chemical properties, for other glycol ethers studied by this
group, and also within the range of values obtained in simi-
lar in vitro studies with propylene glycol ethers conducted by
Venier et al. (2004). Tt also appears to be a conservative esti-
mate, bias toward greater penetration of EGBE through skin,
based on the much lower values of flux rate for human skin ob-
tained by Wilkinson and Williams (2002) of 0.064 mg/cm?/h
and that calculated form the in vitro studies of Bartnik and
coworkers (1987) of 0.0173 mg/cm?/h. The contact time is as-
sumed to be the duration of product application; 1.33 h for
the stripper, 1.1 h for the cleaner, and 0.6 h for the protec-
tive coating, resulting in dermal absorption fraction values of
0.13, 0.11, and 0.06 for the respective products. The dermal up-
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take dose is estimated by assuming that the worker’s hands are
wet with each product (as applied) during the entire time the
product is used. A surface area of 1000 cm? is assumed for the
hands, corresponding to a central (median) value for adult males
(USEPA 1997). A contact volume of 2 ml was assumed for each
product.

For modeling the incidental ingestion of the chemical of con-
cern (see Equation 3 in the model overview), a nominal amount
(0.05 g) of each product is assumed to be swallowed during
each use. We are not aware of any data that provide specific
data on hand to mouth transfer of liquids in hard surface clean-
ing operations. The value is based on USEPA (1997) data for
incidental soil ingestion in adults and is believed to be a conser-
vative estimate of the amount of product that could be ingested
from incidental hand-to-mouth contact. An absorbed fraction of
100% is assumed for the incidental ingestion.

Madel Consistency

PROMISE outputs relating to inhalation exposure were com-
pared with those from MCCEM, which also can model time-
varying air concentrations and inhalation exposure for one
chemical in as many as four zones (chambers) of a building.
MCCEM, available to the public at http://www.epa.gov/opptintr/
exposure/docs/mccem.htm, was developed in the late 1980s
for estimating inhalation exposure that can occur during use
of various consumer products. The development of MCCEM
was funded by the USEPA, and the software has undergone
peet-review and model-evaluation exercises (see, for example,
Koontz et al. 1992).

Unlike the PROMISE model, MCCEM requires repeated
runs to model multiple chemicals and, thus, does not consider
their interactions (e.g., in terms of their respective vapor pres-
sures). MCCEM includes several empirical models for time-
varying emission rates of chemicals released from consumer
products. The appropriate source model in this case, called the
“incremental model,” treats continuous application ot a product
as a contiguous series of instantaneous applications, or applica-
tion “strips.” The model assumes a constant application rate over
time, coupled with an emission rate for each instantaneously ap-
plied segment (or “strip”) that declines exponentially over time.
A mathematical expression (Evans 1994) has been developed for
the total emission rate resulting from the combination of con-
tinuous application and exponentially declining emission rate.
The rate of decline in the emission rate is based on an empirical
algorithm for the evaporation time of a “pure film” as a func-
tion of the molecular weight and vapor pressure for the modeled
chemical.

Parameter Uncertainty Assessment

The purpose of this assessment was to examine the vari-
ation in dose received by the defined worker during regular
use of the floor-care products described above. The capability
of PROMISE to perform Monte Carlo simulation was used to
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investigate the variation in daily exposure/dose that would occur
on a single workday as a result of differences in various fac-
tors relating to the product application and the conditions under
which it occurred. Values for parameter distributions, controlled
by the user, are assumed by the model to be independent.

The parameter uncertainty analysis is best understood as the
range in predicted doses associated with the uncertainty in val-
ues of certain input varables (parameters) related to the product
application, the individual, and the surrounding environment.
These uncertainties in values arise from either lack of infor-
mation (such as the amount of product ingested) or variation
(worker body weight). Three factors relating to product appli-
cation and the surrounding environment also were varied. The
amount of product applied was varied by supplying a distribu-
tion for applied solution thickness; the indoor temperature and
air exchange rate also were varied. The inhalation rate was var-
ied for inhalation exposure, the contact volume and dermal ab-
sorbed fraction were varied for dermal contact, and the amount
swallowed was varied for exposure via ingestion. The nature
of the exposure scenario and the manner in which PROMISE
inputs are supplied imposed some constraints on the factors
that could be varied for this exercise. For example, the prod-
uct constituents are constrained to add to unity, and varying any
of these components would violate this constraint. The model
also treats the room volume and area of product application as
constants.

The parameter distributions applied for the Monte Carlo
simulation are summarized in Table 5. Most inputs were var-
ied using a triangular distribution because the limited infor-
mation prohibited the calculation of a standard deviation, nec-
essary input for a normal distribution. A normal distribution
was assumed in the two cases where adequate information was
available to calculate a standard deviation. The inputs from the
original (point estimate) simulation were used as the mode for
the triangular distribution or the mean for the normal distri-
bution. The ventilation rate, contact volume (for dermal ex-
posure), the dermal absorbed fraction, and the amount swal-
lowed were varied by a factor of 4 in either direction from
the mode, as these were considered the inputs with the great-
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est uncertainty. The inhalation rate was varied by 0.5 m/h in
either direction from the mode to capture the range of breathing
rates for light to heavy work (USEPA 1997). The room tem-
perature was varied with a normal distribution so as to pro-
vide a nominal range from 17°C to 27°C. The applied solu-
tion thickness was assigned a standard deviation equal to 25%
of the mean (the mean thickness for floor finish is shown in
Table 5).

Modeling the Use of Floor Stripper

Modeling of the floor stripper required consideration of the
method of use described above (application, loosening, and re-
moval). At the end of each stripping event, mopping of the strip-
per and old finish greatly reduced the amount of stripping solu-
tion (and glycol ether) on the floor and, thus, reducing the rate
of evaporation of the glycol ether.

In this scenario the floor area was divided into eight subareas,
and the product application was modeled as a 5-min process for
each of these subareas, with the inhalation exposure truncated
10 min after the application was completed (i.e., total of 15-min
exposure time). A separate model run was performed to model
the exposure to the glycol ether in the residual left after mop
up. As a conservative approach, 10% of the applied product was
assumed to remain (accomplished in the model by resetting the
film thickness to 1/10th of its original value). The residual prod-
uct was allowed to emit for the remainder of the total application
time (i.e., for the last 65 of the total 80 min). At an elapsed time
of 80 min, the floor-cleaning product was assumed to remove
any remaining glycol ether from the stripper.

The resulting uptake estimates for one modeled subarea were
multiplied by 8 (i.e., to account for eight subareas) to obtain
a total uptake estimate for the stripper application. This ap-
proach will result in overestimation of exposure, for two rea-
sons: (1) the residual product after mopping, for successive ar-
eas after the first, will remain for less than 65 min before the
floor cleaning begins; and (2) nonzero air concentrations fol-
lowing the first stripping application will result in some sup-
pression of emissions when the next subarea is stripped, and
SO on.

TABLE 5
Parameter distributions for Monte Carlo simulation

Triangular distribution

Normal distribution

Parameter Minimum Mode Maximum Mean SD
Ventilation rate, 1/h 0.25 1.0 4.0

Applied solution thickness, cm 0.0016 0.0004
Temperature, °C 220 2.5
Inhalation rate, ml/min 8,300 16,700 25,000

Contact volume, ml 0.25 2.0 8.0

Dermal absorbed fraction 0.015 0.06 0.24

Amount swallowed, g 0.0125 0.05 0.2
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FIGURE 2
Modeled EGBE air concentrations for the stripper application.

RESULTS

Air Concentrations

Figure 2 shows the modeled time-varying concentration in air
of EGBE for the two emission components of one subarea for the
floor stripper—initial application and residual after cleanup. The
residual component essentially begins as the first component is
truncated. The peak modeled air concentration, which occurs
during the period of residual emissions, was about 2.5 mg/m?.
The peak concentration actually was not yet reached at the end of
the 80-min stripper period, but the concentration profile beyond
that point would be altered by subsequent application of the floor
cleaner.

Figure 3 depicts the modeled time-varying concentrations in
air for EGBE emitted from the floor cleaner and DPGME emitted
trom the floor finish. Even though the cleaner was applied before
the finish, the peak concentration of EGBE lagged behind that
for DPGME due to the effects of the differing product compo-
sitions. Difterent scales are used on the Y-axis for the two plots
in the figure. The peak concentration for EGBE (<1 mg/m?, see
upper plot) was even lower than that for the stripper application
with truncated emissions, due the much higher dilution factor in
the applied solution. For DPGME the peak concentration was
considerably higher (about 75 mg/m?, see lower plot). The emis-
sions for the cleaner could have been truncated in the model once
the finish application was started, but the difference was incon-

sequential given the relatively low EGBE concentration in the
cleaner.

The modeled 8-h TWA air concentrations were 1.2 mg/m?
(0.25 ppm) for EGBE from the stripper, 0.2 mg/m? (0.04 ppm)
for EGBE from the cleaner, and 30.1 mg/m’ (8.2 ppm) for
DPGME from the finish. The time weighted average (TWA)
concentrations of EGBE for the stripper and cleaner applications
could be summed, but the summation made little difference as
the total was dominated by the stripper application.

Route-Specific Contributions to Worker’s Total Dose

The modeling results are summarized in Table 6 in terms of
the worker’s absorbed dose by exposure route for each product.
Inhalation tended to be the dominant route, accounting more

TABLE 6
Modeled absorbed dose by route for three product applications

Absorbed dose by route, mg

Product Compound Inhalation Dermal Ingestion Total
Floor stripper EGBE 59 6.7 2.5 15.1
Floor cleaner EGBE 1.8 0.2 0.1 2.1
Floor finish DPGME 240.6 6.0 25 249.1
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FIGURE 4
DPGME air concentrations modeled by PROMISE and MCCEM.

than 95% of the DPGME dose for the floor-finish application
and more than 85% of the EGBE dose for the floor-cleaner
application (for the stripper application inhalation accounts for
39% of the dose). The relative contributions were sensitive, in
particular, to the assumptions made for the dermal and ingestion
routes. If, for example, the assumed product-contact volume had
been five times higher and the absorbed fraction had been twice
as high, then the absorbed dose via dermal contact would have
been higher by an order of magnitude.

Model Consistency

The temporal variation in air concentrations for DPGME re-
leased from the floor finish was compared for the PROMISE
and MCCEM models in Figure 4. Although there were differ-
ences in the shapes of the respective temporal profiles, the TWA
results were close. The modeled 8-h TWA concentrations were
30.1 mg/m? for PROMISE and 32.3 mg/m? for MCCEM, a dif-
ference of less than 10%. Similarly, the estimates of inhaled dose
were close—241 mg for PROMISE versus 259 mg for MCCEM.
The peak concentration modeled with PROMISE occurs later
and was lower than that modeled with MCCEM. The difference
in the timing and magnitude of the peak estimated by the two
models was related to their assumptions concerning time-related
emissions—MCCEM has an empirical algorithm for exponen-
tially declining emissions, based on evaporation of a pure film,
whereas the time-varying emission rate in PROMISE considers
the film thickness of the applied product as well as the other
product constituents.

Parameter Uncertainty Assessment

The Monte Carlo simulation was performed on exposures
from the application of the floor finish product, for which the
dose to the glycol ether (DPGME) was the greatest (see Table 6).
The simulation was run for 1000 trials; results are summarized
in Table 7. As discussed above, the point estimate of aggregate
dose during and after the finish application was based on typical
(central) values for the scenario whereas the Monte Carlo simu-
lation reflects a range of input values. The upper end of the dose
distribution (95th percentile—391 mg) was about 60% higher
than the point estimate and the lower end of the distribution (5th
percentile—77 mg) was less than a third of the point estimate.

TABLE 7
Monte Carlo simulation results for floor finish application

Percentile of

simulated dose Aggregate dose for Dosage,
distribution DPGME, mg mg/kg*
Sth 77 1.1
10th 92 1.3
25th 122 1.7
50th 172 24
75th 246 34
90th 318 44
95th 391 5.5

*Assuming a 71.6-kg individual.
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DISCUSSION

The above exercise illustrates the potential for characterizing
aggregate exposures from the use of cleaning products contain-
ing glycol ethers with a modeling tool (PROMISE). In this as-
sessment, the model suggests that doses from dermal and inges-
tion routes for these products generally are small in comparison
to doses from inhalation. Inhalation accounted for more than
95% of the aggregate dose for DPGME in the finish and more
than 85% of the dose for EGBE in the cleaner. This finding oc-
curs even when the assumptions for dermal and oral exposures
are believed to overestimate exposure potential.

The considerably higher air concentrations and therefore esti-
mated absorbed dose for DPGME as compared to EGBE (Table 3
and Figure 3) relate to the fact that the EGBE-containing stripper
solution is removed before it is allowed to dry. Because EGBE is
miscible in water and has a relatively low vapor pressure, it tends
to remain in the water phase and does not evaporate until most of
the water has evaporated. Thus, most of the EGBE is discarded in
the removal phase of the stripping operation precluding evapo-
ration into air. The DPGME-containing floor finish, on the other
hand, remains on the floor until dry, thus all the DPGME in the
stripper is evaporated into the air.

The finding that dermal and oral routes of exposure may
result in relatively small doses may appear to suggest that there
was no need for multiroute exposure modeling in this scenario.
However, without the multiroute modeling there would have
been no way to rank the relative importance of exposure routes
according to estimated dose.

The scripted scenario for this exposure assessment was not
based on a specific field study in which air monitoring had
been conducted. However, measured air concentration data were
available for a somewhat analogous, but not identical, floor
stripping operation.! In that case the floor of a smaller retail
store (floor area = 290 m?; room volume = 1240 m?) was
stripped with a solution containing 6% EGBE. The application
rate was similar to that used in the modeling exercise, 578 versus
658 cm?/min, and the total time of the stripping procedure was
~130 versus 80 min in the modeled scenario. The room ven-
tilation rate was described as “normal.” Personal air sampling
was conducted on two individuals yielding 8-h TWA concen-
trations of 4.6 and 4.4 mg/m® (0.95 and 0.9 ppm, respectively),
which is somewhat higher but comparable to that obtained in
the modeling exercise of 1.2 mg/m? (0.25 ppm). The smaller
room size with a similar application rate could well have led
to the modestly higher value. Nevertheless, these comparable
values demonstrates that the modeled results are clearly within
the realm of plausibility. We are not aware of any additional air
monitoring or biomonitoring data tor this type of application.

Comparisons with MCCEM showed the modeled 8-h TWA
concentration and inhalation dose to be consistent across both

'Personal communication: D. A. Daggett, Program Manager,
Global Product Safety Research, Development & Engineering, Johnson
Diversey, Inc., Sturtevant, WI 53177, USA.
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models. As noted previously, the difference in the timing and
magnitude of the peak estimated by the two models is likely re-
lated to the difference in the manner in which time-related emis-
sions are estimated by the two models. MCCEM uses an empir-
ical algorithm for exponentially declining emissions, based on
evaporation of a pure film, whereas the time-varying emission
rate in PROMISE considers the film thickness of the applied
product as well as the other product constituents. The Monte
Carlo simulation exercise indicated that the upper end of the
aggregate dose distribution accounting for uncertainty in the pa-
rameters considered in the model is more than 50% higher than
the value of the point estimate.

Both of the exposure models used in this exercise produce an
estimate of internal dose, mg/kg/day, necessary along with some
benchmark dose of hazard for evaluating risk. This dosimetric
estimated by these models is conducted in a relatively simplistic
manuner, i.e., for inhalation, dose is determined by the product
of the mean air concentration over time and an estimated respi-
ration rate of an exposed individual of a specific body weight.
No provisions are made in these models for processes in which
a volatile chemical that has been absorbed into systemic cir-
culation is then exhaled through the lung or uptake as affected
by blood concentrations and other physiological factors. Phys-
iologically based pharmacokinetic (PBPK) models exist that
take these and other physiological factors into consideration.
Corley and coworkers have developed such a PBPK model for
EGBE both for inhalation and dermal exposure and Sweeney
and coworkers have demonstrated how such models for other
glycol ethers (methoxyethanol, ethoxyethanol, and ethoxyethy-
lactetate), coupled with probabilistic approaches, can be used in
developing occupational exposure standards (Corley et al. 1994,
1997; Sweeny et al. 2001). However, it was beyond the scope of
the present study to couple these exposure models to these more
sophisticated PBPK models.

Although the estimates of aggregate dose and the relative con-
tributions from different exposure routes and floor-care products
are useful, there are currently no existing toxicology benchmarks
(e.g., inhalation reference dose) for the two solvents. There are,
however, guidelines for occupational exposure against which the
modeled TWA air concentrations can be compared. The mod-
eled 8-h TWA concentration for DPGME (30 mg/m3) is lower
than the corresponding American Conference of Governmental
Industrial Hygienists (ACGIH) Threshold Limit Values (TLV)
exposure limit of 606 mg/m* (100 ppm) by a factor of 20, and
the modeled TWA air concentration for EGBE from the strip-
per (1.2 mg/m?) is lower than the corresponding ACGIH TLV
of 97 mg/m* (20 ppm) by a factor of ~280. Thus, the point esti-
mates from the modeling exercise indicate that levels of potential
concern, from the standpoint of occupational exposure, are not
being exceeded for these product applications under the scenario
conditions

PROMIISE provides simulation outputs only for the aggregate
dose (i.e., not for the individual routes of inhalation, dermal con-
tact, and accidental ingestion). Thus, it is not possible to directly
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determine the range of 8-h TWA air concentrations based on
the aggregate dose simulation. However, these values can be
estimated by performing a Monte Carlo simulation whereby
only the parameters affecting the modeled air concentration—
the ventilation rate, the applied solution thickness, and the in-
door temperature—are varied. The range of the 8-hour TWA air
concentrations (first to 99th percentiles of the distribution) for
DPGME from this Monte Carlo simulation is from 6 mg/m? to
55 mg/m*. The upper end of this range still is below the corre-
sponding ACGIH, TLV;g of 600 mg/m? by more than a factor of
10, providing further assurance that exposure levels of potential
concern are not being exceeded for this product-use scenario.
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APPENDIX 1: DIFFERENTIAL EQUATIONS USED IN THE
PROMISE MODEL FOR ESTIMATING THE
EVAPORATION OF TWO COMPONENTS FROM
A COATINGS APPLICATION

Master equations for the PROMISE “Wall or Floor” Evapo-
ration Module (two components in the solution/mixture): Four
first-order, nonlinear, coupled, ordinary differential equations in
the unknowns—C (t), M(t), C,(1), and M5(t):
For the liquid mass, M(t), of solution component 1:

(d/dOM, (© = DI x H® x a(®) = Kl x (M (0/(D1 (0
X H(o))} X {Cl.sal(t) - Cl(t)}

For the vapor concentration, C,(t), of component 1:

V; x (d/d)Cy (1) = Ky x {M()/(Di()XH)}Cy sarlt)
—Ci() — QX (Ci(V) — Cyouw)
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For the liquid mass, M;(t), of solution component 2:

(d/d)Ma(t) = DS x H) x a(t) — Kp x {Ma(t)/(Da(t) x H®)}
X {Cl,sat(t) - CZ(t)}

For the vapor concentration, C,(t), of component 2:

V, x (d/d)Ca(t) = Kpp x {Ma()/(D2(t) x H?))
x {Casat(t) — C2(8)}) — Qp X (Ca(t) — Cs,ou)

where (d/dt) is the differential operator with respect to time, and
the subscripts i = 1 and i = 2 refer to “solute” and “solvent,”
. . . (o) _ . .
respectively. For component i, D;"" = as-applied concentration,
K, ; = mass transfer rate, and C,,; ; = outside air concentration.
a(t) is the area application rate. A(t) = covered area, including

both application and evaporation effects. H = applied solution
thickness, Q, = ventilation rate, V, = room vol.
Theoretically, for the net covered area (applied — evaporated):

A(t) = My(0)/{D(t) x H()} = Ma(t)/{D2(t) x H(D)}

The amount of thickness [H(t)] variation compared to area [A(t)]
variation is unknown and would depend on surface tension ef-
fects, which are beyond the scope of this modeling effort. This is
not amodel of how “dry areas nucleate on wet surfaces.” Instead,
we make the approximating assumption that:

Approximation:

At = M ()/{Di(t) x H?} = My(t)/{Da(t) x H}

where H is the as-applied thickness of the solution.



