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Abstract

Dynamic Behavior of Semivolatile Organic Compounds in Indoor Air
by
Michat;l David Van Loy
Doctor of Philosophy in Engineering-Civil and Environmental Engineering
University of California, Berkeley

.Professor William W Nazaroff, Chair

Exposures to a wide range of air pollutants are often dominated by those occurring -
in buildings because of three factors: 1) most people spend a large fraction of their time
indoors, 2) many pollutants have strong indoor sources, and 3) the dilution volume in
buildings is generally several orders of magnitude smaller than that of an urban airshed.
Semivolatile organic compounds (SVOCs) are emitted by numerous indoor sources,
including tobacco combustion, cooking, carpets, paints, resins, and glues, so indoor gas-
phase concentrations of these compounds are likely to be elevated relative to ambient
levels. The rates of uptake and release of reversibly sorbing SVOCs by indoor materials
directly affect both peak concentrations and persistence of the pollutants indoors after
source elimination. Thus, accurate predicfions of SVOC dynamics in indoor air require an
understanding of contaminant sorption on surface materials such as carpet and wallboard.

The dynamic behaviors of gas-phase nicotine and phenanthrene were investigated
in a 20 m3 stainless steel chamber containing carpet and painted wallboard. Each
compound was studied independently, first in the empty chamber, then with each sorbent
individually, and finally with both sorbents in the chamber. The test compounds were
emitted into the sealed chamber by flash evaporation of a measured mass of the

condensed-phase compound. After emission, the gas-phase concentration was monitored
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until a steady-state concentration was achieved. Then, the chamber was flushed with
clean, HEPA-filtered air to reduce the airborne concentration of the test compound to
zero. Finally, the chamber was resealed to observe reemission of sorbed mass. For the
nicotine experiments in the empty chamber, more than 80% of the emitted mass was
accounted for at the end of the experiment by thermally desorbing and collecting nicotine
sorbed on small, wall-mounted stainless steel panels. More than 99% of the measured
nicotine was sorbed to either the tested sorbent(s) or to the chamber surfaces at
equilibrium at 25 °C. Similar results were observed for phenanthrene experiments in the
empty chamber. In the experiments with real surface materials, the gas-phase decay
patterns following emission of each SVOC were qualitatively similar to those observed in
the empty chamber. However, the times required to reach equilibrium for both the
adsorption and desorption phases of these experiments were more than two orders of
magnitude longer, indicating the importance of transport processes within the sorbent
material relative to direct adsorption at the presented surface.

The gas-phase data are interpfeted using reversible sorption models. A commonly
employed model based on linear partitioning between the gas- and sorbed-phases could
not be accurately fit to the time-dependent data collected in the empty chamber nicotine
experiments, so equilibrium partitioning was measured separately for each sofbent-'
sorbate pair to test the linear model assumption; Incorporating isotherm parameters into
a kinetic, reversible sorption model which assumes a nonlinear, power-law rate of sorbed
nicotine reemission and gas-phase deposition provides a significantly better fit to the
dynamic data from experiments in the empty stainless steel chamber. Phenanthrene-
stainless steel sorption is adequately described by linear partitioning. For carpet and
wallboard, a two-box sorption model which also incorporated the nonlinear equilibrium
partitioning is successfully employed. In this model, deposition from the gas-phase to
the sorbent's air-surface interface occurs on a time scale comparable to that observed for

sorption on stainless steel and wallboard. A second sorbed-phase sink (for instance, the
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rubber backing of a carpet or the porous gypsum of wallboard) with a larger Sorption
capacity but slower uptake and release kinetics is coupled to the gas phase through bulk-
phase diffusion.

The models developed and validated in this study should be applicable to a broad
range of other SVOCs. The developed porous sorbent sorption model is successfully
applied to resolve a discrepancy between concentrations of nicotine measured in
laboratory and field studies of environmental tobacco smoke (ETS) that has been debated
in the literature. Experimentally determined sorption kinetic parameters were used to
predict the ratio between gas-phase nicotine and respirable particulate matter (RSP) for
different smoking rates and ventilation rates in a typical house and a stainless-steel
laboratory chamber. The results indicate that nicotine is a viable marker for RSP (and
other ETS constituents with similar indoor air behavior) in environments where habitual
~ smoking occurs if the concentration data are averaged over a period significantly longer
than the period between cigarettes. Its utility as a tracer erodes at shorter time scales or
in environments where smoking occurs more erraticaliy.

The sorption kinetic parameters obtained experimentally in this study are also
incorporated into a comprehensive modeling framework which includes gas-particle
partitioning, deposition of particles on indoor surfaces, adsorption and desorpt'ion of
SVOC on deposited particles, and homogeneous and heterogeneous chemical decay. The
resulting set of coupled ordinary differential equations is solved numerically to simulate
five scenarios which illustrate the impacts of varying model parameters on indoor SVOC

concentrations and persistence.
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Chapter 1. Introduction

BACKGROUND

On éverage, people spend moré than 85% of their time in buildings, cars, or other
indoor environments (Wiley et al., 1991). In addition, the concentrations of many toxic
air pollutants are higher indoors than outdoors (Brown et al., 1994). Exposures to toxic
~ air contaminants may be calculated as the product of exposure duration and average
concentration. The large fraction of time spent indoors and the high pollutant
concentrations encountered in many indoor settings cause inhalation of indoor air to
dominate overall human exposures to many toxic air contaminants.

- Pollutant concentrations encountered in all environmental settings result from the
competition among chemical and physical removal and generation mechanisms (“sinks”
and “sources,” respectively). Sinks generally considered in indoor air quality analyses are
ventilation, filtration, and deposition on indoor surfaces. Sources of indoor air pollutants
include outdoor air contaminants transported indoors by ventilation, direct emissions

7f.rom indoor sources, and reemission of reversibly deposited pollutants from indoor sinks.
This dissertation focuses on the dynamic, reversible, sorptive interactions of low
volatility organic air pollutants with indoor surface materials. This phenomenon is a
potentially important, but largely unexplored, topic in indoor air quality.

Semivolatile Organic C(;mpounds. Semivolatile organic compounds (SVOCs),
comprise a large and important class of air pollutants. Many VOCs and SVOCs have
known health or comfort effects, ranging from irritation to carcinogenicity or
teratogenicity (Rothweiler & Schlatter, 1993; Lewtas, 1994). Several researchers have
reported e\;idence of a possible link between indoor VOC concentrations and “sick
building syndrome” (SBS) (Mglhave ef al., 1986; Morrow, 1992; Gold, 1992; Ten Brinke,
1995; Ten Brinke et al., 1998), although not all of the available evidence supports such a

link (Sundell et al., 1993; Mendell, 1994). SVOCs are generally defined as compounds
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with vapor pressures between 10-6 and 10 Pa at environméntal temperatures (Bidleman,
1988) or with boiling points exceeding 250° C at ambient pressure. These physical
property ranges are only approximate and should be considered as conveniently measured
surrogates for the propensity of a compound to exist in both condensed and vapor phases
at environmental temperature and pressure. Because of their low vapor pressures, it is
thermodynamically favorable for SVOCs to partition into condensed phases in the
environment. Because SVOCs in the environment are usually present at concentrations
far below their saturation vapor pressures, they most commonly partition into condensed
phases by sorbing to particles or fixed environmental surfaces rather than by forming a
pure condensed liquid phase.

Many of the 189 hazardous air pollutants listed in the 1990 U.S. Clean Air Act
Amendments are SVOCs. Examples of SVOCs found indoors include nicotine; polycyclic
aromatic and nitrated polycyclic aromatic hydrocarbons (PAHs and NPAHs);
polychlorinated biphenyls (PCBs); dioxins; pesticides; and a wide variety of polar
compounds with molecular weights larger than approximately 130 g mol-! inéluding
alcohols, organic acids, carbonyls, and amines. Many of these compounds have known
health or comfort effects, ranging from irritation to carcinogenicity or teratogenicity
(Rothweiler and Schlatter, 1993, Lewtas, 1994). The research presented in this
dissertation investigates the sorptive behavior of nicoting and phenanthrene, two SVOCs
with different chemical properties and reactivities, with two common indoor sorbents,
carpet and painted wallboard. Nicotine and phenanthrene are cdmmonly encountered
indoor air pollutants. Nicotine is the dominant single compound emitted by tobacco
combustion. Phenanthrene is also a component of tobacco smoke which is emitted by
other incomplete combustion processes as well.

Serption. A net increase or decrease in a compound’s concentration at the
interface between two phases relative to that in the bulk of either phase is an important

environmental process known as sorption. Sorption can occur at the interface between
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any two phases, including gas-liquid, gas-solid, liquid-solid, liquid-liquid and even solid-
solid contact surfaces. The most commonly considered sorption systems in
environmental eﬁgineering are those involving a fluid phase, such as gas, water, or some
other liquid, and a solid phase, such as soil, activated carbon, or any of the nearly infinite
variety of environmental surfaces. The solid phase is known as the sorbent and the
sorbing compound is referred to as the Sorbate.

Two commonly reported expressions of sorbate accumulation at the fluid-sorbent
interface are the surface excess or superficial density, I" (mol m-2), and the fractional
monolayer surface coverage, 6 (nd units). The interfacial excess is derived by assuming
‘that the two bulk phases on either side of the interface have uniform concentrations up to
an arbitrary plane parallel to the interface. | Any accumulation or deﬁciency (the latter
leading to a negative surface excess) of sorbate molecules in the interfacial region relative
to the bulk phase concentrations is expressed as I"at this two dimensional plane. This |
simplification is not a perfect représentation of most real sorption systems which are
typically more accurately characterized by a concentration gradient over a finite distance
on either. side of the interface. For positive values of I" (net positive sorption at the ‘.
interface) @ is obtained as follows:

0=r NAvogadro Amolecular ' ' (1.1)

where N 4,0044r0 i Avogadro’s number (6.022 x 1023 molecules mol-1) and 4, pjecylar is
the interfagial area occupied by a single sorbate molecule (m2). Applications of I” z_md 6
and their thermodynamic derivation are discussed in detail by Adamson (1990, §III-5).
Sorption Equilibrium. Equilibrium partitioning of a compound between a fluid
phase (in this work the gas phase) and a stationary sorbed phase is mathematically
described with an isotherm equation. The simplest mbdel for equilibrium between the
fluid and sorbed phases assumes that the mass sorbed per unit surface area of the sorbent,

M (ug m2) 1s directly proportional to the fluid phase concentration C (ug m-3):



M=KC (1.2)

where K is an equilibrium partitioning “constant” which is a function of several
parameters: temperature; chemical and physical interactions of the sorbent with the
sorbate; and other variables, such as relative humidity, surface roughness or soiling, and
the presence of other sorbates, which may alter the thermodynamics of the sorbent-
sorbate interaction. This isotherm, which is analogous to Henry’s Law for gas-aqueous
phase partitioning equilibrium, is generally accepted as a valid representation of sorption
equilibrium on homogeneous or nearly homogeneous sorbents when the sorbate
concentration in the fluid phase is low and 6 is small compared to one (Lin, 1995,
Adamson, 1990). At these low concentrations and values of 6, each sorbate molecule on
the surface interacts nearly independently with the sorbent surface. As the fluid
concentration and 6 increase, sorbate-sorbate interactions become more imiaortant and the
affinity of the surface for additional sorbate molecules changes. For sorbents with
heterogeneous surfaces, including those encountered in many environmental applications,
the thermovdynamics of the sorbate-sorbent interaction may change as coverage of the
sorbent surface with sorbate molecules changes. More favorable sorption sites are filled
by the initially sorbed sorbate moleculeé, and the surface’s affinity for the sorbate
changes as I'increases. These phenomena are often modeled using the Freundlich
1sotherm: |
M=KCr (1.3)
where 7 is an experimentally determined coefficient that reflects the effects of increasing
surface coverage on equilibrium partitioning and X is an equilibrium “constant” whose
units depend on n. Freundlich isotherms with » < 1 have been reported to fit
experimental data for several VOCs on dry environmental soils and activated carbon (Lin,
1995). These isothermsiare referred to as convex, meaning that when C is plotted on the
abscissa and M on the coordinate axis, the isotherm curves back toward the C axis as the

concentration increases as shown in Figure 1.1. Physically, this means that less mass is
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sorbed for a given increase in concentration at higher values of M than at lower M for the
same concentration increase. The effects of Freundlich isotherm partitioning with n < 1
are explored in greater detail in Chapter 2.

Sorption Kinetics. In some environmental systems, equilibrium data are
sufficient to make accurate predictions of contaminant dynamics. However, for situations
in which the time scale of interest is comparable to or smaller than that for attainment of
equilibrium, the kinetics of a process must also be considered. The time scale of interest
in indoor air quality analyses is typically on the order of the time required to exchange the
air inside a building with outdoor air. This period is generally expressed as the reciprocal

of the air-exchange rate (AER), A, which has units of h-! and is defined as

-9 '
A, = %9 | (1.4)

where Qg and Vg are the building ventilation rate (m3 h-1) and volume (m3), respectively.
A discussion of sorption kinetics requires introduction of two additional terms: the
sorption rate, which indicates net accumulatio@ at the sorbent-sorbate interface, and the
desorption rate, denoting a net flux of sorbate molecules away from the interface into the
gas phase. The kinetic sorption and desorption processes are also often referred to as
deposition or uptake and reemission, respectively. However, deposition often connotes
an irreversible process; so its use should be avoided in discussions of reversible sorption
to avoid unnecessary confusion. Several studies have investigated sorption and
desorption kinetics of volatile organic compounds (VOCs) on indoor surface materials
such as carpet, wallboard, and upholstery (Matthews et al., 1987; Tichenor et al., 1991;
Jorgensen et al., 1993; Neretnieks et al., 1993; Kjaer et al., 1996). VOCs are a class of air
pollutants similar to SVOCs but with vapor pressures greater than 10 Pa at room
temperature. As such, they are found more predominantly in the gas phase than SVOCs
although they do sorb measurably on indoor materials. Re\}ersible sorption kinetics for

VOC:s on indoor surface materials have generally been modeled by assuming that
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equilibrium obeys a linear isotherm (equation 1.2) and that the adsorption and desorption
rates are directly proportional to the gas-phase concentration (C) and sorbed mass
density (M), respectively. This model, oﬁginally described by Dunn and Tichenor (1988)
and Tichenor et al. (1991), has been successfully applied to model the sorption and
desorption kinetics of compounds such as tetrachloroethylene and ethylbenzene on
carpet fibers and other indoor materials (Tichenor et al., 1991). However, no data have
been published to demonstrate that this model apblies to a broader range of indoor surface
materials or to compounds, such as SVOCs, with lower vapor pressures and higher
surface affinities. For compounds with these properties, the linear isotherm assumption
may fail because of increased surface coverage (6) at typically encountered gas-phase
concentrations. Additionally, most previous studies have not examined sorption kinetics
over periods longer than a few weeks. For flat, nonporous materials, this omission is
unlikely to introduce many errors. However, carpet, wallboard, and other common indoor
materials may have significant sorption capacity which lies a finite distance away from
the air-sorbent interface and can only be accessed by diffusion of sorbate molecules
through the sorbent bulk. Consideration of this process requires minor redefinition of the
terms discussed above. For materials with significant sorption capacity contained in the
bulk of the sorbent, sorption refers to the total amount of sorbate associated with the
sorbent both at the air-sorbent interface and in the sorbent bulk. Sorption is further
broken down into two related processes: adsorption which refers to accumulation at the
air-sorbent interface and absorption which indicates accumulation in the bulk of the
sorbent. This dissertation extends the existing understanding of organic compound
sorption on indoor materials to SVOCs and also investigates the sorption kinetics of
porous sorbents over periods of a month or more.

Sorption Effects on Exposures to Indoor Air Contaminants. ReQersible
sorption on fixed indoor surfaces shifts the evolution of exposures for intermittently

emitted indoor air pollutants. For instance, consider the case of an instantaneous puff
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emisSipn of three air contaminants, A, B, and C into a ventilated volume. The compounds
do not interact with each other and their interactions with the indoor surfaces are as
follows: A is inert to surface interactions, B sorbs reversibly to indoor surfaces, and C
deposits irreversibly on indoor materials. There are no other important sources or sinks
except ventilation for any of the compounds and the same mass of each compound is
emitted. Compound A will have the largest peak concentration for any ventilation rate.

If the rates of depositiori of B and C on indoor surfaces are similar, then their
'concentrations will decay at approximately the same rate for a short time immediately
after emission. However, as time progresses, the concentration of B will remain higher
than that of C due to reemission of sorbed mass. Thus, reversib.le sorption reduces peak
pollutant concentrations but increases the time required to eliminate a contaminant from -
indoor air following elimination of its primary source. This comparison is illustrated in

Figure 1.2 using the parameters listed in Table 1.1.

DISSERTATION OVERVIEW

This dissertation describes the results of my study of the dynamics and
equilibrium of reversible sorption of SVOCs on surface materials typically found in
indoor environments. The investigation consisted of two main phases: experimental
investigations of the dynamic behavior of twé SVOCs (nicotine and-phenanthrene) in a
room-sized stainless steel environmental test chamber containing carpet or painted
wallboard (Chapters 2 and 3) and computer model predictidns of the effects of SVOC
gas-surface and gas-particle partitioning on human exposures under various SVOC

emission scenarios (Chapters 4 and 5). |

Chapter 2 describes what was intended as a preliminary investigation of the
interactions of nicotine with the stainless steel walls of the chamber used in the
experiments discussed in Chapter 3. Because of the low vapor pressures and affinity for

condensed phases typical of SVOCs (even those, such as stainless steel, that are generally
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assumed to be inert) it was necessary to quantify gas-surface interactions with the walls
of the empty chamber to facilitate accurate interpretation of data collected in the
subsequent experiments. This initial study became much more interesting after the
discovery that approximately 85% of the nicotine emitted into the sealed, empty chamber

" could not be accounted for based on gas-phase measurements and solvent extraction of
sorbed-phase samples at the end of a 4 hour experiment. After exploring many alternative
hypotheses to explain this observation, mass balance closure was achieved through
development and application of a thermal desorption technique for recovery of sorbed-
phasé nicotine. This new method collected approximately 80% of the originally emitted
nicotine after the chamber had been sealed for 5 hours. A nonlinear reversible sorption
model based oﬁ the Freundlich isotherm equation was developed to predict sorptive
interactions of nicotine with stainless steel. This modified model produced better model-
measurement agreement throughout the kinetic experiments and particularly during and
after chamber ventilation.

Chapter 3 applies the experimental and modeling methods developed in Chapter 2
to study nicotine and phenanthrene sorption and desorption on two materials more
typically encountered in indoor environments: carpet and painted wallboard. In this
study, data from experiments with the two porous sorbents were accurately simulated
using a model that couples sorption at the air-sorbent intérface (adsorption) and diffusion
into the bulk of the sorbent (absorption). In addition, phenanthrene dynamics in the
empty chamber were studied to extend the results of Chapter 2 to another SVOC.
Phenanthrene behaved slightly differently than nicotine in the empty chamber — its
equilibrium partitioning and sorption and desorption kinetics were accurately simulated
with linear models rather than thé nonlinear model developed in Chapter 2 for nicotine-
stainless steel sorption. The results of the study of carpet and wallboard sorption of
nicotine and phenanthrene indicate that these sorbents have very large capacities for

SVOCs and that sorption and desorption kinetics are very slow. Diffusion into the
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sorbent bulk limits the rate of sorbate uptake and reemission because most of the
sorbent’s sorption capacity is not immediately accessible to the air-sorbent interface.
Using the data collected in these experiments, numerical models that accurately
described the dynamic behavior of the tested SVOCs were developed. To conclude my
investigation, I employed the models developed and validated in Chapters 2 and 3 to
predict the dynamic behavior of nicotine in real indoor environments to examine its
effectiveness as a marker for environmental tobacco smoke. The results of this work
indicate that nicotine concentrations can serve as a valid surrogate for the concentrations
of other ETS constituents in indoor environments where smoking occurs regularly and are
discussed in Chapter 4. Chapter 5 describes another modeling investigation of the effects
of interphase mass transfer of SVOCs between the gas phase, surface-sorbed phase, and

airborne particle-associated phase and its impacts on concentrations and persistence of

SVOCs indoors.

APPLICATIONS

The results of the research presented in this dissertation have a number of
important uses. Improved understanding of the factors impacting SVOC gas-phase
sorption on indoor surface materials will facilitate more accurate predictions of indoor air
concentrations of these potentially important pollutants. The sorption dynamics model
~ frameworks developed in Chapters 2 and 3 are likely applicable to a variety of other
reversible sorption systems. Furthermore, the results of the studies described in Chapter
3 indicate that diffusion of surface-sorbed SVOCs into the bulk of a porous sorbent can
have a significant impact on their long-term persistence even after the gas-phase
concentration has been reduced by elimination of indoor sources. The SVOCs considered
in this study are chemically dissimilar. Nicotine has a higher vapor pressure and lower
molecular weight than phenanthrene. However, nicotine has fairly reactive functional

groups — a tertiary cyclic amine (also known as a pyrrolidine ring) and a substituted
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pyridine ring — while ;;henanthrene‘is an unsubstituted three-ring PAH. Data on the
sorptive behavior of these compounds may be valuable as a tool for predicting the indoor
behavior of other SVOCs with similar chemical and physical properties.

In addition to the generalizations to other SVOCs facilitated by these studies, the
nicotine data and kinetic parameters obtained in Chapter 3 have more specific
applications. Nicotine is commonly used as a tracer compound to estimate indoor
concentrations and human exposures to environmental tobacco smoke (ETS). However,
its dynamic behavior in indoor air has been poorly understood. The elucidation (;f
nicotine’s interactions with indoor surfaces described in Chapter 3 and the application of
these results to explain previously reported observations of nicotine in ETS described in
Chapter 4 should increase the usefulness of data collected in previous and future studies
of ETS dynamics.

Finally, the analysis and model development presented in Chapter 5 provide a
valuable framework for considering organic compound behavior in indoor air from a mass
balance perspective that is more complete than what has been previously reported in the
literature. Incorporation of data from more detailed future studies of indoor chemistry
and gas-surface partitioning of SVOCs and other indoor contaminants should eventually
lead to developrhent of vastly improved indoor air quality prediction capabilities. This
progress will be invaluable in identifying and mitigating those sources and reversible sinks

which have the largest negative impacts on indoor air quality.
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TABLES
Table 1.1 Building and sorption parameters used in the comparison of indoor air
behaviors of nonsorbing, irreversibly sorbing, and reversibly sorbing

contaminants in Figure 1.2.

Parameter Nonsorbing Irreversibly Reversibly
Contaminant Sorbing Sorbing
Contaminant Contaminant

Building Volume (m3) 200 200 200
Building Surface Area (m2) - 450 450 450
Building Ventilation Rate (h-1) 0.5 0.5 0.5
Mass of Contaminant Released 200 200 200
att=0 (mg) :

Adsorption/Deposition Rate 0 1.0 1.0

Constant (m h-1) A
Desorption Rate Constant (h-1) 0 0 0.1
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Chapter 2. Interactions of Nicotine with the
Stainless Steel Surfaces of an
Environmental Test Chamber’

ABSTRACT

The dynamic behavior of gaseous nicotine was studied in a 20 m3 stainless steel
chamber. Nicotine (10-40 mg) was emitted into the sealed chamber by cigarette
combustion or flash evaporation of pure liquid. After three hours, during which the
airborne concentration was monitored, the chamber was ventilated for two hours and then
resealed to investigate reemission of sorbed nicotine. Gas-phase, airborne particle-phase,
and wall-sorbed nicotine were measured to achieve mass-balance closure. More than 80%
of the nicotine in th‘e chamber was accounted for by thermally desorbing and collecting
sorbed-phase nicotine. More than 99% of the measured nicotine was sorbed to chamber
surfaces at equilibrium at 25 °C.

The gas-phase data were interpreted using reversible sorption models. A model
based on linear partitioning between the gas- and sorbed-phases could not be accurately
fit to the time-dependent data, so equilibrium partitioning was measured separately to
test the linear model assumption. The equilibrium data are well described by a nonlinear
Freundlich isotherm. Incorporating isotherm parameters into a kinetic, reversible sorption
model which assumes a nonlinear, power-law rate of sorbed nicotine reemission and gas-
phase deposition provided a significantly better fit to the dynamic data, especially during

reemission after chamber ventilation.

* This chapter is based on a paper published elsewhere as Van Loy M.D., Lee V.C., Gundel L.A., Sextro
R.G., Daisey J.M., and Nazaroff W.W. Dynamic behavior of semivolatile organic compounds in indoor
air: 1. Nicotine in a stainless steel chamber, Environmental Science and Technology, 1997, 31, 2554-
2561.
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INTRODUCTION

Nicotine (C;oH; 4N2) is an important SVOC constituent of environmental tobacco
smoke (ETS) whose emission rate is larger than that of any other compound in ETS.
Environmental tobacco smoke is a complex, dynamic mixture of exhaled mainstream
smoke (that which is inhaled by the smoker through the unburned end of a cigarette, cigar
or pipe) and sidestream smoke (that emitted directly from the smoldering end of a
cigarette). Nicotine’s vapor preésure at room temperature is approximately 2 Pa (J_ordan,
1954; Lencka ez al., 1984), and it is present in airborne ETS almost entirely in the gas-
phése (Hammond et al., 1987, Eatough'et al., 1989a; Caka et al., 1990). Nicotine has been
widely used as a marker of ETS exposure because 1) combustion of tobacco products is
its only significant source in indoor air, 2) it is easy to detect (Eatough, 1993), and 3) it
has similar emission rates for different types of cigarettes (Leaderer and Hammond, 1991,
Daisey et al., 1994, 1998, Martin et al., 1997). However, the suitability of nicotine as a
marker for ETS has been questioned by some researchers because gas-phase nicotine
exhibits different indoor behavior patterns than do many other ETS constituents (Lofroth
et al., 1989; Lofroth, 1993a; Nelson et al., 1990; Nelson et al., 1992). Nevertheless,
Leaderer and Hammond (1991) found high correlations between nicotine and respifable
suspended particulate matter concentrations measured in residences. The debate over
nicotine’s utility as a marker remains unresolved. Elucidation of the factors affecting
nicotine concentrations in indoor environments would improve the basis for using nicotine
to assess ETS exposures.

| In a study of emissions of organic compounds in ETS by Daisey et al. (1994,
1998) a significant discrepancy was observed between the apparent emissions of nicotine
from sidestream smoke and from ETS. Sidestream smoke was collected from the air and
the walls of a 125 cm3 glass sampling chamber. ETS was sampled from the gas- and
airborne particle-phases, But not the surfaces, of a 20.m3 stainless steel environmental

test chamber. The nicotine emission factor obtained from the sidestream measurement
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was more than a factor of three greater than that obtained from the ETS measurement,
suggesting that a large fraction of the emitted nicotine quickly deposited on the stainless
steel surfaces of the énvironmental chamber.

Other investigators who have studied ETS in metal chambers (Leaderer and
Hammond, 1991; Nelson et al., 1990; Nelson et al., 1992) have reported emissions factors
for nicotine in ETS comparable to those reported by Daisey et al. (1994, 1998). These
other studies also noted that the gas-phase nicotine concentration in indoor air decreases
at a faster rate than can be attributed to ventilation alone. The decrease in the gas-phése :
concentrations of several other ETS components has been shown in laboratory chamber
studies to be approximately first-order in the component’s concentration (Nelson et al.,
1992; Baker et al., 1988). In contrast, nicotine’s concentration decreases rapidly for the
first 30-45 minutes following its emission before achieving a very slowly decaying plateau
(Baker and Proctor, 1990). This behavior more closely resembles a second order reaction.

The present investigation originated as an effort to resolve the disagreement
between nicotine emission factors calculated for ETS and undiluted sidestream smoke
(Daisey et al., 1994, 1998) and evolved into a consideration of the impact of‘sorption on
the dynamic behavior of SVOC:s in indoor air. Experiments were designed and conducted
to investigate the time-dependent concentration and fate of nicotine in a stainless steel
chamber. Gas-phase, particulate-phase, and sorbed-phaée measurements were made to
complete a mass balance on nicotine emitted into the chamber. Sorption dynamic models
were applied to the gas-phase data and refined to give better representations of the
observed trends. Equilibrium partitioning between the gas and sorbed phases was
measured in independent experiments. The resulting isotherm parameters were
incorporated into a nonlinear, reversible sorption model to reduce the number of fitted
model parameters to no more than two. The results of this study provide information
relevant to the use of nicotine as an ETS marker compound and contribute to our general

understanding of the dynamic behavior of SVOCs in indoor air.

— 16—



MATERIALS AND METHODS

Stainless Steel Test Chamber. Five experiments were conducted in an
environmental test chamber with a volume of 20 m3 and an internal surface area of 45.2
m? (see Figuré 2.1). All of the chamber’s internal surfaces were clad with Type 304
stainless- steel and the walls, floor, and ceiling were insulated with a 10-cm-thick layer of
high density polyurethane foam. The door and interior seams were sealed with low-
VOC-emitting silicone gasket material. Six 8-cm-diameter wall-mounted fans, aligned with
their axes parallel to the floor but at a 45° angle to the wall surface, circulated the air
during the experiments. The temperature and relative humidity (RH) inside the chamber -
| were uncontrolled, but fairly constant for all five experiments, at 23 + 3 °C and 55 + 10%,
respectively. Ventilation air, when provided, was passed through HEPA and granular
activated carbon (GAC) filters.

The chamber door was left open for at least 90 days pﬁor to each expériment to
allow reemission ahd natural ventilation through the door to eliminate any previously
sorbed nicotine. Several days prior to each experiment, the chamber interior was washed
with a 2% by volume aqueous solution of potassium hydroxide detergent (Kart-Klenz,
Calgon, City of Industry, CA). The detergent solution was applied with a sponge and
removed with a rubber window wiper. Then, the surfaces were rinsed twice, with tap
water and deionized water. Rinse water was removed with the window wiper, a wet-dry
vacuum, and clean cotton or paper towels. The chamber was then ventilated
continuously for at least two days, at approximately four air changes per hour, to allow
equilibraﬁon with t'he'humidity in outdoor air. The alkaline detergent was iﬁtended to
dec'rease sorption of nicotine on the stainless steel surfaces by consuming acidic
functionai groups that might react with nicotine’s basic moiety.

Experimental Protocol. Table 2.1 summarizes the five environmental chamber
experiments conducted in this stﬁdy. The first three experiments were designed to

investigate the dynamic behavior of nicotine in the stainless steel chamber, and each
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consisted of three stages. Figure 2.2 illustrates the approximate sequence of events that
occurred in these experiments. In the first stage, nicotine was pulse-injected into the
unventilated chamber and its concentration monitored. Before this stage, the ventilation
ducts and chamber door were sealed with duct tape to minimize infiltration.
Approximately three hours after nicotine emission began, the chamber was reentered for
approximately two minutes to remove the seals from the ducts and half of the stainless
steel foils from the walls for analysis. For the second stage, the chamber was then
resealed and ventilated with HEPA- and GAC-filtered air having a negligible particle and
VOC concenfration at 68 m3 h! for approximately two hours. During this period, the

“gas-phase was sampled to determine the nicotine mass removed by ventilation. Finally,
to begin the third stage, the chamber was reentered for two minutes to reseal the ducts;
then another two hours elapsed at the original low ventilation rate. The high ventilation
rate during the second stage cleared the room air of nicotine, so any nicotine detected
during the third stage would be due to reemission from chamber surfaces. The remaining .
wall-mounted stainless steel foils were removed from the chamber for analysis at the end
of the third stage.

The sealed-chamber infiltration rate was determined prior to the experiments by
tracer gas decay to be 0.15 m3 bl In the smoking experiment (2A), ventilation caused by
sampling was 0.23 m3 h-l., Thus, O, the total effective chamber ventilation rate was 0.38
m3 h-! during the first and third periods for the first run. For the second and third
experiments, ventilation due to sampling was 0.12 m3 h-1, so during the sealed stages, Q7
=0.27 m3 h-1. In experiments 2D and 2E, ventilation due to sampling was 0.006 ﬁ13 h-l,
s0 Qp=0.16 m3 h-1.

Equilibrium partitioning of nicotine between the gas-phase and the stainless steel
sorbed-phase was measured in the experiments 2D and 2E. After being ventilated and
washed, the chamber was sealed as described above for the duration of experiment 2D.

Once a day for four days, 10 mg of liquid nicotine was evaporated in the chamber as
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described below. After each addition of nicotine, the gas-phase concentration was
monitored for 6-8 hours, until an effective equilibrium concentration was achieved. The
measured concentration changed by less than 3% over a two—houf period within 5 hours
after emission. The sorbed mass in equilibrium with the measured concentration was
determined by subtracting the gas-phase mass and the estimated cumulative mass
removed by ventilation from the total mass injected.

Experiment 2E was conducted to verify recovefy of sorbed nicotine from the wglls
of the 20 m3 stainless steel chamber. The chamber was again ventilated, washed and
sealed as in the previous runs. Then 20 mg of nicotine was evaporated in the chamber and
allowed to equilibrate for 14 hours. After a gas-phase sample was collected to determine
the airborne mass, the chamber was entered énd one of several wall-mounted stainless
steel plates was removed and thermally desorbed as described below. The chamber was
resealed and allowed to equilibrate for another ten hours and then the gas- and sorbed-
phase were sampled again to check for reproducibility.

Nicotine emission methods. In experiment 2A, three cigarettes (Marlboro Class
A Filtered) were sequentially smoked using a cigarette smoking machine (Arthur D. Little,
Cambridge, MA). Sidestream smoke was emitted into the chamber while the ma_linstréam
smoke was \./ented to a fume hood outside of the room. Prior to smoking, the cigarettes
were conditioned at 60% relative humidity for more thaﬁ 72 houfs over a saturated .
aqueous solution of NaBr. Each cigarette burned for approximately 11 minutes starting at
0, 12, and 22 minutes, respectively, relative to the beginning of the experiment. The
smoking machine drew one 35 cm?3 puff every 60 seconds. The cﬁamber was entered for
about thi_xfy seconds after each cigarette to position the next cigarette to be smoked.

For experiments 2B and 2C pure liquid nicotine in a clean glass petfi dish was
placed on a preheated hot plate on the floor of the chamber. The masses used in each
experiment are listed in Table 2.1. The petri dish was prewashed with ethanolic

potassium hydroxide, rinsed with ethyl acetate containing 0.01% triethylamine by volume
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(EA/TEA) to reduce sorption of nicotine to the glass (Ogden et al., 1989), and dried under
a clean nitrogen gas stream. Nicotine visibly evaporated from the glass surface within two
minutes of the start of heating, and the electric current to the hot plate was shut off after
10 minutes. Heat emitted from the hot plate caused the chamber temperature to increase
slowly from 20 to 24 °C during the first phase of the experiment. After the experiment,
the petri dish was extracted with EA/TEA to estimate the mass of nicotine remaining on
the glass. Approximately 20% (3 or 8 mg out of approximately 15 or 40 mg initially
placed in the dish)) of the mass of nicotine placed on the petri dishes remained after each
experiment. The unvolatilized fraction was excluded from the emitted mass in-the kinetic
model and mass balance calculations for experiments 2B and 2C. The emitted mass values
reported in Table 2.1 reflect this correction.

In the two equilibrium experiments (2D and 2E), nicotine was also flash
evaporated. However, to avoid the need to repeatedly enter the chamber to inject
additional nicotine, a special evaporator unit was employed. This apparatus consisted of
a 0.53 cm inner diameter, 10-cm-long stainless steel tube mounted in a small aluminum
block heated by an electrical resistance cartridge heater (Chromalux). One end of the tube
was dpen to the chamber, and the other end was connected to a small fan which pushed
éhamber air through the tube at approximately 25 cm3 min-1. The entire unit was
mounted on the end of a 0.95 cm oﬁter diameter stainless steél tube which extended
approximately 75 cm into the chamber through a wall port. Immediately prior to each
nicotine injection, the unit was withdrawn from the chamber, loaded with nicotine at the
open end from an Eppendorf pipette.,-and quickly reinserted into the chamber. As this
process took less than one minute, evaporative losses of nicotine outside the chamber are
expected to be negligible. Once the evaporator unit was properly positioned, the current
to the heater cartridge and fan was turned on. Within five minutes the temperature of the
heater unit reached approximately 175 °C (as measured by a thermocouple) and remained

fairly steady until the heater current was shut off after approximately 15 minutes. The
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fan remained on until the unit was removed to prepare for the next injection. At the end
of the experiment, the stainless steel tube which held the liquid nicotine was thermally
desorbed at 275 °C while being flushed with dry helium at 100 cm3 min! for one hour.
The desorbed nicotine was collected on a multisorbent tube and analyzed by gas
chromatography-mass spectrometry. Less than 0.5 pg (out of a total of 40 mg injected)
was recovered.
Gas-Phase Sampling. Gas- and particulate-phase nicotine concentrations were
measured as a function of time in experiment 2A (ETS) using the newly-developed
annular denuder-based IOVPS system (Gundel et al., 1995). This épparatus consists of
~ two serial denuders coated with ground XAD-4 resin for the collection of gas-phase
nicotine followed by two 47-mm-diameter Teflon-coated glass fiber filters to collect
particle-phase nicotine. The second denuder in the sample chain was used to check for
gas-phase breakthrough and determine the collection efficiency of the denuders. The
second filter was coated with sodium bisulfate (Hammond et al., 1987) to collect nicotine | e
volatilized from filter-collected ETS pérticles. Only the gas-phase data were considered
in this study since less than 5% of the airborne nicotine mass was found in the particle- "
phase. Additionally, previously published studies (Eatough et al., 1989a; Hammond et
al., 1987; Caka et al., 1990) have indicated that approximately 95% of the airborne
nicotine mass in ETS exists in the gas-phase. The airborne particle-phase nicctine
concentration changed much more slowly than the gas-phase. A more thorough
investigation of dynamic partitioning of nicotine and other SVOCs between the gas- and
particle-phases is warranted but beyond.the scope of the current study.
After sampling, the IOVPS system was disassembled. Each denudef section was
filled with approximately 20 cm3 of EA/TEA, spiked with 27 pg of quinoline, and
sonicated in a 40 °C water bath. The EA/TEA extract was filtered, and the denuder was
extracted and filtered a second time with another volume of solvent. The EA/TEA

extracts were concentrated using a rotary evaporator (Brinkmann Rotavapor-R) and a 42
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°C water bath. Final sample volumes ranged from 150 to 700 uL.. The concentrates were
stored at -15 °C until they were analyzed. All samples from each experiment were
processed and analyzed within nine days of collection. Blanks were analyzed
concurrently with the chamber samples, and the results used to correct the corresponding
expeﬁméntal measurements.

In each of the kinetic experiments (2A-2C), gas-phase nicotine was collected by
XAD-4 (Alltech Associates, Inc., Deerfield, IL) resin sorbent tube samplers (SKC West
Inc., Fullerton, CA). In the ETS experiment (2A), the sorbent samplers followed an
open-face filter pack containing a 47 mm Teflon-coated glass fiber filter for the collection
of particle-phase nicotine. Filter packs were not used in the samplef chain for the pure
liquid nicotine experiments because the chamber was flushed prior to the experiment with
HEPA filtered air, and so the airborne particle concentration was expected to be nearly
zero. The sorbent tubes were placed in a freezer immediately after removal from the
chamber. To recover the sorbed nicotine, each tube was broken and its contents emptied
into a storage vial. The vial was spiked with 27 ug of quinoline, and the inside surfaces of
the tube were rinsed into the vial with 2 cm3 of EA/TEA. The vials were capped and
sonicated for 15 minutes. After sonication, the vials were stored at -15 °C until the
extracts were analyzed with a gas chromatograph equipped with a nitrogen-phosphorus
detector.

To determine whether nicotine in the stainless steél chamber decayed by
heterogeneous reaction, samples in experiments 2D and 2E were analyzed by gas
chromatography-mass spectrometry. Nicotine samples were collected on reusable,
commercially available multisorbent samplers (Part # ST032, Envirochem Inc.). These |
sample tubes were packed with glass beads at the inlet followed by Tenax-TA,
Ambersorb XE-340, and activated charcoal, in series (Hodgson and Girman, 1989).
Before each use, the samplers were cieaned and conditioned by heating them to 300 °C for

30 minutes with a helium purge flowing at 100 cm3 min-! in the reverse direction of
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sample collection. During sample collection, the tubes were mounted on the end of a 45
cm stainless steel tube which could be retracted from the chamber through a port in the
wall to exchange clean sample tubes for exposed ones. The stainless steel tube was
connected to a peristaltic pump outside of the chamber which sampled at 90-100 cm3
min-l. |

Measurement of the Mass-Tfansport-Limited Deposition Rate. Bisulfate-
coated filter sheets fnounted on the chamber walls were used to determine the mass-
transfer-limited deposition rate of nicotine. Four 400 cr.n2 Teflon-coated glass fiber filter
sheets (Pallflex Products Corporation, i’utnam, CT) were cleaned with ethyl acetate,
coated with an aqueous 4% NaHSO, solution, and air dried. These coated sheets were
framed with aluminum foil and mounted flat on the center of each chamber wall where
they passively collected nicotine by acid-base réaction to simulate irreversible wall
deposition losses. The coated filters were only used during experiment 2A (ETS).
However, since the air ﬂowr conditions were virtually identical in the all of the
exberiments, these data are also applicable to the other runs. Nicotine collected on these
sheets was protonated and thus not highly soluble in ethyl acetate. The filter sheets were
extracted with ethanol and aqueous 10N NaOH using a méthod similar to that outlined by
Hammond et al. (1987). |

Measurement of Nicotine Sorbed to Stainless Steel. To definitively close the
mass balaﬁce for nicotine in the chamber, it was necessary to measure the mass sorbed on
stainless-steel surfaces. A solvent extraction method using EA/TEA extraction of
stainless steel foils mounted in the chamber during experiments 2A-2C recovered only
éO% of the expected sorbed nicotine mass. Consequently, a second method was
developed in which sorbed nicotine was captured following thermal desorption of
stainless steel surfaces. This technique was applied to experiments conducted in both a
67 L stainless steel chamber and in the 20 m3 chamber. The smaller chamber permitted us

to test the hypothesis that sorbed nicotine could be thermally desorbed and recovered,
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thereby achieving mass balance closure, while controlling system variables more easily
than in the full-sized qhamber.

The 67 L chamber was cylindrical with a 1.0 m2 surface area and was constructed
of Type 304 stainless steel. One end of the cylinder could be removed to access the
interior. During operation, this lid was secured by a circular bracket which compressed a
low-VOC-emitting silicone rubber gasket to provide an airtight seal. The gasket was
wrapped in aluminum foil and recessed in a groove on the lid so that thé total gasket area
exposed to the chamber interior was less than 1 cm2. The chamber was operated inside a
wooden cabinet maintained at 25 + 1 °C by circulating water from a constant temperature
bath through copper tubing mounted inside the cabinet. A relative humidity of 50 + 5%
was maintained at the chamber inlet by passing one half of the flow of nifrogen from a
compressed gas cylinder through a water bubbler immersed in the constant temperature
bath. Four 100-W electrical resistance cartridge heaters (Chromalux) were mounted in
heating blocks attached to the outer surface of the chamber. The cartridge heaters were
controlled by an electrical contact thermostat (Thermoswitch model 17000, Fenwal).
This heating system permitted elevating the chamber temperature to 100 + 15 °C.

For thermal desorption experiments in the small chamber, the chamber was
preconditioned by flushing it with at least 30 chamber volumes of nitrogen gas at 25 °C
and 50% RH. Then 1 mg of liquid nicotine was injected with a syringe through a port
into the chamber and allowed to equilibrate at 25 C After four hours, a gas-phése
sample was collected on a multisorbent tube at 100 cm3 min-! for 20 minutes. During
sampling, the chamber inlet valve was open so that gas removed by the sample pump was
replaced with 50% RH nitrogen gas from the stream flowing past the inlet, and the |
chamber pressure remained constént at approximately 1 atm. The inlet and sample ports
were positioned on opposite ends of the chamber to reduce sample dilution due to
incomplete mixing. After sample collection, the chamber was heated to 100 °C and

flushed with clean, dry nitrogen gas at 5 L min-! for 3 to 5 hours. A multisorbent tube
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sampled at approximately 3 cm3 min-! from this flushing flow at the chamber outlet
throughout the heating and flushing procedure to quantify the nicotine mass remaining in
the chamber. The product of the mass collected on this sample tube and the ratio of the
flushing volume to the Sample volume minus the product of the chamber volume and the
gas-phase concentration at 25 °C gave the total mass collected from the sorbed-phase.

In experiment 2E in the 20 m3 chamber, sorbed-phase samples were collected on
15 cm X 15 cm plates of 304 stainless steel mounted on the chamber walls with adhesive
tape. These samplers were thermally desorbed using a custom designed apparatus. The
desorber consisted of a 15 cm square x 2.5 cm thick aluminum heater block which had a
13 cm x 13 cm X 1 cm-deep depression in one face. To recover sorbed-phase nicotine, a
plate was clamped between a piece of plywood and the aluminum heater block with the
exposed plate surface facing the depression on the heater unit. Two layers of TeflonT™
tape applied along the contact edges of the heater block ensured an airtight seal. The
block was heated with two electrical resistance cartridge heaters (Chromalux) and its
temperature was controlled to 130 £ 5 °C with an electrical contact thermostat
(Thermoswitch model 17000, Fenwal). The sample plate was heated indirectly by
contact with the heater block. A sample port in the center of the heater block allowed
sampling of the volume enclosed by the heater block and sample plate. This volume was
swept with clean dry nitrogen gas from Tedlarﬁ bags connected to gas inlet ports at each
corner of the aluminum block by TeflonT™™ tubing. The sample was collected on a
multisorbent tube through the center port with a peristaltic pump at approximately 30
cm3 min-! for approximately 5 hours. In this manner, the volume of the thermal
desorption apparatus was flushed more than 50 times. For samples expected to have
more than 600 ng of nicotine, another pump withdrew gas an4d discarded it from a second
port in the center of the heater to prevent the sample size from exceeding the capacity of
the analysis system. The sorbed mass was calculated as the product of the collected mass

and the ratio of the total volume removed by the pumps to the sample volume.
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Sample Analysis. Ethyl acetate sample extracts of the gas- and sorbed- phase
samples collected in experiments 2A-2C were analyzed using a gas chromatograph (GC)
(Shimadzu Corporation, Kyoto, Japan) equipped with a thermionic nitrogen-
phosphorous detector (Detector Engineering Technology, Walnut Creek, CA). Signal
peaks were plotted and integrated on a Shimadzu Chromatopac C-R3A data processor.
Nicotine and quinoline peak area responses were calibrated using standards prepared in
EA/TEA. External nicotine and quinoline standards were injected periodically between
samples to obtain a drift correction for the nicotine and quinoline response factors. A
linear regression analysis of the response factors was performed for each day of analysis
and factored into nicotine and quinoline mass calculations for all injected samples. The
calculated mass of nicotine recovered from each solvent extracted sample was corrected
for losses in the extraction and sample handling process by scaling the determined mass
by the inverse of the fractional quinoline recovery for that sample. For all samples, this
correction factor was in the range 0.8-1.25.

The analytical procedures for organic compounds collected on multisorbent
samplers have previously been described (Hodgson and Girman, 1989). In brief, a sample
with an added internal standard is thermally desorbed from a sampler, concentrated and
introduced into a capillary GC with a sample concentrating and inletting system
(UNACON Model 810) and a thermal desorption system (Model 8916 Multiple Tube
Desorber, Envirochem, Inc.). This instrument concentrates the sample using dual
sequential traps. Sample components are resolved with a GC (Model 5890 Series II,
Hewlett Packard Co.) equipped with liquid nitrogen subambient cooling and a 30 m x
0.25 mm ID x 1.0-pm thick film fused-silica capillary column (Rtx-5, Restek Corp.). The
GC is connected via a direct capillary interface to a mass selective detector (MSD Series
5970B, Hewlett Packard Co.) equipped with peak analysis and identification software
(MS ChemsStation software, Hewlett Packard Co.). The MSD is mass tuned using

perfluorotributylamine. It was operated to scan an ion mass/charge range (m/z) from 33
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to 300. For nicotine, the two dominant mass ions (84 and 133) were chosen as
quantitative ions. The peak areas of these target mass ions were integrated using the
MSD software. Calibration regression lines were generated by analyzing Tenax TA
cartridges spiked with known volumes of nicotine in methanol containing 0.01% TEA.
The calibration curve was linear ﬁp to approximately 450 ng total injected mass.
However, the regression line had a negative intercept indicating a possible loss of

approximately 30 ng of nicotine per sample in the desorption system.

MODELING
Reversible Sorption “2-Box” Model. Dynamic sorption systems in which a
single sink interacts with the gas-phase under well-mixed conditions in a fixed-volume

chamber can be described generically with the following mass balance equations:

gas-phase: %=§+AV’T(CO—C)—§J _ 2.1)

sorbed-phase: | E—Ai = ' (2.2)

where C is the gas-phase concentration in the chamber (mg m'j"), V is the chamber volume
(m3), t is time (h), E is the pollutaﬁt emission rate (mg h-1), A, is the total chamber air
exchange rate (h-1), C, is the concentration in the ventilation air (mg m3), S is the chamber
internal surface area (m?), J is the net flux to chamber surfaces (mg m2 b1, />0 for
transport to the surface), and M is the sorbed mass density (mg m-2). The kinetics of the
deposition and reemission processes are defined by the specific functional form used for
~J. Atequilibrium there is no net flux to the surface, so /= 0. This relationship permits
the use of equilibrium data to reduce the number of independent kinetic parameters as
shown below.

Nonlinear Reversible Sorption Models. Nonlinear equilibrium partitioning

between the gas- and sorbed- phases has been observed previously for interactions of
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some VOCs with indoor surfaces (Borrazzo et al., 1993). For sorption systems in which
equilibrium is described by a nonlinear isotherm, nonlinearity must also be exhibited in the
kinetics of adsorption and/or desorption. Assuming that the adsorption and desorption

rates take a power-law functional form, the net flux to the surface becomes

J=k,C" —kzM™ (2.3)

where k, and k; are adsorption and desorption rate constants (mgl_"“ m>e~2 h! and
]-—-nd 2ng~2 1 -1 . . .
mg m h™", respectively) and n, and n; are dimensionless constants. By

incorporating equation 2.3 into equatioris 2.1 and 2.2, the governing equations for this

model become
dC E S
=7t AV,T(CO -C)- V(kac”a - de”d) (2.4)
‘Z—Aj =k,C" —ky;M"™ (2.5

Tichenor et al. (1991) achieved a very good fit to data from an experiment with VOC
emissions from wood stain in an indoor air quality test house using this model with a
linear adsorption rate (n, = 1). However, there is no clear basis on which to establish n,,
=1 a priori. The current study applies this model both with n, = 1 and with n, as an
adjustable parameter. The equilibrium isotherm for this model is derived by setting J =0
in equation 2.3:

M=KC" (2.6)

where

1
n= ’%d and K = [%)A" 2.7)

K and n are determined empirically from independent equilibrium experiments and then

used to reduce the number of adjustable parameters in the kinetic model.
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Tichenor et al. (1991), while noting the excellent fit that this model gives for their
data (with n, = 1), state that it is not as well based in theory because the Freundlich
isotherm (equation 2.6) is an empirical equation. However, the Freundlich isotherm does

have a theoretical foundation if the surface sites are assumed to have an exponential

distribution of sorption energies:

N(Q)= a[e(Q/RT )_ 1]_6 : | (2.8)

~ where N(Q) is the frequency of sites with sorption energy O, R and T are the gas constant
and Kelvin temperature, and a and ¢ are constants (Cooney, 1990). The Freundlich
isotherm 1s widely used to descnbe sorption equilibrium in environmental systems with
heterogeneous surfaces (Lin et al., 1996). Although stainlegs steel is superficially a
ﬁomogeneous material, significant héterogeneity likely exists at the atomic scale. Also,
over time, stainless steel slowly oxidizes which may further contribute to surface
heterogeneity. -

Initial Conditions and Model Fitting Protocol. The initial conditions differed
slightly among experiments due to differences in the nicotine emission method. These
values and those for the other constant parameters used in the models are presented in
Table 2.. 1. For each of the experiments, the chamber was assumed to be éompletely free
of nicotine at the beginning of the run. In the ETS experiment (2A), nicoting was modeled
as being emitted continuously during the first 32 minutes at a constant rate calculated
from the sidestream emission factor for nicotine from cigarettes (Daisey et al., 1994,
1998). The results of the liquid nicotine flash evaporation experiments (2B and 2C) were
modeled by assuming that all of the emitted nicotine was instantly vaporized and well
mixed fhroughout the chamber. Using the parameters in Table 2.1, equations 2.4 and 2.5
were ihtegrated using a fourth-order Runge-Kutta scheme described by Press et al. (1986).

The best fit model parameters and simulations discussed in the following section were
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‘obtained by minimizing the sum of the absolute values of the relative error between model
predictions and experimental concentration data individually for each kinetic experiment

(2A, 2B, and 2C).

RESULTS AND DISCUSSION

The equilibrium data from experiments 2D and 2E are shown in Figure 2.3. As the
figure shows, the equilibrium partitioning is nonlinear, énd the Freundlich isotherm
(equation 2.6) fits the data well. Table 2.2 (nbte a) lists the Freundlich isotherm |
parameters for these data. The results of the three kinetic experiments (2A-2C), which
were all qualitatively similar, are shown in Figures 2.4-2.6. The data from these runs are
tabulated in Tables 2.3-2.5. Figure 2.4 includes the best fit fully nonlinear sorption
model predictions for gas- and. sorbed-phase nicotine from the ETS experiment. Figures
2.5 and 2.6 show best fit rﬁodel predictions for both nonlinear reversible sorption models
described above (equations 2.4 and 2.5). The model parameters for the best fits to the
data from experiments 2A-2C are listed in Table 2.2.

In experiments 2B and 2C (Figures 2.5 and 2.6), the gas-phase nicotiné
concentration rapidly decayed from its maximum to a plateau within approximately 45
minutes. Measurable nicotine was still detected after the chamber was flushed at 3.4 air
changes per hour fcr two hours, although at a significantly lower concentration than that
measured prior‘to chamber ventilation. The initial gas-phase concentration decay shown
in Figures 2.4 experiments 2A with ETS is somewhat slower. The slower gas-phase
concentration decay in the ETS experiment is likely due to competitive sorption of other
ETS constituents on the stainless steel chamber surfaces. The best-fit kinetic parameters
listed in Table 2.2 support this hypothesis. The value for &, calculated from the
nonlinear desorption model fit to the experiment 2A data is almost a factor of 3 smaller

than the val_ues for experiments 2B and 2C. The observed trends in gas-phase nicotine
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decay rates in these chamber experiments are qualitatively similar to chamber experiment
data discussed in a recent review of ETS exposure studies (Eatough, 1993).

As Figures 2.5 and 2.6 show, the fullyvnonlinear model generates a good fit to the
gas-phase data collected during the first three hours of the clean chamber-liquid nicotine
experiments with the chamber operated in low air-exchange rate mode. The nonlinear
adsorption model fits the data for the first 30 to 50 minutes of each experiment, but
vunderpre‘dicts the concentration for the remainder of the runs. The fully nonlinear quel
vpgrformed comparably in the ETS experiment (2A). After the high air-exchange rate
phase of the experiments, both nonlinear models pefformed reasonably well in the clean
chamber experiments. However, Quﬁng the Qentilation lphase, both models ﬁnderpredict
the gas-phase concentration. This discrepancy may be caused by a fraction of the
stainless steel-sorbed nicotine being held less tightly than the reét of the sorbed mass.
This loqsely sorbed mass rﬁay be reemitted more quickly than the model predicts, leading
to an elevated measured édncehtration during ventilation. If this hypothesis were true, a
longer ventilation phase would allow the labile sorbed mass to be removed; and.the
measured gas-phase concentration might more closely agree with thé predicted values.
Also note that the concentration axes in Figures 2.4-2.6 use log coordinates which tend to
émphasize relative model-measurement discrepancies. The absolute disagreement
between the model and measurements during the high air-exchange rate periods is very
small cbmpared to the peak concentration in the chamber.

Development of the Investigation. In the initial phase of this research, we
struggled to understand the large discrepancy between nicotine emission factors for
sidestream smoke and ETS. Our initial attempts to quantitatively close the nicotine
material balance with ETS in experiment 2A were unsuccessful. This fact, combined with
the failure of a linear reversible sorption model (Tichenor et al., 1991) to accurately
predict the nicotine concentration in the chamber after it was ventiIated, led us to simplify

the system in subsequent experiments by eliminating other ETS constituents to reduce
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the availability of reactants that might consume emitted nicotine. Additionally, we
standardized the chamber surface pretreatment protocol to allow better characterization
of the chamber initial conditions. Repetition of experiment 2A with nicotine emission by
flash evaporation instead of cigarette combustion in experiments 2B and 2C gave
qualitatively similar results. In all three experiments, solvent extraction of wall-mounted
stainless steel foils failed to yield mass closure. Approximately 80% of the nicotine that
should have been sorbed to the walls was not detected.

Several possible explanations were considered for these results. The solvent
extraction procedure for the stainless steel foils was tested by spiking foils with nicotine
in an EA/TEA standard solution. These tests indicated that better than 85% recovery
was possibl.e using solvent extraction. However, this test may have been flawed because
of the presence of TEA which could have hindered sorption of nicotine to the foils in the
same way it reduces nicotine loss from solution to glass surfaces. Alternative models for
nicotine interactions with the stainless steel surfaces were hypothesized and applied to
the data. The proposed mechanisms, described in detail elsewhere (Van Loy et al., 1996),
included irreversible sorption with first-order, second-order, and Langmuir kinetics and a
surface-catalyzed reaction coupled to nonlineaf sorption.

None of these potential explanations adeqilately resolved the differences between
model predictions and experimental observations. Gas- and sorbed-phase samples from
experiments 2D and 2E were analyzed by GC-MS to check for products of degradation of
nicotine by heterogeneous or homogenéous reactions. No significant masses of nitrogen
containing compounds other than nicotine were observed. |

Mass Balance. After failing to account for the missing nicotine through several
experimental and modeling tests, we returned to the hypothesis that our chemical
extraction procedure was inadequate to quantitatively remove sorbed nicotine from the
foils. Substantial loss of nicotine from the foils during the time between their removal

from the chamber and the beginning of the extraction procedure is improbable. The foils
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were exposed to air for less than 15 minutes before immersion in EA/TEA, and our model
predictions indicate that less than 5% of the sorbed nicotine would have been lost during
this period. Three possible explanations for the failure of our solvent extraction method
are 1) the free energy of the nicotine-stainless steel surface complex is more favorable than
that of nicotine solvated in TEA/EA, 2) the activation energy for desorption of sorbed
nicotine into solution is prohibitively high, or 3) the stainless steel foils did not accurately
represent the chamber surfaces due to oxidation of the aged chamber surfaces relative to
the newer foils. |

Experiments conducted in the small stainless steel chamber indicated that thermal
desorption held greater promise of high nicotine recoveries than did solvent extraction. In
two thermal desorption experiments, more than 850 ug of an initial 1 mg injection was
recovered after 4 hours of heating to 100 °C while flushing the small chamber with dry 4
nitrogen._ Based on our success at recovering nicotine from the small chamber, sorbed
nicotine in the 20 m3 chamber was recovered from wall mounted stainless steel plates '
using the thermal desorption apparatus. In this manner, approximately 80% of the mass
calculated to be sorbed to the exposed plate area in experiment 2E was recovered, a
significant improvement over the 15% recovery obtained for extraction of the wall
mounted foils with EA/TEA in experiments 2A-2C. The isotherm nonlinearity might
explain the remaining 15 to 20% of the originally emitted nicotine unrecovered by thermal
desorption in experiment 2E. For a Freundlich isotherm with n less than 1, the free
energy of adsorption increases as surface coverage decreases. Thus, the final fraction of
nicotine to desorb from the stainless steel is held very tightly. Perhaps heating the
surface to a higher temperature or for a longer period might liberate this last fraction of
sorbed nicotine. Alternatively, the unaccounted mass may have been sorbed on extremely

labile sites on the stainless steel. Because sampling during the chamber ventilation phase

did not start until 60 minutes after the start of ventilation, this mass could have been
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released as an undetected pulse of relatively high concentration in the period immediately

following the start of the high air-exchange rate phase.

Mass-Transport-Limited Deposition. Data from the NaHSOy-treated filter
sheets collected during the ETS run (experiment 2A) were used to determine the mass-
transport-limited deposition velocity (v,) using the approach described by Nazaroff ez al.

(1993a). This parameter was computed from the experimental data using the expression

- Mr
s AFtsCave @9)

where Mp, Af, t;, and C,,,, are the nicotine mass collected on the filter (ug), the filter area
(m?2), the duration of the sampling period (h), and the average gas-phase concentration (jLg
m-3), respectively. The calculated value, v, = 4.0m h-1, is similar to reported values for
mass-transport-limited deposition of gases indoors (Cano-Ruiz et al., 1993). The acid-
base chemistry involved in the reaction of nicotine with the NaHSO, coated filters is fast
and irreversible. Thus, the rate at which air motion delivered nicotine to the filter surface
determined the rate of uptake, and v, is an upper bound on v, the rate at which nicotine

deposits from the gas-phase onto chamber surfaces.

CONCLUSIONS

Previous investigators have shown that the linear reversible sorption model
described by Tichenor et al. (1991) correctly captures the dynamics of VOC sorption on
indoor materials. However, that model failed in the current study when it was applied to
a less volatile compound and when the gas-phase concentration was varied over a large
range. An improved dynamic model of indoor pollutant-surface interactions incorporates
nonlinear equilibrium partitioning as described by the Freundlich isotherm. Despite the
extra adjustable parameters introduced by such a model, the number of free variables was
reduced by independently measuring the isotherm and incorporating these data into the

model fit. It may be useful to study SVOC-surface interactions in small-scale
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experimenté to determine the equilibrium partitioning parameters independently before

conducting full-scale dynamic studies.
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Figure 2.1.  Schematic diagram of 20 m3 stainless steel environmental test chamber
configuration used in empty chamber nicotine experiments. The integrated
organic vapor-particle sampler system was used only in experiment 2A.
The nicotine source was three machine-smoked cigarettes in experiment
2A. Liquid nicotine was flash evaporated from a glass petri dish on a hot
plate in experiments 2B and 2C and from a stainless steel tube in an

aluminum heater block in experiments 2D and 2E.
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Figure 2.2. Representative chronology for kinetic nicotine-stainless steel experiments.
The nicotine emission method was cigarette smoking which started at t = 0
and continued for 32 minutes in experiment 2A and flash (instantaneous)

evaporation of liquid nicotine in experiments 2B and 2C.
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Experimental data, estimated errors, and nonlinear model predictions for
gas-phase concentration and sorbed-phase density for nicotine as a
function of time in experiment 2C. The lengths of the horizontal bars and
their positions relative to the time axis in panel B indicate the duration and
timing of XAD-4 sorbent tube samples. Gas-phase sample data for this

experiment are listed in Table 2.5.
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TABLES

Table 2.1. Sumfnary of experimental parameters and kinetic model initial conditions

for experiments 2A-2E

Nicotine emission method

Three Liquid Liquid Liquid Liquid

cigarettes Evap. Evap. Evap. ~  Evap.
Experiment 2A 2B . - 2C 2Db 2E
number
Sealed flow rate 038 - 0.27 0.27 0.16 0.16
@p),m3hl
Nicotine mass ~15 12.5 33 402 20
emitted, mg ‘
Duration of 32 ob - 0b ob ob
emission,‘ min.
Kinetic model
initial conditions
Cinir, mg m-3 0 0.62 1.65
Minir, mg m2 0 0 0

@ Nicotine was injeéted in 10 mg increments once a day for 4 days during experiment 2D.

b Emission occurred by flash evaporation, so emission duration was very short (< 1 min.)
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Table 2.2.  Best fit model parameters for fits of linear and nonlinear reversible

sorption models? to kinetic data from experiments 2A, 2B, and 2C.

Experiment number 2A 2B 2C
Linear Deposition/Nonlinear Reemission?

na () 176 176 176
kg (m h1) 0.62 1.67 1.45
kg (mg!™"d m2"d =1l 0.041 0.11 0.095
Nonlinear Deposition and Reemission®

ng (no units) 1.22 1.68 1.47
ng (no units) 2.15 2.96 2.59
ka (mg!™"a m¥a=2 g1y 0.81 3.50 2.52
kg (mg!™"d m?"d =2y 0.029 0.035 0.029

2 Nonlinear model fits are based on the Freundlich isotherm determined in experiments 2D and 2E: M =

4.69 C0-57 where M is mass sorbed per surface area (mg m"2) and C is gas-phase concentration (mg

m-3).

b Defined by equations 2.4 and 2.5 with n; = 1. The Freundlich isotherm parameters were obtained

independently in experiments 2D and 2E, so only one adjustable parameter was used in the model fits.

See Appendix A for discussion of how the model parameters were obtained from the experimental data.

¢ Defined by equations 2.4 and 2.5 with both n, and n4 adjustable. The Freundlich isotherm parameters

were obtained independently in experiments 2D and 2E, so two adjustable parameters were used in the

model fits. See Appendix A for discussion of how the model parameters were obtained from the

experimental data.
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Table 2.3 Gas-phase nicotine sample data from experiment 2A (ETS).

‘ Sample Sample - Measured Modeled
Sample Start Time, End Time, Concentration®?, Concentration,
Numbera minutes minutes pg m3 pgm3

1 11 21 261 315

2 11 189 - 190 177

3 22 v 32 407 466

4 33 43 455 448

95 90 - 110 128 ' 119

6 169 189 T4 36

7 250 310 5.0 1.5

8 430 490 10 ' 7.1

2 Sample numbers corfespond to the data labels in Figure 2.4.

b Errors in measured concentrations are approximately 15% of the reported values.
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Table 2.4 Gas-phase nicotine sample data from experiment 2B (12.5 mg of nicotine).

Sample Sample Measured Modeled
Sample Start Time, End Time, Concentration?, Concentration¢,

Number2 minutes minutes pg m3 pg m3

1 6 15 354 296

2 16 26 120 178

3 27 47 52 105.

4 48 68 62 63

5 80 110 44 35

6 111 170 29 22

7 230 290 6.5 0.72

8 350 - 410 6.3 2.6

2 Sample numbers correspond to the data labels in Figure 2.5.
b Errors in measured concentrations are approximately 15% of the reported values.

€ Model predictions are based on the best fit to the data with fully nonlinear model (equation 2.4 and 2.5

using the parameters listed in Table 2.2.
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Table 2.5 Gas-phase nicotine sample data from experiment 2C (33 mg of nicotine).

Sample Sample Measured Modeled
Sample Start Time, End Time, Concentration®’, Concentration®,
Number? minutes minutes pg m-3 ug m-3
1 ‘ 5 10 1040 1008
2 11 16 636 725
3 17 27 , 515 _ 494
4 28 43 269 301 °
5 45 65 177 175
6 71 101.5 139 96
7 105 135 75 63
8 145 190 | 49 46
9 250 310 21 - 7.0
10 370 436 21 24

Sample numbers correspond to the data labels in Figure 2.6.
Errors in measured concentrations are approximately 15% of the reported values.

€ Model predictions are based on the best fit to the data with fully nonlinear model (equation 2.4 and 2.5

using the parameters listed in Table 2.2.
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Chapter 3. Interactions of Nicotine and
Phenanthrene with Carpet and Painted
Wallboard in a Stainless Steel Test
Chamber

ABSTRACT

To better understand factors affecting the fate of gas-phase semivolatile organic
-compounds (SVOCs) in indoor environments, the surface interactions of nicotine and
phenanthrene with carpet and painted wallboard were investigated in a room-sized
stainless steel environmental test chamber. Nicotine is a major component of
environmental tobacco smoke (ETS) and is widely used as a marker to estimate human
expostires to ETS. Phenanthrene is a polycyclic aromatic hydrocarbon (PAH) commonly
found in both the gas and condensed phases in the atmosphere and typically emitted by
incomplete combustion processes. Little is known about the gas-phase interactions of
SVOCs with indoor surface materials. In this study, a known mass of each tested SVOC
was individually flash evaporated into a sealed 20 m3 chamber containing a sample of one
of the tested sorbents. The gas-phase concentration was monitored until the rate of gas-
phase concentrat:ion decrease was less than 0.5% day-!. This process was repeated
several times for each sorbate-sorbent pair to characterize sorption kinetics under varying
initial conditions. Then, the chamber was alternately ventilated and resealed to monitor
reemission of sorbed SVOC from the sorbent material.

The experimental results were analyzed using a model coupling surface sorption
kinetics with diffusion into the bulk of the sorbent. The sorption capacities of wallboard
and carpet for the two SVOCs were from 2 to 4 orders of magnitude larger than those for
stainless steel. Both sorbents had a stronger affinity for nicotine than for phenanthrene.
The results of this study will facilitate more accurate assessment of indoor SVOC

concentrations under transient or noncontinuous emission conditions.
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INTRODUCTION

Organic compounds are an important class of indoor air pollutants. As such, a
significant body of research has focused on factors affecting concentrations and
persistence of these cohtaminants in indoor environments. However, much of the existing
indoor air research has been directed at low molecular weight organic contaminants
comm.only known as volatile organic compounds or VOCs. Higher molecular weight
organic compounds With vapor pressures between 10-6 and 10 Pa at ambient
temperatures are generally classified as semivolatile organic compounds (SVQCS)
(Bidleman, 1988). Relatively few studies have focused on these pollutants in indoor air,
probably because of the difficulties associated with sampling and analysis of lower-
volatility compounds. Low vapor pressures stroﬁgly favor condensed phases, so SVOCs
aré expected to interact strongly with surfaces, readily sorbing on many materials found
inside buildings. The importance of this phenomenon has been demonstrated for a range
of more volatile compounds such as benzene, trichloroethylene, and ethanol (Matthews et
al., 1987; Tichenor et al., 1991; Borrazzo et al., 1993; Colombo et al., 1993; Jargensen et
al., 1993; Nerc;t\nieks et al., 1993; De Bortoli et al., 1996; Kjaer et al., 1996). Sofption and
desorption may have an even greater impact for SVOCs because of their greater affinity
for condensed phases. Most buildings have a large surface area-to-volume ratio, so
surface interactions can significantly affect the dynamic behavior of sorbing contaminants
(Seifert and Schmahl, 1987). Additionally, because reversibly sorbed compounds slowly
reenter the gas-phase through desorption from surfaces (Jergensen ef al., 1993), occupant
exposures to these contaminants may occur long after eliminatién of sources. Thus,
accurate knowledge about the dynamic behavior and surface interactions of SVOCs
_ indoors is important for assessing and mitigating health risks from inhalation of indoor air,
as well as for improving occupant comfort (Guo et al., 1990; Guo, 1993; Sparks et al.,

1993).
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Nicotine (C10H14N3, molecular weight = 162.24 g mol-!) is the most prevalent
constituent of environmental tobacco smoke (ETS). Its vapor pressure at room
temperature is approximately 2 Pa (Jordan, 1954; Lencka, 1984), and it is present in ETS
almost entirely in the gas-phase (Eatough ef al., 1989a; Eatough et al., 1989b; Hammond
et al., 1987). ETS includes exhaled mainstream smoke and diluted sidestream smoke from
the burning tip of a cigareﬁe. Approximately 300 to 400 individual compounds have been
identified and measured in ETS (Eatough et al., 1989b; Baker and Proctor, 1990).
Mainstream smoke is known to contain over 4000 compounds, variably distributed
between the gas- and particulate-phases (Eatough ef al., 1989b; Leaderer and Hammond,
1991; Daisey et al., 1994, 1998). ETS has been identified as a human carcinogen
(USEPA, 1992; California EPA, 1997), and there is now evidence that it is also a cause of
heart disease (Steenland, 1992; Glantz and Parmley, 1995; California EPA, 1997).
Because of the complexity of ETS and its adverse health effects (IARC, 1985; NRC,
1986), it would be convenient to have marker compounds that could be used for
measuring human exposure to ETS (Eatough et al., 1989b). |

Nicotine has been widely used as a marker of ETS because it is specific to and a
major constituent of ETS, it is easy to detect (Eatough, 1993), and it has similar emission
rates for different types of cigarettes (Leaderer and Hammond, 1991; Daisey et al., 1994,
1998). However, the suitability of nicotine as a marker for ETS has been questioned by
some researchers because gas-phase nicotine exhibits different indoor dynamic behavior
than do many other ETS constituents (Léfroth et al., 1989, Nelsoﬁ et al.,, 1990; Nelson ét

Aal., 1992; Lofroth, 1993a; Ogden, 1996). Nevertheless, Leaderer and Hammond (1991)
found high correlations between nicotine and respirable suspended particulate matter
concentrations measured in residences, and Hammond et al. (1987) showed a close
relationship between the enforcement of smoking restrictions in work places and nicotine
concentrations. The debate over nicotine's utility as a marker remains unresolved.

Elucidation of the factors affecting nicotine concentrations in indoor environments would
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- improve the basis for using nicotine to assess ETS exposures. Additionally, because of
nicotine's polar functional groups, it may be a useful surrogate for other SVOCs with
similar moieties, such as amines, carbonyls, and organic acids, which generally have lower
odor and irritation thresholds than nonpolar compounds (Zhang et al., 1996).

Phenanthrene (C14H}0, molecular weight = 178.24 g mol-1) is a 3-ring polycyclic
aromatic hydrocarbon (PAH) with a vapor pressure of approximately 0.1 Pa at 300 K -

“(Jordan, 1954). Itis present in ETS as a relatively minor constituent and in emissions
from other incomplete combustion sources. Phenanthrene is not a known human
carcinogen, but its behavior is representative of other condensible, potentially
carcinogenic PAHs and other nonpolar SVOCs. Additionally, phenanthrene is relatively
stable to chemical decay in indoor environments, so its long-term behavior may be
representative of other non-PAH SVOCs with high molecular weights, such as
polychlorinated biphenyls (PCBs); pesticides; and dioxins, whose interactions with
surfaces may depend more on physical sorption than on chemical interactions.

Chapter 2 describes the interactions of nicotine with the interior surfaces of the
stainless steel chamber used in the current study. The results of that investigation
indicate that nicotine interacts strongly with stainless steel, with greater than 85% of the

: |
emitted mass sorbed to the internal surfaces of a 20 m3 stainless steel chamber at
equilibrium at 20° C. In these experiments 15 to 45 mg of nicotine were emitted into the
chamber. Because of the nonlinearity of the nicotine-stainless steel isotherm, the fraction
of the mass sorbed to the walls depends on the total mass efnitfed. Gas-phase and
sorbed-phase measurements were made to complete a mass balance on nicotine emitted in
the chamber. Sorptibn dynamic models were applied to the gas-phase data and refined to
give better representations of the observed time-dependent behavior. Equilibrium
partitioning between the gas and sorbed phases was measured in independent
experiments. The resulting isotherm i)arameters were incorporated into a nonlinear,

reversible sorption model to reduce the number of fitted model parameters to no more
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than two. This model has also been applied to phenanthrene-stainless steel sorption data
- collected in the current investigation to facilitate correction for sorbate interactions with
the chamber surfaces during experiments on the other tested sorbents.

Several mathematical models have been proposed to describe the mechanisms of
gas-phase volatile organic compound sorption on indoor materials (Dunn and Tichenor,
1988; Colombo et al., 1993; Axley and Lorenzetti, 1993; Dunn and Chen, 1993; Sollinger
et al., 1993; Sollinger et al., 1994; Little et al., 1994; Little and Hodgson, 1996; Sparks et
al., 1996). While smooth, nonporous materials such as stainless steel fequire
consideration only of sorption processes occurring at the air-sorbent interface, most
indoor surface materials are not as simple as stainless steel. Materials such as carpet,
wallboard, upholstery fabric, draperies, and pillow and cushion filling are far more
complex. For these materials, a preponderance of the available sorption capacity likely
resides some distance from the air-sorbent interface where it is accessible only by
diffusion through a finite thickness of the bulk sorbent. To accurately model these
systems, the impact of diffusion into the sorbent material must be considered in addition
to the mass transport limitation for gas-phase diffusion across the air-surface boundary
layer and any chemical activation barrier to adsorption at the sufface.

| In this chapter, the experimental approach described in Chapter 2 for nicotine
sorption on stainless steel was applied in five sets of experiments to investigate the
sorption dynamics for each of the following sorbent-sorbate pairs: nicotine-carpet,
nicotine-painted wallboard, phenanthrene-stainless steel, phenanthrene-carpet, and
phenanthrene-painted wallboard. The dynamic behavior of each tested SVOC with each
sorbent was measured in a sealed environmental chamber with a very low air-exchange
rate for a period of 16-155 days. The gas-phase concentration was monitored during and
following several flash evaporations of the tested compound. After several cycles of
SVOC emission and uptake by the materials in the chamber, the chamber was ventilated

at a high air-exchange rate for a few days to reduce the gas-phase SVOC concentration.
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Finally, the chamber was resealed to observe reemission of sorbed mass. The gas-phase
data were analyzed with a sorption dynamics model that couples surface sorption

kinetics with bulk-phase diffusion through a homogeneous polymer slab.

METHODS AND MATERIALS

" Adsorbents and Reagents. Reagent grade nicotine and phenanthrene (CAS # 54-
11-5 and #85-01-8, Aldrich Chemicals) were used in this study. Standard solutions used
for éalibration of analytical instfuments and sample internal standards were prepared with
High Performance Liquid Chromatography grade methanol (Burdick. and James) in
glassware washed with a saturated solution of potassium hydroxide in ethanol and rinsed
with deionized water. To prevent loss of nicotine onto glassware, all nicotine standard
solutions were prepared with methanol modified §vith 0.01% v/v triethylamine (TEA)
(Ogden et al., 1989). This treatment was not used in phenanthréne solutions.

The carpet used in this study was purchased from a carpet dealer in Richmond,
California with a large inventory of older but unused new carpet. The tested carpet was
obtained from a roll which had been manufactured approi(imately three years prior to the
commencement of this study. It had been stored in the dealer's showroom tightly 4rolled

-but unwrapped for most of the intervening time. It had nylon fibers with an
approximately 1-cm-deep pile. The backing is typical of that found most residential
carpets, consisting of a coarse polypropylene mesh bonded to the primary backing with
sfyrene-butadiene rubber (SBR) latex adhesive layer. The backing layer is approximately
0.24+0.03 cm thick. No stain resistance or other treatment was applied to the carpet.

Gypsum wallboard used in this stu'dy was purchased at a hardware store in
Emeryville, California. The outside face of each 1.2 m X 2.4 m X 1 £ 0.1 cm panel was
covered with approximately 700 mL of flat white indoor latex paint (Sherwin Williams
Classic 99) applied wifh a 30 cm felt roller. The average thickﬁess of the applied paint

layer was 0.02 cm based on wet volume. After the panels were painted, they were stored
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in a warehouse for apprbximatély 180 days. During this time, a significant mass of dust
and dirt accumulated on the panel surfaces. Before the panels were used in sorbtion
dynamics experiments, the dirt was removed with a very dilute solution of dishwashing
detergent in water applied with a hand sponge. After washing, each panel was given a
finishing coat of paint diluted 1:1 with deionized water applied with the roller. Each
panel received less than 150 mL of additional paint in this step which increased the
surface layer by less than 0.005 cm. Following application of the finishing coat, each
panel was allowed to air dry ina clean, well-ventilated laboratory for 3 weeks prior to use
in sorption dynamics experiments. |

Stainless Steel Test Chamber. Experiments were conducted in the
environmental test chamber described in Chapter 2 (volume = 20 m3; internal surface area
= 45.2 m?; all internal surfaces clad with Type 304 sfainless steel; walls, floor, and ceiling
insulated with a 10-cm-thick layer of high density polyurethane foam; door and interior
seams sealed with low-VOC-emitting silicone gasket material). A schematic diagram of
the chamber configuration used in the current study is shown in Figure 3.1. As in the
earlier nicotine-stainless steel experiments, six 8-crﬁ diameter wall-mounted fans, aligned
with the blade axes at a 45° angle to the wall surface and parallel to the floor, circulated
the air in a clockwise direction and created well mixed conditions during the experiments.
For experiments with carpet, a sample measuring approximately 3.6 m X 2.1 m covered
~ most of the chamber floor. Pairs of painted wallboard panels were bolted together back-
to-back with the painted sides facing outward. The edges of each panel pair was sealed
with aluminized furnace tape so that each bolted set of panels had an exposed painted
wallboard surface area of approximately 5.7 m2. In each wallboard experiment, two pairs
(four panels with 11.4 m2 of exposed, painted surface area) were arranged in a parallel,
vertical configuration with approximately 1 m separating the pairs as shown in Figure 3:1.
The panels were supported by a wood frame covered with aluminum foil to stand with a

2.4 m edge on the chamber floor. The total exposed area of aluminum (tape and foil) in
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the wallboard experiments was approximately 0.015 m? (compared to 45 m2 of stainless
steel and 11.4 m? of wallboard). Sorption on the aluminum surfaces was assumed to be
negligible in the model simulations.

The temperature and relative hﬁmidity inside the chamber were uncontrolled, but
fairly consistent during the initial sealed chamber phase of each experiment,_ at23+4°C
and 55 * 12%, respectively, for all four experiments. The sealed-chamber infiltration rate
was determined periodically during the experimenfs by tracer gas decay to be 0.15 m3 h-1.
Ventilation due to sampling was 0.01 m3 h-1, so the total sealed chamber ventilation rate
(Qs) was 0.16 m3 h-l. Because the chamber remained sealed with a very low air-exchange

rate for most of each experimenf, the temperature and relative humidity did not vary by
more than 2 °C and 6%, respectively during the sealed chamber period of each run.
However, these parameters did vary more substantially during the ventilation phases of
the nicotine-carpet and nicotine-wallboard experiments which were conducted in January
during cold, dry weather’ conditions. The temperature and relative humidity inside the
chamber dropped to approximately 14+ 5 °C and 25 + 15%, respectively dufing the
ventilation phases of these experiments. After the chamber was resealed, the temperature
and relative humidity stabilized at approximately 20 £ 3 °C and 35 % 5%, respectively
during the reemission phase. Temperature aﬁd relative humidity variations during the
ventilation phases of the phenanthrene experiments were substantially smaller because
these experiments were conducted during more mild weather in April and Septémber.
Changes in the chamber temperature aﬁd humidity may have altered the equilibrium gas- -
sorbed phase panitioﬂing by as much as a factor of 2. However, the gas-phase
concentrations measured during these phases of the experiments were very small, so the
errors introduced by changing the temperature and relative humidity are likely to be
similar to the uncertainty in the concentration measurements during these phases of the

experiments.
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Prior to each experiment described in this chapter, the chamber interior surfaces
were washed with a phosphoric acid-based detergent (Heavy Duty LC-30, EcoLab),
followed by an alkaline detergent (Kart-Klenz) to remove residual sorbate from the
stainless steel surfaces and provide a consistent starting condition. After each detergent
appliéation, the walls were rinsed thoroughly with tap water which was removed from
the surfaces with a rubber window wiper and cleaned up with a wet-dry vacuum cleaner.
As a final washing step, the chamber was rinsed with deionized water and then dried with
the window wiper and vacuum followed by clean paper towels to remove remaining
water. Finally, the chamber was closed and ventilated at 40 m3-h-1 for two days with
HEPA and granulated activated carbon filtered outdoor air to allow equilibration with the
humidity in ambient air. After two days, the chamber was reentered to install the sorbent
to be tested and then resealed and ventilated for five more days to condition the sorbent. -

Experimental Protocol. The five experiments conducted in this study are

" summarized in Tables 3.1a and 3.1b which include information on chamber ventilation
rates, SVOC mass emitted, and number of emission events. During each experiment, 20-
100 mg of the tested sorbate was vaporized in the sealed chamber on each of 2 to 5
occasions. Except for experiment 3C with phenanthrene in the empty chamber, the gas-
phase concentration was monitored for at least a week following each SVOC emission. In
experiment 3C, the equilibration period following each emission was curtailed to one to
two days because equilibrium was not expected to be slowed by diffusion through
stainless steel. FolloWing the final sorbate emission and concentration decay period in
each experiment, the chamber was ventilated at the vented flow rate td remove gas-phase
SVOC and then resealed to mc;nitor reemission from the sorbed phase.

SVOC Emission Methods. Nicotine and phenanthrene were flash evéporated in
the chamber using the custom designed evaporator unit described in Chapter 2 with a few
minor modifications. The 0.53-cm-inner diameter, 10-cm-long stainless steel tube was

loosely packed with clean glass wool to prevent nicotine or the phenanthrene solution
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described below from flowing out of the tube during loading. As in experiments 2D and
2E in Chapter 2, one end of the tube was open to the chamber. However, the small
electrical fan was replaced by a 20 cm3 min-! flow of clean, dry nitrogen from a
compressed gas cylinder located outside of the chamber and connected to the back end of
the emission tube by clean, 0.2-cm-inner diameter copper tubing. Immediately prior to
each SVOC emission, the unit was pulled out of the chamber through its port, loaded
through the front end with nicotine or the phenanthrené solution from a clean syringe, and
quickly reinserted into the chamber. For phenanthréne, a solid at room temperature, the
SVOC emission procedure was modified slightly. An aliciuot of a saturated solution of
phenanthrene in methanol was loaded into the open end of the evaporator apparatus vﬁth
a clean syringe. The loading process took less than one minute, so evaporativé losses of
the SVOC outside the chamber were minimal. Once the evaporator unit was properly
positioned, the current to the heater cartridge and nitrogen gas flow were iniﬁated. The
temperature of the heater unit was monitored with a thermocouple but not directly
controlled. Within 10 minutes the temperature reached approximately 300 °C and
remained fairly steady at that temperature until the heater current was shut off after
approximately 30 minutes. The nitrogen gas flushing flow remained on until the
evaporator unit cooled to less than 35 °C.

At the Aend of each experiment, the stainless steel tube was removed from the
SVOC evaporator and thermally desorbed at 300° C while beiné flushed with dry helium
at 100 cm3 min"! for one hour. The desorbed nicotine or phenanthrene was collected on a
Tenax sorbent tube and analyzed by gas chromatography with flame ionization detection
as described below. Less than 0.5 ug of SVOC (out of a total of 40-250 mg injected in all
of the phases in each experiment) was recovered in this manner. Thus, the evaporator
unit quantitatively delivered the SVOC into the chamber gas-phase. In fitting the
experimental data, the evaporated mass was assume‘d to be emitted in an instantaneous

" pulse when heating of the evaporator unit began.
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Gas-Phase Sampling. Gas-phase SVOC samples were collected on reusable,
commercially available sorbent samplers (Part # ST032, Envirochem Inc.) packed with
Tenax-TA (Aldrich Chemicals). Before each use, the samplers were cleaned and
conditioned by heating them to 300° C for 30 minutes with a helium purge ﬂowing at 100
cm3-min-1 in the reverse direction of sample collection gas flow. During collection of
chamber gas-phase samples, the sample tubes were mounted on the end of a 45 cm
stainless steel tube which could be retracted from the chamber through a port in the wall
to exchange exposed sample tubes for clean ones. The stainless steel tube was connected
to a peristaltic pump outside of the chamber which sampled at a flow rate of 90-110
cm3-min-!, The sample flowrate was measured during each sample with a soap bubble
flowmeter. Several dﬁplicate samples were collected over the course of the experiment to
verify measurement reproducibility. The lower limit of detection for this method was
approximately 0.1 pug m3 with a limit of quantification (LOQ) of 0.5 ug m-3. Below
these limits, interference by the background VOC concentration prevenfed accurate
quantification of the collected SVOC mass. For saniples which exceeded the LOQ by
more than a factor of three, the variability between duplicate samples was generally less
than 15%. | _

Sorbed-Phase Samples. Several attempts were made to embloy the sorbent
thermal desorption system described in Chapter 2 in this study to measure nicotine and
phenanthrene sorbed to carpet and wallboard samples and phenanthrene sorbed to
stainléss steel. However, the collected thermal desorption samples proved to be usable
only for phenanthrene on stainless steel. The large mass of organic compounds emitted
during heating of cafpet and wallboard samples prevented quantification of sorbed
nicotine or phenanthrene with the analysis system used in this study. Nicotine and
phenanthrene peaks were observed on the chromatograms obtained from these samples,
but the high VOC background made accurate calculation of the nicotine and phenanthrene

masses impossible.
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Sample Analysis. The analytical procedures for organic compounds collected on
sorbent samplers have previoust been described (Thompson et al., 1989; Hodgson and
Girman, 1989). In brief, a sample is thermally desorbed. from a sampler, concentrated and
introduced into a capillary GC with a UNACON 810 sample concentrator. This
instrument passes the sample th_rough dual sequential traps to concentrate it before it is
introduced to the GC. Sarhple components are resolved with a GC (5890 Series I,
Hewlett Packard Co.) equipped With_ a 15-m x 0.53 mm ID fused-silica capillary column
with a film thickness of 1.65 um (Hewlett Packard Co.). The GC is connected via a direct
capillary interface to a flame ionization detector (FID). Calibration regression lines were
generated by analyzing Tenax TA cartridges spiked with known volumes of solutions of
nicotine in methanol containing 0.01% TEA (MeOH/TEA) or phenanthrene in methanol.
The calibration curves for nicotine and phenanthrene were linear from 0 to greater than 1
ug total injected mass. Howéver, both regression lines had negative intercepts indicating a
possible loss of approximately 30 ng of nicotine and 40 ng of phenanthrene per sample in
the sampler desorption system. For nicotine, the lost mass increased as the concentrator
unit’s valve and plumbing temperature setpoints were increased indicating that nicotine
might be decomposing in the concentrator system. A decrease in the FID response to
nicotine standards was also observed at lower concentrator temperatures and was
probably due to adsorption of nicotine in the system. Experimentation with different
temperatures allowed optimization of the FID response at a system temperature of
approximately 150 °C. For phenanthrene, sample losses.decreased with increasing
concentrator temperatures up to 270 °C (the maximum operating temperature). Even at
 this elevated temperature, system blanks immediately after phenanthrene samples
exhibited non-zero phenanthrene response. To avoid contamination of sequential
samples, the concentrator was cycled twice after each phenanthrene standard or sample
run. This procedure kept the phenanthrene background smaller than 1 ng as measured by

system blanks.
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Reagent grade quinoline (CAS # 91-22-5, Aldrich),. added to each nicotine sample
tube as a 1 pL aliquot of a 109 ng puL L solution prepared in MeOH/TEA, was used as an
internal standard in this study. No internal standard was used in analysis of the
phenanthrene samples to reduce the risks.of sample contamination during the addition of
the standard. Prior to analysis (and after application of the internal standard for nicotine
samples), each sorbent éample tube was conditioned to remove methanol and water
collected during sampling by purging with clean, dry nitrogen flowing at 100 cm3-min-! in
the direction of sample collection gas flow for 20 minutes. Loss of collected SVOC during
this procedure could be neglected as demonstrated by the reproducible recovery of
nicotine and phenanthrene from tubes spiked With standard solutions and conditioned for
periods varying from 0 to more than 30 minutes. A nicotine calib_ration standard was run
at least once per analysis day during nicotine experiments. Response of the FID to
nicotine remained nearly constant ovér time. Some variability in the FID response to
phenanthrene was observed. To correct for this, calibration standards were run
approximately every three phenanthrene samples and a time-dependent response factor

was calculated-for each phenanthrene sample.

DATA ANALYSIS
Modeling Framework. Reversible sorption in the environmental chamber was

represented mathematically by the following generalized system of coupled differential

equations :
dC; E; 1 &
_dtl‘=7l'+/1v,T(Cio _Ci)——V—jElSjJij (3'1)
dM ‘
~ = Jj (3.2)

where the subscripts i and j specify parameters applicable to a given SVOC and sorbent,

respectively; C; and C;, are the gas-phase concentrations in the chamber and in the
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ventilation supply air, respectively (mg m-3); ¢ is time (h), E; ié the mass emission rate
(mg h'1); Vis the indoor volume (m3); A, is the chamber air exchange rate (h°1); g is the
total number of different sorbent materials (-); Sj is the sorbent surface area (m?2); Jjj is the
net SVOC flux from the gas phase fo the air-sorbent interface (mg m-2 h-1); and M;; is the
sorbed mass of compound i per unit area of at the air-surface interface of sorbent J (ﬁg m
2). In words, the rate of change in the gas-phase SVOC cgncentration is equal to its mass
emission rate per chamber volume minus losses due to ventilation and the net of its
sorptive interactions with all of the available sorbents in the system (equatidn 3.1}. '
Similarly, the accumulation rate of SVOC mass at the air-sorbent interface due to

- deposition is equal and opposite to the rate of the sorbate’s loss from the gas-phase onto
that sorbent (equation 3.2). In Chapter 2, the single sorbent form of equation 3.2 was
used to generate the equilibrium isotherm by inserting an appropriate mathematical
expression for the adsorption and desorption rates and setting the left side of the equation
to zero (the equilibrium condition). This approach was used to reduce the number of
independent model parameters for nicotine sorption on stainless steel using equilibrium. -
data obtained separately from the kinetic experiments. This simplification was not
feasible in the current study because the tested sorbents equilibrated much more slowly
than stainless steel and sorption equilibrium was probably never reached.

To extract sorption kinetics parameters for a multiple sorbent system, it is
necessary to determine the equilibrium partitioning for all but one of the sorbents present
during the test individually. Then, the unknown sorbent’s sorption pérameters can be
obtained by first subtracting out the effects of all of the other sorbents. In this study,
sorption of nicotine on the chamber surfaces is corrected for by incorporating equilibrium
and kinetic data from Chapter 2. In the current study, that model was also applied to
determine sorption kinetics of pheﬁanthrene on the stainless steel surfaces of the test
chamber. For porous sorbents such as carpet and Wallboard, the model described in

Chapter 2 1s unlikely to accurately simulate sorption dynamics.
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Surface-Sorption/Bulk Diffusion Model. The nonlinear surface sorption
model described in Chapter 2 fails when applied to porous sorbents (Van Loy et al.
1997a). Most of the sorption capacity of these materials lies a finite distance away from
the air-sorbt_:nt interface accessible only by diffusion through the bulk sorbent. The
nonlinear surface sorption model and a model in which the rates of sbrption and
desorption depend only on diffusion through the bulk have been previously applied to
the data presented here for nicotine sorption on carpet with unsatisfactory resﬁlts (Van -
Loy etal., 1997a). A diffusion-oﬁly model was originally de\}eloped to predict emissions
of organic compounds from new carpet (Little et al., 1994) or other finite mass slab
sources (Dunn and Tichenor, 1988), and its potential utility in modeling source-sink
effects for materials which can be represented as a homogeneous polymer slab was also
recently described (Little and Hodgson, 1996). An improved model incorporating
reversible sorption at the air-sorbent interface and bulk diffusion through the sorbent is
developed and presented here. The gas phase mass balance for this model remains
identical vto equation 3.1. However, a mass balance for the porous sorbent requires the
following two partial differential equations, the first to account for mass accumulation at

the air-sorbent interface and the second for mass diffusion through the sorbent bulk:

aMij aCbi‘(t,Z)
z=0
oCyp,.(t,2 3%Cy (t,2
—’f( ) =Dy, ——"( ) : C (3.4)
or y 322

where kaij and kdij are the adsorption (m h-1) and desorption (h-1) rate constants,
respectively, describing gas-phase sorption kinetics at the air-sorbent interface; Dbij is
the diffusion coefficient in the sorbent bulk (m?2 h-1); Cbij (t‘,z) is the instantaneous

sorbent bulk-phase concentration (mg m-3) at a distance z away from the air-sorbent
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interface, and z is the distancé- into the bulk of the sorbent material, with z = 0 at the
sorbent surface (m). Equations 3.3 and 3.4 are based on two implicit assumptions: 1)
partitioning between the gas and surface-adsorbed phases is linear, and 2) sorbate does
not accumulate at the air-sorbent interface relative to the bulk of the sorbent. To analyze
data collected during the experiments described above, ‘equétion 3.1 is substituted with the
appropriate terms to describe the net flux of SVOC:s to the stainless steel chamber
surfaces and the sorbent to be tested. The other equations introduced in Chapter 2 ‘are

repeated here for clarity:

- dC; _E; . S g, ng. ) S o ngy;

dMj; _,

g nyg.
5=k G g M (3.6)

where the subscript s denotes stainless steel kinetic parameters. .The coefficients n ag and
ng,  are included in equation 3.5 to reflect the nonlinear sorption rates for nicotine
sorption on stainless steel described in Chapter 2. As discussed in the follc;wing section,
phen‘anthfene sorption on stainless steel was found to be well described by linear

sorption kinetics. Thus, the power law rate coefficients for phenanthrgne (naps and ndps)
are 1. '

Fof experiment 3C withv phenanthrene in the empty chamber, equation 3.5 with
the porous sorbent parameters kaij and kdij set to zero is simultaneously integrated with
equation 3.6 with the stainless steel exponential rate coefficients Raps and Nd,s Set to
unity. An analytical solution for this problem has been previously reported (Dunn and
Tichenor, 1988). For the porous sorbent experiments (3A, 3B, 3D, 3E), equations 3.3 -
3.6 are solved simultaneously to obtain the best fit to the data using the code listed in
Appendix A. Sets of nonlinear coupled ordinary differential equations such as those in
equations 3.5 and 3.6 are integrated using a fourth-order Runge-Kutta method described

by Press et al. (1992). A modified version of this method is used to solve the coupled
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ordinary aﬁd partial differential equations describing the pofous sorbent experiments.
The sorbent bulk diffusion equation (3.4) is converted into a set of 10 coupled ordinary
differential equations using a finite difference approximation with 10 equally spaced
nodes élong the z axis. Boundary conditions for this set of equations are given by
equation 3.3 at the air-sorbent interface node and a no-flux condition at the deepest node.
The code for these calculations is listed in Appendix»B.

Determination of Equilibrium Isotherms. In Chapter 2, the number of
independent kinetic parameters was redﬁced from 4 to 2 using separately obtained
equilibrium partitioning data and equations 2.6 and 2.7. In the current study, this
simplification was possible only in experiment 3C with phenanthrene in the empty
chamber. Reasonable estimates of the diffusion coefficient for organic compounds in
porous building materials like carpet (Little et al., 1994; Little and Hodgson, 1996)
indicate that full equilibrium between the gas and sorbed phases would be achieved only
after more than a year. Thus, the kinetic best fit parameters for the porous sorbents
tested in this stu<.1y were not constrained by equilibrium data. An estimate of the
equilibrium sorption capacity of these sorbents bassuming linear gas-sorbed phase

partitioning was calculated using the following equation:

kg,
K=k, . 37
“if

where Kj; is the linear isotherm partitioning coefficient (m):

in which M T is the total sorbed mass of i per presented area of sorbent j (mg m-2).

Equation 3.8 is analogous to Henry’s Law for gas-water partitioning.
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'RESULTS AND DISCUSSION
Equilibrium Partitioning. Table 3.2 list isotherm parameters obtained from
experiments described in this.chapter along with the nicotine-stainless steel isotherm
parameters from Chapter 2. As stated in the previous subsection, only the stainless steel
sorption veql.xvilibn'a were measured directly. The isotherm parameters for the porous
sorbents were calculated using kinetic data and equation 3.7. In general, the results show
that carpet and wallboard have a substantially greater sorption capacity per unit
presented area than stainless steel. This is true for all sorbate-sorbent pairs except
' phenanthréne and wallboard which has a lower partitioning coefficient than phenanthrene
and stainless steel. This unexpected result might be explained by the chemical
_characteristics of phenanthrene apd wallboard. Phenanthrene is a high molecular weight,
nonpolar, hydrophobic organic molecule. In contrast, the core of a sheet of wallboard
contains packed gypsum (CaSQ4) which dccurs most éorhmonly in a dihydrate form.
The physicochemical microenvironment inside é wallboard panel may be less
thermodynamically favorable for phenanthrene than close packing of maﬁy sorbed
" molecules on the surf"ace of a piece of stainless steel. This phenomenon does not occur in
carpet which may be more chemically similar to hydrophobic organic compounds like
phenanthrene. |
' Sofption Dynamics. The concentrationb vs. time data collected in experiments
3A to 3E are shown in Figures 3.2 to 3.16 along with predictions based oh the best fit
parameters to the data for the coupled sorption-diffusion model (equations 3.3 to 3.6) in
Figures 3.2 — 3.7 and 3.11 — 3.16 and the linear surface sorption model (equations 3.5 and
3.6) for Figures 3.8 —3.10. The resulting model parameters are listed in Table 3.3 along
with the kinetic parameters for nicotine on stainless steel from Chaptcr 2. These data are
also tabulated in Tables 3.4 — 3.8. As Figures 3.2 — 3.7 and 3.11 — 3.16 show, the
sorption-diffusion model gives a good overall fit to the gas-phase data collected in

experiments 3A, 3B, 3D, and 3E. The surface sorption model accﬁrately simulates
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experiment 3C. Despite the. good overall fit of the model predictions to the data, there are
some discrepancies. The largest relative erfors occur during the high air-exchange rate
phases of the experiments. During these periods, the model tends to underpredict the gas
phase concentration, often by several orders of magnitude. This disagreement is likely
due to the reduced measurement accuracy of the analytical method at low gas-phase
concentrations. The lower limits of detection for nicotine and phenanthrene mass in the
gas chromatograph system were approximately 30 and 40 ng, respectively. For many of
_ the samples collected during ventilation of the chamber, this threshold was not reached.
Careful inspection of the porous sorption data reveals two distinct timescales.

~ The majority of the gas-phase concentration decrease occurs within the 5-6 hours
immediately following release of each SVOC pulse into the chamber. Then, for the next
several days, the concentration slowly decreased in a nearly linear fashion. These
observations suggest that at léast two sinks are at work in the system: one rapid and
surface dominated, and the other much slower and controlled by diffusion through a bulk
layer. Additional fine-tuning of the model may be attained by including additional surface
or diffusion sinks. For carpet, which is a combination of several diffe;ent materials, a
more cornplex. approach may better represent the dynamic behavior of an SVOC in
contact with the sorbent. The‘same may be true for painted wallboard, whose cross
section consists of a paint layer on top an ai)proximately 1 mm;thick layer of cardboard
encasing the gypsum core.

Comparison of the best-fit parameters with literature data is useful in
substantiating the model predictions. In the study of nicotine in the empty chamber
presented in Chapter 2, the mass-transport-lirhited deposition velocity for nicotine under
chamber airflow conditions was measured using large sheets of filter paper coated with a
bisulfate salt which irreversibly reacts with deposited nicotine through acid-base
chemistry. This experiment provided an upper bound of 4 m h™' on the rate at which

nicotine should be able to deposit in the chamber. This value is approximately half of the
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deposition velocity obtained for nicotine-carpet sorption and 80% of the phenanthrene-
carpet value listed in Table 3.3. This discrepaﬁcy likely results from the effects of
surface roughness or the use of the carpet’s presented surface area instead of a measured
value of the real surface area of the fibers. Despite the range of sorbate and sorbent
properties examined in this study and in Chapter 2,-the best fit values for the deposition
rate constant k, for all of the sorbate-sorbent pairs are of similar magnitude.

The diffusion coefficients obtained from the diffusion-limited model are cqnsistent
with those reported elsewhere as well. Little and Hodgson (1996) reported a diffusion
coefficient of 4.3 x 109 m2 -1 for phenylcyclohexané (PCH) in SBR carpet backing.
PCH has a molecular weight of 160.26 g mol-! which is close fo that of nicotine. The
nicotine and phenanthrene diffusion coefficients in the carpet tested in this study were
approximately an order of magnitude smaller. The smaller diffusion rates are likely due to
nicotine's chemical propertiés and phenanthrene's greater molecular weight. No data for
organic compound diffusion through gypsum wallboard is ayailable in the literature. i
However, comparison of the values obtained here for nicotine and phenanthrene reveals a
two order of magnitude difference. AThis difference may be due to the chemical differences
between the two tested sorbates. Nicotine is much more hydrot)hilic than phenanthrene,
so its diffusion through the hydrated calcium sulfate core of a wallboard panel may be
slowed by sorptive retardation. Wallboard has a much lower sorption capacity for |
phenanthrene, so sorptive retardation is expected to be less significant. This phenomenon
is less likely to impact diffusion through carpet backing because the styrene-butadiene
rubber backing is chemically similar to the hydrophobic par:cs of both the phenanthrene
and nicotine molecules.

The 'sorptiqn capacities measured in this study are very large relative to those
previously reported for more volatile organic sorbates on indoor materials. Typical
values for the ratio of sorbed mass to vapor phase mass for VOCs on carpet and other

indoor sorbents are on the order of 10 to 20 (Tichenor et al., 1991; Kjaer et al., 1996;
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Borrazzo et al., 1993). The gas-surface partitioning parameters in Table 3.2 indicate that
the sorbed mass to gas-phase mass ratio for SVOCs may be thrée to four orders of
magnitude larger. Additionally, the reemission rate constants reported for VOCs are
generally on the order of 0.1 h-1. This reemission rate leads to desorption of more than
80% of the sorbed mass after one day of ventilation with VOC-free air. In contrast,
desorption of SVOCs from the porous materials tested in this study depends on the rate
of diffusion of absorbed mass from within the sorbent bulk to the air-sorbent interface.
This pro;:ess can be extremely slow — the characteristic time for desorption of nicotine
or phenanthrene sorbed to carpet is on the order of 1000 days whilex that for nicotine
sorbed to wallboard is more than 35 years. Phenanthrene desorption from wallboard is
slightly faster (on the order of 3000 hours), but still several orders of magnitude slower
than VOC sorption kinetics. Thus', SVOC sorption and desorption processes are likely

to have a substantial impact on long term persistence of these pollutants in indoor air.

CONCLUSIONS

Porous building materials such as carpet and wallboard have very large sorption
capacities for SVOCs. The uptake kinetics at the air-sorbent interface are'rapid enough to
cause these sorbents to be the dominant sink for gas-phase SVOCs during periods of high
indoor air concentrations. Because the sorptive interactions are reversible, the beneficial
effects of these materials on indoor air quélity during high pollutant concentration periods
is offset by their contribution to persistence of SVOC contamination in the indoor
environment long after removal of the primary source. The analyses presented here
consider only gas-surface partitioning. However, the same propenieé that cause SVOCs
to readily sorb to indoor surfaces may also lead to gas-particle partitioning in indoor air.

Chapter 5 presents a model-based analysis of this issue.
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TABLES

Table 3.1 Summary of experimental parameters and kinetic model initial conditions

- for experiments 3A-3E.

- Sorbate-Sorbent

Nicotine Phenanthrene
Carpet Wallboard Stainless Carpet Wallboard
Steel
Experiment 3A 3B 3C 3D 3E
number
Sealed flow rate 0.34 0.34 0.3 0.34 0.34
(QT)’ m3 h-l ‘ .
Vented flow rate 20 20 60 20 . 20
(Q), m3 hl
Total SVOC 250 301 40 ' 102 60
mass emitted, mg ’
Num_ber of 5 2 4 4 2
discrete emission
events
Total experiment 56 70 16 _ 155 54
duration, days
Number of fitted 3 3 1 3 3

parameters in
sorption
dynamics model
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Table 3.1b  SVOC mass emitted in each phase of experiments 3A — 3E

Experiment Emitted Mass Phase Start  Air-Exchange
(SVOC, Stage (mg) Time (h) Rate During
sorbent) . Phase (h'1)

3A 1 50 0.00 0.017
(nicotine, 2 50 333.55 0.017
carpet) .
3 50 407.55 0.017
4 50 528.00 0.017
5 50 647.23 0.017
6 0 - 1106.50 ‘ 1
7 0 1172.77 0.17
8 0 1222.97 0.017
3B 1 192 ©0.00 0.017
(nicotine, 2 109 . 698.37 0.017
wallboard)
3 0 1231.95 1
4 0 1466.72 - 0.017
3C 1 10 0.00 _ 0
(phenanthrene, 2 10 48.44 0.015
stainless steel) o '
3 _ 10 98.86 0.015
4 10 144.27 0
5 0 - 214.89 3
6 0 290.61 0.015
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Table 3.1b  (Continued)

Emitted Mass

Experiment Phase Start  Air-Exchange
(SVOC, Stage (mg) - Time (h) Rate During
sorbent) ' Phase (h-1)

3D 1 23 0.00 - 002
(phenanthrene, 2 23 262.15 0.017
carpet) g v
3 28 574.07 0.017
4 . 28 2734.15 0.017 -
5 0 3452.65 1
6 0 347727 0.17
3E 1 30 0.00 0.017
(phenanthrene, 2 30 721.72 0.017
wallboard) _
- 3 0 1060.55 _ 1
4 0 1126.52 0.017
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Table 3.2 Isotherm parameters for nicotine and phenanthrene sorption on stainless
steel, carpet, and painted wallboard. Units are mg m-3 for concentration

and mg m2 for sorbed mass.

Sorbate and Sorbent Equation
Nicotine:

Stainless Steel? - M=469C"7
Carpetb M = 19400 C
Painted Wallboardb M =1500 C
Phenanthrene: _ v

Stainless Steel M =360 C
Carpetb | ~ M=2180C
Painted Wallboardb | M =136 C

2 Nicotine-stainless steel equilibrium data were obtained in Chapter 2

b Equilibrium parameters for SVOC sorption on carpet and painted wallboard are estimated as the ratio of
the adsorption and desorption rate constants for sorption the air-sorbent interface. Equilibrium was not

achieved in experiments with these materials.
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Table 3.3 Kinetic sorption parameters for nicotine and phenanthrene interactions

with stainless steel, carpet, and painted wallboard.

SVOC/Sorbent Parameter - Best Fit Value
Nicotine: ‘
Stainless Steel?: Mgy > IO units , 1.47
g, 1O units 2.59
- M _
kg, s MG ans gy ans =% ] 2.52
Ky, mg s s ™ ] 0.029
Carpet: | kap,> T nl ' 7.8
kg b 0.00040
Dy, , m2 Il 2.5 % 10-10
Wallboard: &, mb" 1.98
kg o b o 0.0013
D, ,, m2 Il 2.9 % 10-10
Phenanthrene:
Stainless Steel: ' Pg g > 1O units 1
nd 5> O units C 1
k, bl 0.47
DS .
ky bl 0.0013
_lps
Carpet: kg 50> 1O h! 498
kg bt 0.0023
pe
D, m2 ! . 2.7 % 10-10
Wallboard: gy, bt 3.66
ky b1 0.027
pw
Db&lm2 h-l 3.0x 108

o  Sorbent thicknesses used in model predictions are 0.0025 m for carpet and 0.0095 m for wallboard.
These values are based on the thickness of the backing layer in the tested carpet samples and the full

thickness of the tested wallboard samples.

a  Based on fully nonlinear model applied to experiment 2C (Table 2.2)
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Table 3.4 Gas-phase nicotine sample data from experiment 3A (nicotine-carpet).

Sample Sample Measured " Modeled
Sample Start Time, End Time, Concentration, Concentration”,
Number hours hours pug m3 pg m-3
1 0.18 0.35 : 353 298
2 0.47 0.82 150 52
3 0.47 1.13 161 35
4 1.42 2.43 60 7.7
5 1.42 2.43 75 7.7
6 20.42 22.98 33 4.2
7 23.02 26.37 2.6 4.0
8 46.78 50.82 1.7 2.5
9 46.78 50.82 2.0 2.5
10 69.65 73.95 1.7 ' 1.8
11 13933 144.50 1.2 0.9
12 1333.73 333.83 376 356
13 333.73 333.87 350 - 326
14 333.90 334.10 275 113
15 333.90 334.17 224 100
16 334.40 334.73 133 20
17 334.40 334.90 111 19
18 335.30 335.72 62 12
19 335.30 336.05 52 12
20 336.57 337.42 28 11
21 337.43 338.85 19 11
22 - 356.05 359.37 4.4 5.8
23 359.38 362.43 _ 44 53
24 381.83 385.80 3.1 33
25 385.83 387.12 4.6 3.1
26 404.95 407.10 3.5 2.3
27 407.72 407.80 536 . 417
28 407.72 407.83 362 380
.29 407.92 408.08 293 117
30 407.92 408.17 272 101
31 408.33 408.63 215 31
32 408.33 408.70 168 30
33 408.92 409.42 184 21
34 410.71 411.27 54 . 19 °
35 480.13 483.25 3.7 2.8
36 502.48 504.47 39 2.1
37 504.48 505.28 12 2.1
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Table 3.4 (Continued)

Sample Sample Measured - Modeled
Sample Start Time, End Time, Concentration, Concentration®,
Number hours ~ hours pgm3 pg m3
38 524.92 527.87 33" 1.7
39 528.13 528.20 492 558
40 © 528.13 52823 364 502
41 528.27 528.35 304 228
42 528.27 528.40 278 202
43 528.50 528.67 . 224 67
44 528.50 528.73 188 61
45 528.92 529.18 131 25
46 528.92 529.18 144 25
47 529.42 529.83 95 19
48 529.42 530.00 84 19
49 530.17 531.05 54 _ 17
50 549.23 551.55 5.7 8.0
51 549.23 ~ 551.55 75 , 8.0
52 551.57 555.18 6.6 7.4
53 551.57 555.18 6.1 7.4
54 573.08 - 576.17 3.2 4.4
55 573.08 576.17 2.9 4.4
56 576.22 578.88 3.7 42
57 576.22 578.88 . 3.4 4.2
58 644.93 647.18 3.8 1.8
59 644.93 647.18 3.7 1.8
60 647.40 647.45 . 445 475
61 647.40 647.45 388 475
62 647.48 647.58 317 244
63 647.48 647.58 262 244
64 647.67 647.78 221 96
65 647.90 © 648.07 165 41
66 648.33 . 648.70 97 21
67 - 649.07 649.58 60 18
68 650.23 651.08 34 LT
69 650.23 651.08 33 17
70 669.85 672.35 ' 7.6 7.8
71 669.85 672.35 8.0 7.8
72 672.38 675.20 7.1 7.2
73 691.27 693.72 59 4.7
74 691.27 693.72 , 55 4.7

— 89 —



Table 3.4 (Continued)

Sample Sample Measured Modeled

Sample Start Time, " End Time, Concentration, Concentration”,

Number hours hours ug m-3 ug m3
75 693.77 696.90 54 44
76 693.77 696.90 v 5.0 4.4
77 718.17 720.03 5.9 3.1
78 720.07 723.13 , 54 } 3.0
79 720.07 723.13 5.3 3.0
80 740.97 743.90 4.4 24
81 . 740.97 743.90 4.1 2.4
82 743.93 747.45 4.1 2.3
83 812.55 '815.85 55 1.4
84 812.55 815.85 4.4 ' 14
85 1054.65 1058.57 44 0.7
86 1106.52 1124.75 0.5 0.5
87 1106.52 1148.30 0.4 0.5
88 .1148.35 1172.73 0.3 0.5
89 1148.35 1172.73 0.3 0.5
90 1172.77 1196.67 0.5 0.6
91 1172.77 1196.67 05 0.6
92 1196.72 1222.92 0.6 0.6
93 1196.72 1222.92 0.6 _ 0.6
94 1222.97 1246.00 0.7 0.6
95 1222.97 1246.00 0.8 0.6
96 1246.05 1271.22 0.8 0.6
97 1246.05 1271.22 1.0 0.6
98 1271.25 1297.73 1.2 0.6
99 1271.25 1297.73 1.2 0.6
100 1297.77 1322.28 _ 1.0 0.5

¢ Model predictions are based on the best fit to the measured data with the porous sorbent sorption

model (equation 3.3-3.6 using the parameters listed in Table 3.3).
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Table 3.5 Gas-phase nicotine sample data from experiment 3B (nicotine-wallboard).

Sample Sample Measured Modeled
Sample Start Time, End Time,  Concentration, Concentration®,
Number hours hours pug m-3 pug m-3
1 0.08 0.15 4865 2283
2 0.18 1 0.25 1392 1097
3 0.30° 0.42 1055 614
4 0.30 0.42 882 614
5 0.57 0.70 493 409
6 10.87 1.00 451 372
7 1.25 1.38 - 364 355
8 1.78 1.93 299 337
.9 245 2.68 208 316
10 3.17 3.72 159 292
11 430 4.74 143 267
12 - 7.26 2330 83 133
13 © 2330 24.10 44 81
14 148.10 4920 35 35
15 71.20 72.60 26 22
16 142.80 14470 ' 23 _ 13
17 190.90 192.90 35 11
18 311.70 313.50 .18 9.7
19 336.70 - 338.50 0.9 , 9.6
20 359.00 361.10 0.9 9.5
21 648.80 652.70 0.5 9.2
22 673.80 677.70 0.7 9.2
23 698.80 698.90 285 299
24 699.00 699.10 199 215
25 701.30 701.90 170 \ 149
26 710.00 711.00 104 93
27 719.70 720.00 72 - 64
28 740.00 740.60 30 37
29 740.00 740.60 41 . 37
30 807.00 808.00 25 19
31 807.00 808.00 21 19
32 1230.00 1232.00 22 14
33 1230.00 1232.00 75 9.3
34 1233.00 1273.00 2.5 . 0.04
35 1233.00 1273.00 ; 1.7 0.04
36 1275.00 1325.00 20 0.03
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Table 3.5 (Continued)

Sample - Sample Measured Modeled

Sample Start Time, End Time, Concentration, Concentration®,
Number hours hours - pugm3 pg m3

37 1403 1459 1.0 0.03

38 1403 1459 0.8 0.03

39 1467 1513 5.2 8.4

40 1467 1513 4.0 8.4

41 1600 1640 10 9.0

* Model predictions are based on the best fit to the measured data with the porous sorbent sorption model

. (equation 3.3-3.6 using the parameters listed in Table 3.3).
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Table 3.6 Gas-phase phenanthrene sample data from experiment 3C (phenanthrene-

stainless steel).

Sample - Sample’ Measured Modeled
Sample Start Time, End Time, Concentration, Concentration”,
Number hours hours pg m3 pg m-3
1 0.04 021 - 297 438
2 0.04 1 0.21 360 438
3 0.23 0.43 114 352
4 0.48 0.81 106 _ 252
5 0.48 0.81 144 252
6 1.06 1.63 67 120
7 1.93 2.68 _ 53 44
8 1.93 2.68 85 44
9 44.89 48.34. 1.1 0.6
10 44.89 - 48.34 1.5 0.6
11 70.91 73.54 35 1.2
12 70.91 73.54 7.6 1.2
13 7357  °  75.14 14 1.2
14 73.57 75.14 . 4.5 1.2
15 92.40 94.46 2.6 1.2
16 92.40 94.46 4.0 1.2
17 96.50 98.81 ' 2.7 1.2
18 96.50 98.81 4.7 ' 1.2
19 115.89 118.71 ' 6.4 1.8
20 118.72 121.18 6.2 1.8
21 118.72 121.18 - 16 1.8
22 121.18 123.13 5.1 1.8
23 140.44 143.09 55 1.8
24 140.44 143.09 5.8 1.8
25 144.28 144.41 265 474
26 144.28 144.41 273 474
27 144.41 144.58 : 276 402
28 144.41 144.58 337 402
29 144.64 144.92 229 291
30 144.93 14543 175 190
31 144.93 145.43 200 190
32 145.54 146.21 104 91
33 145.54 146.21 142 91
34

146.21 147.13 148 ' 41
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Table 3.6 (Continued)

Sample Sample . Measured Modeled
Sample Start Time, End Time, Concentration, Concentration”,
Number hours hours ug m-3 pg m-3
35 213.06 214.76 6.9 24
36 213.06 - 214.76 7.0 2.4
37 214.89 24026 0.4 0.6
38 214.89 240.26 0.7 0.6
39 240.28 266.89 . 04 0.6
40 240.28 266.89 0.5 0.6
41 266.91 289.99 0.7 0.6
42 266.91 290.61 0.4 0.6
44 290.63 307.88 1.6 2.1
45 307.90 314.43 2.1 2.2
46 314.43 331.31 2.1 2.2
47 331.41 357.84 1.1 2.2
48 384.13 403.49 1.3 2.2
49 384.13 403.49 1.8 2.2

e Model predictions are based on the best fit to the measured data with the nonporous sorbent sorption

model (equation 2.4 and 2.5 using the parameters listed in Table 3.3 with n, and ng=1).
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Table 3.7 Gas-phase phenanthrene sample data from experiment 3D (phenanthrene-

carpet).
Sample - Sample Measured Modeled
Sample Start Time, End Time, Concentration, Concentration”,
Number hours hours ug m3 pg m-3
1 0.23 0.33 723 553
2 0.23 0.33 1110 . 553
3 0.38 0.57 179 333
4 0.38 0.57 378 _ 333
5 0.63 0.89 115 161
6 0.63 0.89 237 ‘ 161
7 1.26 : 1.72 49 31
8 1.26 1.72 107 31
9 2.05 ' 2.68 29 97
10 2.05 : . 2.68 - 129 9.7
11 21.05 21.83 84 . 6.1
12 21.05 21.83 22 6.1
13 2584 26.97 7.3 5.8
14 25.84 26.97 15 5.8
15 46.97 . 4843 3.0 4.9
16 46.97 48.43 8.2. 49
17 71.47 - 7431 4.6 4.0
18 7147 74.31 . 4.8 4.0
19 93.08 96.88 0.9 3.5
20 188.15 193.82 . 2.2 2.2
21 ' 188.15 193.82 4.5 2.2
22 262.38 262.51 223 531
23 262.53 262.68 193 348
24 262.74 262.96 104 189
25 262.74 262.96 213 189
26 263.05 263.48 367 72
27 263.79 264.39 45 16
28 - 264.48 265.14 32 10
29 264.48 265.14 71 10
30 265.15 266.14 40 9.2
31 266.23 267.02 33 9.0
32 310.61 312.11 6.2 6.5
33 404.83 408.83 1.8 4.2
34 428.83 432.83 N 1.9 -39
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Table 3.7 (Continued)

, Sample Sample Measured Modeled
Sample Start Time, End Time, Concentration, Concentration®,
Number hours hours ug m-3 pg m-3

35 503.97 507.02 1.4 34
36 503.97 507.02 1.9 34
37 550.23 55440 2.3 3.2
38 57422 574.33 704 844
39 574.22 57433 778 - 844
40 . 574.38 574.50 515 543
41 574.60 574.75 187 - 298
42 574.95 575.12 o114 123
43 575.39 575.68 197 42
44 576.00 576.38 90 18
45 576.88 577.38 79 13
46 577.88 578.80 30 12
47 - 670.10 672.10 2.9 7.2
48 670.10 672.10 3.6 . 7.2
49 719.44 722.75 4.4 6.1
50 719.44 722.75 - 6.2 6.1
51 763.88 767.95 31 5.6
52 838.82 - - 841.90 43 5.0
53 838.82 841.90 14 5.0
54 932.25 936.42 3.2 » 4.7
55 932.25 936.42 ‘ 89 4.7
56 1099.03 1105.03 2:3 ' 4.4
57 1099.03 1105.03 4.5 44
58 1341.08 1346.25 6.2 4.3
59 2687.50 2691.03 1.0 3.7
60 2687.50 2691.03 1.5 3.7
61 2730.92 2733.82 3.1 3.7
62 2734.52 2734.60 745 477
63 2734.72 2734.82 277 286
64 2734.72 2734.82 309 286
65 2734.98 2735.12 224 142
66 2735.38 2735.65 131 51
67 273598 2736.39 96 20
68 273598 2736.39 110 20
69 2737.61 2738.43 50 ' 13
70 2739.69 2740.68 30 12
71 2759.62 2760.73 16 11
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Table 3.7 (Continued)

- Sample Sample Measured Modeled
Sample Start Time, End Time, Concentration, Concentration®,

Number hours hours ug m-3 - pgm3
72 2784.81 2786.83 . 2.6 9.5
73 2853.12 2857.05 3.1 7.3
74 - 2875.72 2880.12 1.5 6.9
75 3021.43 3026.73 13 5.8
76 3093.18 3098.00 26 5.6
77 . 3093.18 - 3098.00 2.9 5.6
78 3237.02 3241.42 1.4 53
79 3237.02 324142 2.7 5.3
80 3430.17 3434.00 3.7 5.2
81 3430.17 3434.00 46 - 5.2
82 345265 3480.43 0.5 - 36
83 3452.65 348043 09 3.6
84 3480.46 3525.14 0.2 4.4
85 3480.46 3525.14 . 0.2 4.4
86 3525.27 3529.97 0.4 43
87 3525.27 3529.97 0.9 43
88 - 3549.69 3554.98 0.9 4.3
89 3596.28 3601.24 0.9 | 43
90 3596.28 3601.24 1.9 4.3
91 - 3691.98° 3696.98 1.2 4.2
92 3691.98 3696.98 2.1 , 4.2
93 3715.87 3719.42 1.3 4.2
94 3715.87 3719.42 1.8 4.2

e  Model predictions are based on the best fit to the measured data with the porous sorbent sorption

model {equation 3.3-3.6 using the parameters listed in Table 3.3).
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Table 3.8 Gas-phase phenanthrene sample data from experiment 3E (phenanthrene-

wallboard).
Sample Sample Measured Modeled
Sample Start Time, End Time, - Concentration, Concentration®,
Number hours _houts pug m-3 ug m-3
1 0.19 0.23 778 824
2 0.29 0.34 546 604
3 0.29 0.34 605 . 604
4 . 0.46 0.53 378 366
5 0.64 0.73 214 215
6 0.86 0.96 214 117
7 1.25 1.38 - 115 43
8 1.25 1.38 141 43
9 1.79 1.96 92 ‘ 18
10 3.71 3.99 55 9.5
11 3.99 4.29 57 - 9.4
12 22.38 22.66 8.4 5.8
13 2238 22.66 17 ‘ 5.8
14 48.43 49.18 16 3.9
15 121.1 122.9 5.6 23
16 143.3 145.6 5.0 2.1
17 143.3 145.6 5.1 2.1
18 168.8 172.1 - 34 2.0
19 2141 - 217.7 23 1.8
20 214.1 217.7 2.8 1.8
21 286.7 292.2 2.0 1.6
22 286.7 292.2 24 . 1.6
23 359.6 363.7 2.6 ' 1.5
24 359.6 363.7 3.0 1.5
25 503.3 509.6 22 1.3
26 646.3 © o 653.2 1.5 1.3
27 646.3 653.2 1.8 1.3
28 718.0 721.7 1.8 _ 1.2
29 721.9 721.9 680 884
30 7220 - 722.0 414 648
31 722.2 722.2 248 380
32 722.2 722.2 : 280 380
33 722.4 722.5 204 198
34 722.8 722.8 148 78
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Table 3.8 (Continued)

Sample Sample Measured Modeled
Sample Start Time, End Time, Concentration, Concentration”,
Number hours hours pg m-3- ug m-3
35 723.9 724.0 56 , 14
36 723.9 724.0 57 : 14
37 724.4 724.7 28 12
38 789.5 791.7 32 4.4
39 863.7 868.2 2.4 33
40 863.7 868.2 3.0 33
41 : 958.0 964.5 : 2.4 29
42 1032 ' 1038 3.0 _ 2.7
43 1032 - 1038 3.6 : 2.7
44 1055 1060 2.7 2.7
45 1061 1127 0.7 1.8
46 1061 1127 0.7 1.8
47 1127 1132 15 2.1
48 . 1127 1132 1.5 2.1
49 1199 1205 1.7 ' 2.3

50 1224 1228 1.5 23

e  Model predictions are based on the best fit to the measured data with the porous sorbent sorption

model (equation 3.3-3.6 using the parameters listed in Table 3.3).
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Chapter 4. Nicotine as a Marker for
| Environmental Tobacco Smoke —
Implications of Sorption on Indoor
Surface Materials”

ABSTRACT

| Recently developed models and data describing the interactions of gas-phase
serﬁivolatile ofganic compounds with indoor surfaces are employed to examine the effects |
of sorption on nicotine’s suitability as an environmental tobacco smoké (ETS) marker.
Using paraméters from our studies of nicotine sorption on carpet, painted wallboard, and
stainless steel and previously publishgd data on ETS particle deposition, the dynamic
behavior of nicotine was modeled in two different indoor environments: a house and a
stainléss steel chamber. The results show that apparently contradictory observations of
nicotine’s behavior in indoor air can be understood by considering the effects of sorption
under different experimental conditions. In indoor environments in which smoking has
occurred regularly' for an extended period, the sorbed mass of nicotine is very large relative
to the mass emitted by a single ciga;rette. The importance of nicotine adsorption relative
to ventilation as a gas'-phase removal mechanism is reduced. Where smoking occurs less
regularly or the indoor surfaces are cleaned prior to 'smoking (as in a laboratory chamber),
nicotine deposition is more significant. Nicotine concentrétions closely track the levels of
other ETS constituents in enviro'nments with habitual smoking if the data are averaged
over a peridd significantly longer than the period between cigarette combustion episodes. N
However, nicotine is not a suitable tracer for predicting ETS exposures at fine time scales

or in settings where smoking occurs infrequently and irregularly.

* This chapter is based on a paper published elsewhere as Van Loy M.D., Daisey J.M., and Nazaroff
W.W. Nicotine as a marker for environmental tobacco smoke: Implications of sorption on indoor surface
materials, Journal of the Air and Waste Management Association 1998, 48, 959-968.
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INTRODUCTION

Environmental tobacco smoke (ETS), a complex mixture of gases and particles
generated by combustion of tobacco produ)cts indoors, consists of a diluted and aged
mixture of sidestream smoke emitted from a burning cigarette plus mainstream smoke
exhaled by the smoker. Sidestream smoke is estimated to contribute at)proximately 90%
of the airborne ETS mass (Eatough, 1993). ETSisa major source of both particle and
gas-phase indoor air contamination (Eatough, 1993) and has been implic#ted as a causal
factor in many 'adverse health éffects, including lung cancer, heart disease, childhood
asthma, and other respiratory diseases (Aviado, 1990; Wynder and Kabat, 1990; USEPA,
1992; Steenland, 1992; Glantz and Parmley, 1995). ETS is a dynamic mixture of
hundreds to thousands of compounds that are variably distributed between the gas aﬁd
particle phases. The composition of ETS in an indoor envirohment may evolve because
of exchange between the gas and particle phases, dilution, Qentiiation, and debosition onto
and re-emission from indoor surface materials (Eatough, 1993; Pritchard et al., 1988;
Baker et al., 1988; Eatough et al., 1989a; Baker and Proctor, 1990; Nelsoﬂ and Conrad,
1997.).

To accurately assess the risks associated with ETS exposure, it is necessary to
develop a method to quantify ETS concentrations in indoor air. Because of the large
number of ETS constituents and the lack of adequate'infonnation about the specific health
riéks asséciated with individual species, a common approach for ETS exposure
assessment involves the measurement of one or more marker species. The National
Research Council (1986) has déﬁned the desirable attﬁbutes of an ETS marker. It should
be unique to tobacco smoke and be emittéd at similar rates for different types and brands
of tobacco products. Also, cigarettes must emit sufficient mass of the marker to allow
accurate quantification of its concentrations at low smoking rates, and the marker must be
emitted in consistent proportioné to other compounds of interest for a range of tobacco

products under various combustion conditions. Researchers subsequently defined
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another valuable characteristic: the marker’s dynamic behavior in indoor air must be
similar to that of the compounds for which it serves as a surrogate (Eatough, 1993; Baker
et al., 1988; Eatough et al., 1989bc; Nelson et al., 1990; Nelson et al., 1992, Daisey et al.,
1998). |

The most common marker for ETS is nicotine (C;oH}4N5, molecular weight =
162.2 gmol-1), a naturzjllly occurring alkaloid found in tobacco leaves. During tobacco
combustion, some of the nicotine in a cigarette volatilizes into the mainstream and
sidestream smoke while the remainder pyrolyzes to form other nitrogenated products
such as ethenyl pyridine, pyridine, and pyrrole (Baker, 1981; Baker and Proctor, 1990)',
The nicotine emission rate in sidestream smoke is approximately 5.0 £ 0.8 mg per
cigarette (Daisey et al., 1994, 1998). Niéotine in mainstream smoke and sidestream
smoke captured in small combustion chambers is predominantly present in the particle
phase (Eatbugh et al., 1989a; Baker, 1981) In contrast, more than 95% of ETS nicotine
exists in the vapor phase (Eatough, 1993; Eatough et al., 1989abc; Baker and Proctor,
1990). This difference is likely a result of two factors: alkalinity of sidestream smoke
particles reduces nicotine protonation and decreases its aqueous solubility; and dilution of
the smoke plume as it mixes with cleaner indoor air reduces the partial pressure of the
semivolatile nicotine causing net transport from the particle phase to the gas phase
(Eatough, 1993; Eatough et al., 1989a; Baker and Proctor, 1990).

Another widely used marker for ETS is respirable suspended particles (RSP),
particles with aerodynamic diameters smaller than 10 pum which can penetrate into the
human respiratory system. Cigarettes and other combustion sources of airborne
particulate matter typically produce particles much smaller than 10 ufn. Thus, PM3 s,
the airborne mass concentration of particles with aerodynamic diameters below 2.5 pum, is
commonly measured and taken as a reasonéble approximation for RSP from ETS. Two
cigarette emission rates for PM3 5 in ETS have been recently reported. Daisey et al.

(1994, 1998) reported an emission rate of 8.1 + 2.0 mg per cigarette for simulated ETS
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generated by emitting sidestream smoke (but not mainstream smoke) from machine
smoked cigarettes into a 20 m‘3 stainless steel chamber.” Martin et a!. (1997) reported 13.7
mg per cigarette for RSP from cigarettes smoked by human subjects and including exhaled
mainstream smoke. As described above for nicotine, there is a significant difference in
mass emission rates of RSP (and PM» 5) for sidestream smoke captured in small
combustion chambers and ETS measured after dilution of the smoke plume into a room
volume. Daisey et al. (1994, 1998) measured emission factors nearly a factor of four
larger for sidestream smoke in small chambers. This difference is attributable to
evaporation of volatile smoke components as the plume is diluted with cleaner air. Unlike
nicotine, RSP and PM3 s have a variety of indoor and outdoor sources other than cigarette
combustion. Field measurements of indoor RSP concentrations include >both ETS-
generated particles and particles from other sources. The models presented in this
chapter consider only RSP from ETS.

The results of field sfudies support nicotine’s utility as a marker for ETS particle
exposures by showing a linear relationship between the concentrations of nicotine and
RSP in homes (Coultas et al., 1990; Leaderer and Hammond, 1991) and workplaces -
(Miesner et al., 1989; Turner et al., 1992; Hammond et al., 1995 ; Hammond, 1996).
Similar findings have also been reported in personal monitoring studies of RSP and.
nicotine exposure (Jenkins et al., 1996b). Leaderer and Hammond (1991) found a strong
correl'ation (Crsp=229 ug rﬁ'3 +9.8:Cpic, R? = 0.64) between one-week average RSP and
nicotine concentrations in 47 smoker’s homes in two New York counties. Their data are
reproduced here as Figure 4.1. Coultas et al. (1990) found a slightly weaker but similar
correlation (Spearman correlation coefficient = 0.54) between daily average nicotine and
RSP concentrations for 99 measurements in ten smokers' homes. Another study of ETS
in workplaces, whose results are shown in Figure 4.2, yielded a similar relationship
between RSP and ,niicotine (Miesner et al., 1989). This study used shorter sampling times

(4 to 7 hours) and included a diverse set of indoor smoking environments ranging from the
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office of a nonsmoking worker in a building where smoking was allowed to a designated
smoking area in a building in which smoking was banned in other areas. Despite the
differences between this study and the residential investigation, the regression lines for
the two data sets are similar. In fact, exclusion of the highest concentration datum
(obtained in a smoking lounge) from the regression for the workplace measurements gives
a best fit line that closely resembles that from Leaderer and Hammond’s (1991) study of
ETS in residences. A recent personal exposure monitoring study calculated time weighted
24-h average RSP and nicotine concentrations for approximately 1000 nonsmokers
(Jenkins et al., 1996b). The results of this study are summarized in Figure 4.3. The
tested subjects performed their daily activities as usual and moved from location to
‘location during the sampling period. As in the studies discussed 'previously, these results
showed a strong correlation (R2 = 0.88) between RSP and nicotine concentrations and
produced a regression line similar to those in Figures 4.1 and 4.2.

Despite nicotine’s widespread use as an ETS marker, exposure estimates based on
measured nicotine concentrations have been criticized, mainly by the tobacco industry
and in tobacco industry funded studies. Nicotine’s vapor pressure is low —
approximately 2 Pa at environmental temperatures (Lencka et al., 1984) — and the
nicotine molecule includes a pyridine ring and a cyclic tertiary amine group, both of which
can participate in acid-base chemistfy (Eatough et al., 1989b; Baker, 1981). Thus,
nicotine should interact more strongly with indoor surfaces than many other ETS
compounds and therefore exhibit different dynamic behavior. Several studies (Baker et
al., 1988; Eatough et al., 1989a; Eatough et al., 1989¢; Nelson et al., 1990; Nelson et al.,
1992) have shown marked differences in the concentration decay patterns of nicotine as
‘compared with other ETS contaminants in laboratory chambers. In one such study
conducted in an 18 m3 stainless steel environmental test chamber, the effects of air
exchange rate (AER) and sampling time on the ratio of nicotine to RSP were measured for

6 hours immediately following combustion of two cigarettes (Nelson et al., 1992). The
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ratio.of nicotine to RSP varied by a factor of approximately 4 for AERs between 0 and 4
h-! and sampling times between 30 and 360 minutes. Based on fhese measurements,
Nelson et al. (1992) concluded that “the sole use of niéotine as an ETS marker méy lead
to significant errors in ETS exposure assessments.” Figure 3 from the paper by Nelson et
al. is reproduced here for comparison as Figure 4.4

In the cuﬁent study, the coupled surface sorption/bulk diffusion model and a
-surface sorption dynamics model developed in Chapters 2 and 3 are applied to simulate
the experiméntal studies described above. By accounting for nicotine sorption and
desorption and for differences in the time history of smoking in the simulations, the
apparently contradictory results of these studies are largely reconciled. As a further test
of the model predictions, a seriés of laboratory experiments were conducted in a stainless
steel chamber containing wallboard and carpet in which the ratio of nicotine to RSP
concentrations from simulated ETS lwas measured as a function of time for 24-hour

periods.

. MODELING APPROACH
- For pollutants that interact with indoor surfaces, the following differential
equation vdescri.bes a time-dependent mass balance on the gas-phase species, assuming
well mixed conditions prevail and the outdoor concentrations of ETS constituents are

negligible:

550 (4.1)

where subscripts i and j denote distinct airborne contaminants and indoor surfaces,
respectively, g is the total number of distinct surfaces on which sorptioh may occur, C; 18
the indoor airborne concentration of species i (mg m-3); ¥ is the indoor volume (m3); ¢ is

time (h); E,(f) is the instantaneous emission rate of compound i at time =t (mg h-1); A, is’
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the air exchange rate (h1), Sj is the présented surface area of surface j (m?), and Mi;j is the
mass of corﬁpound i deposited or sorbed on surface j (mg m-2).

The summation term in equation 4.1 accounts for thé ﬁet rate of uptaké of
compound i on each of the indoor surfaces j, where the specific form of éach dM,j/di
depends on the nature of the interaction. For reversible sorption on nonporous materials,

“such as stainless steel, sorption is expected to be purely a surface phenomenon. The rate
of mass uptake by such surfaces depends only on gas-phase mass transfer and surface
kinetics which are well represented by a modified version of a two-box reversible sorption
model (Dunn and Tichenor, 1988; Tichenor et al., 1991). To model sorption d}"namics
with sorbents into which species may diffuse, such as carpet and wallboard, the two-box
model is modified to include Fickian diffusion into the bulk of the material. The following
sections detail the mathematical expressions employed in the current study for two cases:
a stainless steel chamber, and a typiéal indoor environment in which the dominant sorbing
surfaces are assumed to be carpet and wallboard. The model treatmént of airborne
particles in ETS is also described. 1

Governing Equations: Nicotine in a Stainless Steel Chamber. Equilibrium
partitioning of nicotine between stainless steel surfaces and air in a 20 m3 environmental
test chamber is accurately described by the nonlinear F reundlich isotherm (Chapter 2):

M, = K, ,Clns | 4.2)

where M, is the mass of nicotine sorbed per area of stainless steel (mg m-2) and K,,s and
nys are experimentally determined isotherm pérameters. A modified version of a two-box,
reversible sorption model (Dunn and Tichenor, 1988; Tichenor et al., 1991) expresses the
r;et rate of adsorption on the surface as the difference between a power-law deposition
rate and a power-law reemission rate. Mass balances on the gas and sorbed phases yield a

pair of coupled nonlinear ordinary differential equations which are solved by Runge-Kutta

integration (Press etal., 1992):
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dc, Eult S, ( |
= —’;7(—) + A,Cpy = —VS—(ka,,sc,','ans — kg M [ldns ) (4.3)
aM
dtns = kansCn" — K gns M s (4.4)

where the subscripts # and s denote nicotine and stainless steel, respectively; Ss is the
stainless steel surface area (m2); kg5 and kg, are the rate constants for adsorption

3%ans=2 -1y and desorption (mg!~"dns m*"dns =2 h1), respectively; and gy

(mgl_f’ans m
and ngy; are the adsorption and desorption rate exponential coefficients for nicotine on
stainless steel (no units). The rate constants and exponential coefficients in this model are

related to the isotherm parameters as follows:

1 | _
R/ |
o)
Ry = ”a% _ (4.6)
ns

The sorption rate parameters used to model nicotine sorption are listed in Table 4.1 along
with the njcotine mass emission rate per cigarette, £,(f). This value for E,(f) represents
an average over six different cigarette brandé obtained by solvent extraction of sidestream
smoke captured on a sorbent sampler and deposited on the walls of small glass
sidestream collection apparatus. The standard deviation of these measurements was
approximately 15% (Daisey et al., 1994, 1998). |

Governing Equations: Nicotine in a Typical Indoor Environment. The
surfaceAso.rptiOn model deécribed above for stainless steel does not adequately capture the
kinetics of adsorption and desorpﬁon of nicotine on porous/absorbing materials such as .
carpet and wallboard. Experiments show that in addition to the net rate of sorption at the
surface, the rate of mass transfer into the material.through bulk diffusion governed by
Fick’s Law must be considered (Chapter 3). In the presence of carpet and wallboard as

the only sorbing surfaces, the gas-phase mass balance equation is identical to equation 4.3
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except that equilibrium gas-surface partitioning is assumed to be linear and the rates of
deposition and reemission are first order in both concentration and the sorbed mass

density at the sorbent surface, My; surface:

ﬂ=_E_'l_(t_)_,1an_ 5

dt v . 7(kanj Co— kdnj Mnj,surface) 4.7)
=c,w v

J

where ¢ and w denote carpet and wallboard and k,,,; and kanj are the sorbent-specific
. adsorption and desorption rate constants for nicotine (m h-! and h-!, respectively). The
material balance equation for mass sorbed at the surface differs from equation 4.4 by

inclusion of a term accounting for diffusive flux of nicotine into the bulk material:

oM nj surface d Cbnj (t’ z )J
z=0

o =Vkanjcn - kdnj Mnj,swfac’e + Dnj[ % (4.8)

where Dy is the diffusion coefficient for nicotine in the bulk of sorbent j (m2 h-!), z is the
vertical distance into the sorbent (m), and Cbnj (t,z) is the local concentration of nicotine
within the sorbent j (mg m3). As equation 4.8 is written, z > 0 within the sorbent and z =

0 at the surface. Forz> 0, Cbnj (t,z) is governed by Fick’s Second Law:

ICpy(t.2) ) 5 FCy(t.2)

—a | T 2 (4.9)
The model calculations assumed a no-flux boundary at the back (not directly exposed to
_ indoor air) side of each sorbent. The other boundary condition in equation 4.9 is |
determined by matching the sorbed mass at the sorbent surface given by equation 4.8. As
discussed earlier for eqﬁation 3.4, equation 4.9 assumes that no accumulation occurs at the
air-sorbent interface relative to the bulk of the sorbent material. Initial conditions required
for this model include the species concentration both in the gas phase and at every point
within each sorbent. For an ihitially ETS-free indoor environment, éll of these values are

zero. The solution to equations 4.7-4.9 is obtained numerically by Runge-Kutta

integration of a set of N + 1 linear ordinary differential equations (over time) generated by
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a finite-difference approximation (in space) of equation 4.9 with N nodes. The model
predictions discussed below were generated using N = 15 and a constant integration time
step of 15 seconds. |
Governing Equations: ETS Particles. RSP concentrations were modeled by
assuming that airborne particles are removed from indoor air by ventilation and by first-
order irréversible deposition on internal surfaces. With this assumption, dMp,;/dt =
kapiCp. Because ETS particles occur mainly in the accumulation mode, centered at ~ 0.3
pum, deposition is a minor removal mechanism compared with typical ventilation rates
(Nazaroff et .al., 1993a; Xu et al., 1994). Therefore, it is reasonable to model particle
deposition with a single average rate coefficient, kg, (m h-1) averaged over all surfaces ;.

Equation 4.1 siinpliﬁes to a single linear ordinary differential equation:

dC, E,t) s
p__"P T
—E=PL [;tvcp +hgp - cp) (4.10)

where St is the total presented indoor surface area (m2). Values for Ep(t) and kqp were
obtained from previous studies of ETS particles in indoor air (Xu Iet al., 1994; Martin et
al., 1997) and are listed in Table 4.1.

Modeling Residential Concentrations. To simulate the field measurements of
Leaderer and Hammond (1991) in smokers’ homes, the kinetic- models for reversible
nicotine sorption on carpet and wallboard (equations 4.7 - 4.9) and irreversible deposition
of airborne particles (equation 4.10) were used with the kinetic parameters reported in
Table 4.1 to predict 24-hour average nicotine and RSP concentr_ationS in a 500 m3 house
in which smoking occurs regularly for 16 hours pér day ata constant smoking rate. The
modeled building was assumed to have a 250 m?2 ﬂdor covered with carpet and 1000 m2 of
painted wallboard surface. Emission rates of nicé_tine and particles were assumed to be
0.5 mg min-! and 1.37 mg min'! with a 10 min duration for each cigarette, a_nd.zero

between cigarettes. The model was used to calculate the 24-hour average nicotine and
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RSP concentrations resulting from all combinations of a 4 >< 12 matrix of air-exchange
rates (0.3, 0.5, 1.0, and 3.0 h-!) and smoking rates (1, 3, 6, 9, 12, 16, 20, 24, 30, 36, 42,
and 48 cigarettes d-1). Because the daily smoking pattern was held constant for each
model run, the calculated 24-h average concentrations are equivalent to those that would
result for a 7-d period. .

Prior to calculating the 24-h average concentrations for each AER/smoking rate
combination, the model simulated the loading of indoor surfaces with nicotine by
modeling the indoor concentrations and sorbed masses continuously over time. In this
manner, the model represents the loading of indoor surfaces with sorbed nicotine that
occurs from a steady emission pattern. After approximately 2000 dayé with a constant
smoking pattern and AER, the sum of the relative variations between the nicotine
concentration in all of the sorbent finite difference nodes and the gas-phase at the
beginning of successive days was less than 1%. In contrast, the total relative variation
between successive days was approximately 580% for a 30-d exposure to a constant
AER and smoking pattern and 14% for a 365-d exposure. The particle deposition model
assumed no resuspension and no indoor or oﬁtdoor .sources', so RSP concentrations
decayed to nearly zero during the eight hours of each 24-h period during.which no
cigarettes were smoked. Thus, a steady diurnal pattern for particles was achieved quickly
— less than 1% variation between the starting concentrations for successive days was
reached within 4 or 5 days; depending on the smoking pattern and AER.

Modeling Concentrations in an Environmental Chamber. To model the
nicotine/RSP ratio from ETS in a stainless-steel chamber with no previously sorbed

"nicotine, equations 4.3, 4.4, and 4.10 were used to predict RSP and nicotine
concentrations in an 18 m3 stainless steel chamber with 45 m?2 of internal surface area.
The chamber is assumed to be initially free of éigarette smoke. In the model run, two
cigarettes are sequentially smoked, for 10 min each, starting at t = O, and emissions were

zero for all times after 20 minutes. The air-exchange rate was varied between 0 and 4 h-1,
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and sampling times (averaging time immediately following the start of combustion)
between 30 minutes and 360 minutes were considered. The parameters used for nicotine-
stainless steel sorption kinetics and particle deposition are listed in Table 4.1. The code
for these simulations is.listed in Appendix C. These mode! conditions closely mimic the
-experiments used fo investigate the effects of ventilation rate and sampling duration on

the observed nicotine/RSP ratio (Nelsonv etal, 1990; Nelson et al., 1992).

EXPERIMENTAL METHODS

To substantiate the results of the modeling analysis described above, a seﬁes of
experiments was conducted with simulated ETS in é 20 m3 stainless-steel chamber
containing four 2.4 m x 1v.2 m % 0.0095 m panels (for a total of 11.9 m? of presented area)
of the painted. wallboard and a 7.7 m2 sample of the carpet used in the study described in
Chapter 3. The_chémber operation, cigarette combustion, and gas-phase nicotine
sampling procedures employed in the current study are déscri_bed in detail in Chapters 2
and 3, and briefly summarized here. .

A total of 16 cigarettes (Marlboro Class A Filtered) were smoked in the chamber
~ over the course of several weeks using a cigarette smoking machine (Arthur D. Little,
Cambridge, MA) while the chamber was ventilated at a low air exchange rate
(approximately 0.1 h-1). Mainstream smoke was vented to a fume hdod, so only
sidestream smoke was emitted inside the chamber. The machine was set to take one 2-
second, 35-mL puff per minute and took between 9 and 10 minutes to smoke each
cigarette. The initial smoking sequence with very low ventilation was designed to
simulate sorbent loading in real indoor environments where regular smoking occurs.
Afterward, three sequential experiments were conducted in which the chamber was
ventilated at .a‘ir exchange rates more typical of indoor environments while several
cigarettes were mechanically smoked over a three-hour period. In each experiment, the

gas-phase nicotine and airborne particle concentrations were monitored as functions of
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time for 24 hours beginning with the ignition of the first cigarette of each run. Nicotine
and RSP samples were collected continuously. Collection of é new sample was started
approximately every 20 to 30 minutes during and for two hours folloWing cigarette
combustion and then less frequently during the remainder of the 24-h experiment. Each
cigarette burned for approximately ten minutes under the smoking machine parameters
described‘abové for the surface loading pfocedure. The cigarettes smoked duﬁng each 24
hour experiment were burned sequentially at evenly spaced intervals during the first three
hours of the run. The smoking machine was designed to automatically ignite each
cigarette, extinguish it aﬁer a preset smoking period, and then repeat the cycle after a '
programmed delay. However, the automated features of the machine ofteﬁ failed to
perform properly. In these cases, the chambef was entered briefly to manually ignite and
snuff each cigarette at the proper time. The chamber door was opened for less than 30
seconds each time this procedure was required. The air-exchange rate for each run was
determined by monitoring the concentration decay of sulfur hexafluoride, injected shortly
before ignition of the first cigarette, with a photoacoustic infrared multigas monitor (Type
1302, Briiel and Kjaer, Naerum, Denmark). The chamber operation and smoking
parameters for each run are listed in Table 4.2. We deliberately varied th¢ air exchange
rate and smoking rate to examine the sensitivity of the nicotine-RSP ratio to changes in
these parameters in a system containing real indoor materials previously exposed to ETS.
The chamber temperature and relative humidity were monitored but not controlled, so
these parameters also varied slightly from run to run as shown in Table 4.2.

Gas-phase nicotine samples were collected dn reusable, commercially available
glass sample tubes (Part # ST032, Envirochem Inc.) packed with glass beads at the inlet
followed by Tenax-TA. Before each use, the samplers were cleaned and conditioned by
heating them to 300 °C for 30 minutes with a helium purge flowing at 100 cm? min-! in
the reverse direction of sample collection. During sample collection, the tubes were

mounted on the end of a 30 cm stainless steel tube which could be retracted from the
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chamber through a port in .the wall to exchange clean sample tubes for exposed ones. The
stainless steel tube Wés connected to a peristaltic pump outside of the chamber which
sampled at 100-120 cm3 min-!. Each sample was thermally desorbed at 275 °C for 5 -
minutes, concentrated and introduced into a capillary GC with a sample concentrating and
inletting system (UNACON Model 810) and a thermal desorption system (Model 8916
Multiple Tube Desorber, Envirochem, Inc.). Tflis instrument concéntrates the sample
using dual sequential traps. Sample components are resolved with a GC (Model 5890
Series II, Hewlett Packard Co.) equipped with a }0 m X 0.53 mm ID X 1.0-pm thick film
fused-silica capi_llary column (Rtx-5, Restek Corp.). The GC is connecteci via a direct
capillary interface to a flame ionization detector (FID). Calibration regression lines were
generated by analyzing Tenax TA cartridges spiked with known volumes of nicotine in
methanol containing 0.01% triethylamine. The triethylamine was added to reduce
sorptive losses from the solutions to glassware surfaces (Odgen et al., 1989). The
calibration curve was linear up to approximately 1000 ng total injected mass. However,
| the regression line had a negative intercept indicating a possible loss of approximately 50
ng of nicotine per sample in the desorption system compared to a typical sample size of
400 to 600 ng. At least one standard run was performed on each analysis day to verify
that the variability over time of the FID response to nicotine was small.

Airbomne particle samples were collected at 15 to 20 L min-! on pre—extraéted (in
methanol followed by dichloromethane), air-dried 47-mm-diameter Teflon-coated glass
fiber filters. The particle mass collected was determined gravimetrically using an

automatic microgram electrobalance (Model 25, Cahn/Ventron, Inc. Cerritos, CA)..

RESULTS AND DISCUSSION

- Modeling Results. Figure 4.5 shows the results of model calculations of 24-h
average nicotine and RSP concentrations in a prototypical house with carpeted floors and

painted wallboard walls. The effects of variations in the house AER between 0.3 and 3.0
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h-! are shown by the different symbols. Variation of the daily smoking rate between 1
and 48 d-! resulted in the range of RSP and nicotine concentrations shown in the plot.
Each AER tested in the model produced a nearly straight line ;vith an RSP concentration
axis intercept of approximately zero. The zero intercepts in Figure 4.5 result from the
model’s omission of non-ETS particle sources. In realistic indoor environments, non-ETS
contributions to the accumulation mode particle mass burden are likely to be poorly
corfelated with ETS emissions. Thus, non-ETS particle sources should affect the particle
concentration axis intercept and the scatter in the data, but not the slope (RSP/nicotine
concentration ratio) in Figure 4.5. The slopes of the regression lines vary from 23.7 for
AER = 0.3 h-! to 5.0 for 3.0 h-!. The larger slope for the lower AER cases is a result of
the increased effect of surface interactions relaﬁve to ventilationr as a removal mechanism
for airborne pollutants. The 0.5 h-! and 1.0 h-! predictions are representative of typical
AER conditions for houses in the United States (Murray and Burmaster, 1995).

The slope (9.1) of the AER = 1.0 h-! data in Figure 4.3 is nearly identical
- (agreement to within 10%) to that shown in Figure 4.1 (Figure 6 in Leaderer and
Hammond, 1991) for a study of 47 smokers’ homes (9.8). Tfle 0.5 h-! line has a larger
slope (15.4), and the data shown in Figures 4.2 and 4.3 have similar slopes (6.9, 14.8, and
8.7). These minor discrepancies may arise from the presence of other sorbents such as
upholstery, furnishings, and clothing in indoor environments that were not included in our
model calculations. Preliminary model calculations that included carpet but not wallboa'rd
resulted in regression line slopes almost two times greater than those reported in this
study (Van Loy et al., 1997b). Addition of more sorbent surfaces in the model should
result in a further decrease of the slope and a diminished dependence on the AER.
Greater indoor surface area increases the rate of RSP deposition but may not significantly
reduce the 24-h average nicotine concentration once the mass sorbed on the indoor
surfaces is in steady state with the diurnal smoking pattém and the AER because of

increased reemission of deposited nicotine during nonsmoking periods.
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Results of the modeling simulation corresponding to the experimental results
shown in Figure 4.4 (Figure 3 in Nelson et al., 1992) are displayed in Figure 4.6. This
figure shows similar trends to the previously reported experimental results: the chamber

'AER has a significant effect on the nicotine/RSP concentration, but the effect is not as
large as the impéct of different sampling times. There are some discrepancies betweeﬁ
Figures 4.4 and 4.6 , but the agfeement is good overall. At longer measurement times, the
nicotine/RSP concentration ratio is smaller than at shorter measurement times. This effect
is most pronounced for the low AER.‘cases in which surface interactions are the dominant
sink for RSP and nicotine. Unlike in the house simulations in which sorbent surfaces are
loaded with nicotine, the chamber surfaces are clean at the start of each run Thus, the
available sorption capacity of the sorbents for nicotine is large and nicotine sorption is
more significant than RSP deposition. For AER = 4.0 h-1, the ratio varies much less with
changes in measurement time because ventilation is the dominant removal mechanism for
both pollutants. This effect can also be seen in the house modeling results shown in
Figure 4.3. The difference between the predicted slopes for AER = 1.0 and 3.0 b-! is
smaller than that between 0.3 and 0.5 h-1. |

* The differences between the model predictions shown in Figure 4.6 and the data
from Nelson et al. (1992) in Figure 4.4 may be due to different surface prétreatment
| protocols in the Nelson ef al. experiments relative to those used in the study described in
Chapter 2, from which the sorption parameters were obtained. Nelson et al. do not
explicitly describe how or even if their chamber was cleaned between experiments. In the
chamber studies described in Chapter 2, the stainless steel walls were washed twice
between experiments: once with an a-cidi‘c detergent intended to increase the solubility of
nicotine so that it could be more readily removed and once with an alkaline solution to \
repassivate the surface to nicotine deposition. The chamber was rinsed with t;p and
deionized water and dried prior to the beginning of each experiment, but alkaline residue

which should retard nicotine adsorption probably remained on the chamber surfaces.
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Other differences between the model and experimental data could be introduced by
differences in the age of the stainless steel surfaces in the test chambers. Stainless steel is
relatively inert to environmental attack, but it is known to oxidize at a ﬂnite rate. The
data presented in Chapter 2 indicate that differences in the age of stainless steel samples
may alter the sorption capacity and lability of sorbed nicotine.

Experimental Results. Figure 4.7 shows measured and mod§led nicotine and
RSP concentrations in the stainless steel environmental chamber containing carpet and
painted wallboard samples as a function of time for experiment 4A in .which 12 cigarettes
were smokéd during the first three hours of the run and the chamber was ventilated at an
AER of 0.53 h-! for 24 hours. Tables 4.3 and 4.4 list the sample start and end times and
measured RSP and nicotine concentrations for each sample collected pri'or to and during
this series of experiments. The model predictions for the gas-phase nicotine and RSP
concentrations were obtained using the model parameters in Table 4.1 and the known time
series of cigarette combustion events in the chamber both prior to and during the
experiment (tabulated in Table 4.5). The cigarette combustion histpry in the chamber
prior to the start of the experiments was modeled to account for the ihitial conditions
which included some nicotine sorbed to surfaces in the chamber. The ETS RSP emission
factor of 8.1 mg cig-! reported by Daisey et al. (1994, 1998) was used in the model
predictions instead of the 13.7 mg cig-! value reported by Martin ef al. (1997). The
Daisey et al. (1994, 1998) value was obtained from experimenté with simulated ETS (no
mainstream smoke) which more closely abproximates the experimental conditions. The
model-measurement agreement is fairly good — the RSP calculations agree closely with
the measured values while the measured nicotine concentrations are underpredicted by
approximately a factor of 2. The nicotine disagreement may be due to the effect of other
ETS constituents on the sorption dynarhics of nicotine with carpet and wallboard. The
model parameters from Table 4.1 for these phenomena were obtained from experiments in

which pure nicotine was flash evaporated in a chamber containing the sorbent to be
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tested. Both the model and measurements show that the nicotine concéntratioﬁ decéys
quickly following cessation of smoking but achieves a nearly steady concentration for the
last 19 hours of the experiment while the RSP concentraﬁon continues to decrease and
actually becomes less than the nicotine concentration during the overnight sample period
(between 5 and 20 h). Indoor surface loading with nicotine was crudely simulated in these
three runs by smoking 16 cigarettes in the chamber during a short period before the start
of the experiments with the chamber oﬁerated at a low air-exchange rate. A more realistic
loading protocol would require ventilating the chamber at the AER to be tested for many
w¢eks, months, or years prior to the start of the experiment while repeating the tested
smoking cycle every day. In such an exi)eriment, it is expected that the variation in the
nicotine/RSP concentration ratio with time would be even more pronouhced. '

Figures 4.8 and 4.9 illustrate an important point. Figuré 4.8 shows the variation in
the nicotine/RSP concentratioi ratio-as a function of sampling times from 0.5 to 5 hours
and then for 24 hours. At short sampling times, the ratio varies markedly, but for the 24-
hour averages, it is nearly constant for all three runs despité the different ventilation
conditions and smoking rates. Figure 4.9 shows the nearly ﬁnea’tr relationship between the
24-hour éverage RSP and nicotine concentrations for the experiments 4A, 4B, and 4C.
The best fit slope for the 24-h average data is smaller than those reported by Leaderer and
" Hammond (1991), Miesner ef al. (1989), and Jenkins et al. (1996b) and also smaller than
that predicted by our model probably because of the large stainless steel surface area in
the chamber. While particles deposit at approximately the same rate on differeht
surfaces, the nicotine déposition rate on stainless steel that has been previously exposed .
to ETS is much smaller than that on carpet or wallboard because of the much greater

sorption capacity of the more porous surface materials.
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CONCLUSIONS

Previously developed models describing nicotine’s interactions with indoor
surfaces were combined with ETS nicotine and RSP emission factors and ETS particle
deposition rates obtained from the literature to predict RSP/nicotine concentration ratios
in indoor environments. By accounting for reversible sorption of nicotine, previous
discrepancies in reports of nicotine’s utility as an ETS marker were reconciled. For long-
term (on the order of 24-h) average measurements in environments whose indoor surfaces
have been routinely exposed to ETS, nicotine is a valid indicator (or “marker”) of RSP
concentrations due to ETS. This is true despite significant differences in the transient
decay patterns of nicotine and RSP in inddor air. When the sorbed mass of nicotine on
indoor surfaces is in steady or near-steady state with the daily indoor smoking rate and
the building AER, reversible sorption depresses the iﬂdoor nicotine concentration during
periods of smoking, but maintains it at a non-zero plateau after smoking stops. Because
reversible sorption more significantly affects the transient behavior of nicotine, nicotine is
a less effective marker for short-term ETS exposure studies.

This study demonstrates the impact of reversible sorption on human exposures to
compounds that are emitted int_ermittently (as by periodic cigarette combustion) and that
interact strongly with surfaces. Additional research is rherited to investigate the effects of
other common indoor sdrbents, such as upholstery, furniture cushions, and clothing, on
indoor concentrations of nicotine and other semivolatile organic compounds (e.g.
pesticides) whose low vapor pressures or other physicochemical properties give them a

high affinity for surfaces.
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FIGURES

Figure 4.1
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Observed relationship between gas-phase nicotine and RSP concentrations
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Leaderer and Haminond, 1991).
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concentration point which was collected in a smoking lounge.
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Mean values of 24-hour time weighted average airborne concentrations of
RSP and nicotine. These data were collected as part of a personal sampler
study of approximately 1000 nonsmokers in 16 U.S. cities (Jenkins et dl.,
1996b). The eight data points represent mean values for the subjects
grouped accbrding to gender and whether they were exposed to ETS at

home, at work or in both or neither of these locations.
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Figure 4.4  Normalized ratio of experimental airborne nicotine and RSP concentrations
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calculations simulate field measurements shown in Figure 4.1 (Leaderer and

Hammond, 1991). Model parameters are given in Table 4.1. Each data

point represents a different set of smoking and air exchange rates.
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Figure 4.6  Model predictions for the normalized ratio between nicotine and RSP
| concentrations for experiments in an 18 m3 stainless steel chamber. These
calculations simulate the experimental results shown in Figure 4.4 (Nelson
etal., 1992). In the model, two cigarettes are sequentially smoked for 10
minutes each starting at ¢ = 0. The labels next to each curve denote the
sampling period in hours. The values are normalized to the ratio calculated

for a 30 minute sample at AER = 0 h-! (0.129).
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4.3. The first cigarette in each experiment was started at 1 = 0.

- 126 -



Particle Concentration, ug m-3

Figure 4.9.

350
300
250
200
150
100

R2=0.95

nic’

Cpep=38C

10 20 30 40 50 60 70 80

Nicotine Concentration, pug m3

24-hour average RSP concentrations from Experiments 4A, 4B, and 4C

with simulated ETS in a 20 m3 stainless steel chamber containing painted

wallboard and carpet vs. the corresponding 24-h average total airborne

nicotine concentrations. Experimental conditions for the three runs are

given in Table 4.2.

~127-



TABLES

Table 4.1 Parameters used in model simulations of nicotine and RSP dynamics.
Parameter - ' Value Source
Pollutant Emission Rates During Cigarette Combustion*

L 1 Daisey et al.,
Nicotine (E,(¢)), mg h , 30 1994 1998
-1 Martin et al,,
RSP (E,(£)), mgh 82 1997

Particle Deposition Parameters
Deposition velocity (kgp), m h-! 0.011 Xu et al., 1994

Nicotine-Stainless Steel Kinetic Parameterst

Adsorption rate constant (kaps), mg' " m>"ans=2 71 0.81 Chapter 2
Adsorption exponential coefficient (ngps) 1.22 Chapter 2
Desorption rate constant (kgys), mgl~"dns m?"dns=2 p~1 0.029 Chapter 2
Desorption exponential coefficient (n4ys) 2.15 Chapter 2.

Nicotine-Carpet Kinetic Parameters

Adsorption rate constant (kgn.), m h-1 ' 7.8 Chapter 3
Desorption rate constant (kgyc), h-! 4.0x 104 Chapter 3
Bulk diffusion coefficient (D), m2 h-! 2.5 % 10-10 Chapter 3
Sorbent thickness, m 0.0024

Nicotine-Wallboard Kinetic Parameters

Adsorption rate constant (kgy,,), m h-! 2.0 Chapter 3
Desorption rate constant (kgp,), h! 1.3 x103 Chapter 3
Bulk diffusion coefficient (Dyy,), m2 h-1 . 2.9 x 10-10 Chapter 3
Sorbent thickness, m ~0.0095

The models assume that the pollutant emission rates are equal to those given during each 10 minute
cigarette burn period and equal to zero at all other times; thus the emission rates correspond to emission
factors of 5 mg cig! for nicotine and 13.7 mg cig-! for RSP. The nicotine emission factor is based on

sidestream measurements; measured ETS emission factors are lower because of losses on surfaces.

Chapter 2 lists three sets of nicotine-stainless steel sorption parameters. The values listed here are from

experiment 2A in which simulated ETS was studied in a stainless steel chamber.
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Table 4.2 Chamber operation and smoking parameters for three experiments ina

stainless steel chamber containing carpet and painted wallboard.

Parameter Exp. 4A Exp. 4B Exp. 4C
Carpet area, m2 7.7 7.7 7.7
Wallboard area, m? 11.9 11.9 11.9
Stainl_esé steel area, m? 373 37.3 37.3
Cumulative cigarettes smoked prior to run 16 28 40
Cigarettes smoked during run 12 | 12 3
Time to émoke 1 cigarette, h 0.17 0.17 0.17
Period between cigarette ignitions, h* 0.25 0.25 1.0
Air exchange rate (Ay), h-! 0.53 1.15 0.65
Temperature in chamber, °C 25 26 23
Relative humidity in chamb'er, % 47 55 41

* oAl cigarettes for each run were burned at the specified intervals during the first three hours of the run.
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Table 4.3 Gas-phase nicotine concentration sample data from experiments 4A —4C
with ETS in a 20 m3 stainless steel chamber containing samples of carpet

and wallboard as described in Table 4.2.

Sample Sample - Measured
Sample Number Start Time, End Time, Concentration, g m-3
hours hours
Preconditioning
1 0.09 0.28 186
2 0.33 0.59 62
3 0.75 1.08 39
4 1.34 1.85 30
5 2.34 3.01 20
6 8.10 9.43 20
7 12.94 13.66 24
8 13.72 14.60 19
9 13.72 14.60 20
10 14.87 15.10 203
11 15.12 15.37 69
12 -15.54 15.84 54
13 '15.92 16.59 33
14 16.82 17.82 24
15 32.12 3422 19
16 105.52 - 110.19 7
17 175.78 182.27 15
18 302.25 30253 333
19 302.65 302.89 506
20 302.90 303.10 913
21 303.13 303.30 53
22 303.34 303.54 242
23 319.09 320.10 22
24 344.18 34595 35
25 367.70 368.02 . 284
26 368.11 368.35 459 -
27 368.39 368.67 635
28 368.69 368.96 639
29 369.04 369.33 347
30 371.37 - 372.05 95
31 373.37 374.07 59
32 439.22 441.29 12
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Table 4.3 Continued

Sample Sample ' Measured
Sample Start Time, . End Time, Concentration, pg m-3 ]
Number hours hours
Experiment 4A
33 466.61 - 466.89 180
34 466.89 467.13 202
35 467.15 467.39 387
36 467.39 467.59 277
37 . 467.64 467.90 337
38 467.90 468.20 430
39 468.21 468.54 424
40 468.54 468.72 .305
41 _ 468.82 469.25 625
42 469.25 469.64 316
43 469.65 470.10 566
44 470.10 470.58 112
45 470.60 471.15 196
46 471.25 486.85 57
47 511.63 514.03 17
48 535.92 538.86 11
49 609.36 614.43 8
Experiment 4B
50  634.38 634.63 ‘ 104
51 634.65 634.82 282
52 634.85 635.09 82
53 635.11 635.34 353
54 , 635.38 635.67 366
.55 635.68 636.04 151
56 . 636.05 636.37 444
57 - © 636.44 636.75 114
58 636.75 . 637.04 130
59 637.10 637.32 - 555
60 637.35 637.61 203
61 637.67 637.94 103
62 638.12 638.47 166
63 1638.60 - 639.23 29
64 639.24 639.94 73
65 ' 640.00 656.13 23
66 656.15 659.57 11
67 - 679.75 685.11 3
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Table 4.3 Continued

Sample Sample Measured
~ Sample Start Time, End Time, Concentration, pg m-3
Number hours , hours
68 776.07 782.83 2
69 799.43 803.23 2
70 801.37 803.23 5
Experiment 4C o
71 803.40 803.90 40
72 803.92 804.33 25
73 804.33 804.68 75
74 804.72 805.05 38
75 805.07 805.42 40
76 805.42 805.68 82
77 805.70 806.25 55
78 : 806.25 806.67 38
79 806.67 807.17 35
80 807.18 824.57 11
81 824.59 831.24 5
82 846.90 853.25 2
83 871.08 875.57 -4

Note: samples numbered 1 — 32 (prior to the start of Experiment 4A) were collected during the chamber
pretreatment procedures. The complete air-exchange rate and smoking histories for the chamber prior to

and during experiments 4A — 4C are given in Table 4.5.
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Table 4.4 Particle mass concentration sample data from experiments 4A — 4C with
ETS in a 20 m3 stainless steel chamber containing samples of carpet and

wallboard as described in Table 4.2.

Sample Sample Measured
Sample Number Start Time, End Time, Concentration, ug m-3
hours hours

Preconditioning

1 302.17 302.42 276.1

2 302.43 302.77 1402.7

3 302.78 303.10 2075.2

4 303.18 303.48 1764.1

5 319.09 320.87 - 511

6 344.23 351.12 17.5

7 367.65 368.02 581.6

8 368.10 368.35 1855.2

9 368.39 368.68 2828.9

10 368.74 369.01 - 3478.3

11 369.05 369.30 2978.0

12 371.37 372.06 © 1460.9

13 373.37 374.09 681.8

14 439.22 446.81 6.7
Experiment 4A

15 466.62 466.91 621.1

16 466.93 467.22 1001.8

17 467.23 467.50 1354.2

18 467.53 467.88 1537.5

19 467.92 468.29 - 14470

20 _ - 468.31 468.68 1678.7

21 468.78 469.42 2084.0

22 46944 . 470.10 1885.4

23 470.13 470.63 1184.4

24 ' 470.65 471.10 883.1

25 - 471.12 486.73 - 713

26 ' 486.76 . 490.96 4.4

-133 -



Table 4.4 Continued

Sample Sample Measured
Sample - Start Time, End Time, Concentration, ug m-3
Number hours hours
Experiment 4B : :
27 634.37 ' 634.70 585.8
28 634.72 635.05 921.1
29 635.07 635.43 944.1
30 635.45 635.77 1328.7
31 635.78 636.10 1288.0
32 636.12 636.46 1387.3
33 636.47 636.88 1307.7
34 636.89 637.28 1442.4
35 © 637.31 637.70 902.6
36 637.72 638.22 443.2
37 638.24 639.83 124.1
38 639.84 656.08 3.8
39 656.11 659.58 0.7
Experiment 4C _
40 803.41 804.08 346.1
41 804.10 804.45 303.2
42 - 804.47 804.82 511.4
43 804.83 805.18 320.5
44 805.20 805.56 492.5
45 805.58 805.99 410.8
46 806.01 806.64 268.0
47 806.66 . 807.23 168.5
48 807.25 824.68 : 8.5
49 824.70 831.25 3.9

Note: samples numbered 1 ~ 14 (prior to the start of Experiment 4A) were collected during the chamber
pretreatment procedures. The complete air-exchange rate and smoking histories for the chamber prior to

and during experimenté 4A —4C are given in Table 4.5.
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Table 4.5 Air-exchange rate and cigarette smoking histories for the stainless steel

ché.mber prior to and during experiments 4A — 4C.

Period Period : . Number of Chamber Air-
_Start Time, hours End Time, hours Cigarettes ' Exchange
Smoked ~ Rateh-l
Preconditioning
0.00 0.17 1 0.03
0.17 - 11.39 0 0.03
11.39 11.56 1 0.03
11.56 14.78 0 0.03
14.78 : 14.95 1 0.03
14.95 35.67 0 0.03
35.68 _ 35.85 1 0.03
35.85 302.19 0 0.03
302.19 ‘ 303.18 .6 0.03
303.18 367.66 0 - 0.03
367.66 368.85 6 0.03
368.85 463.95 0 0.03
463.95 466.61 0 0.53
Experiment 4A

466.61 466.72 1 0.53
466.72 466.89 0 0.53
466.89 467.04 1 0.53
467.04 : 467.18 0 0.53
467.18 467.28 1 0.53
467.28 467.45 0 0.53
467.45 : 467.60 1 0.53
467.60 467.74 0 0.53
467.74 467.89 1 0.53
467.89 ' 468.05 0 0.53
468.05 ~ 468.20 1 0.53
468.20 - 468.31 0 0.53
468.31 468.55 1 0.53
468.55 468.60 0 0.53
468.60 468.75 1 0.53
0 0.53

468.75 468.85
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Table 4.5 Continued

Period Period Number of Chamber Air-
Start Time, hours End Time, hours Cigarettes Exchange
Smoked ~ Rate h'!
468.85 469.00 1 - 0.53
469.00 469.10 0 0.53
469.10 469.25 1 0.53
469.25 469.36 0 0.53
469.36 469.53 1 0.53
469.53 469.60 0 0.53
469.60 469.74 1 0.53
469.74 631.75 0 0.53
Experiment 4B
-631.75 634.36 0 1.15
- 634.36 634.52 1 1.15
634.52 634.61 0 1.15
634.61 634.79 1 1.15
634.79 634.87 0 1.15
634.87 635.04 1 1.15
635.04 ' 635.12 0 1.15
635.12 635.30 1 1.15
635.30 635.36 0 1.15
635.36 635.55 1 1.15
635.55 635.61 0 1.15
635.61 : 635.82 1 1.15
635.82 - 635.86 0 1.15
635.86 : 636.08 1 1.15
636.08 636.11 0 1.15
636.11 636.30 1 1.15
636.30 - 636.37 0 1.15
636.37 636.55 1 1.15
636.55 : 636.62 0 1.15
636.62 636.80 1 1.15
636.80 636.89 0 1.15
636.89 637.06 1 1.15
637.06 637.12 0 1.15
637.12 ' 637.32 1 1.15
637.32 799.28 0 1.15
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Table 4.5 Continued

Period Period Number of Chamber Air-
Start Time, hours End Time, hours Cigarettes Exchange
Smoked Rate h-1

Experiment 4C

799.28 803.40 0 0.65
803.40 -~ 803.59 1 0.65
803.59 804.37 0 0.65
804.37 804.55 1 0.65
804.55 805.39 0 0.65
805.39 - 805.58 1 0.65
805.57 ' 875.61 0 0.65

Each cigarette was smoked in 10 + 2 minutes. For periods in which more than one cigarette was
smoked, the number of cigarettes listed for that period were started at evenly spaced times during the

period.

The listed air-exchange rate was maintained for the entire period listed on each line of the table.
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Chapter 5. Modeling Framework to Predict Indoor
Air Concentrations of Semivolatile
Organic Compounds

ABSTRACT

Semivolatile organic compounds (SVOCs) are an important but largely unstudied
class of indoor air pollutants. SVOCS have been investigated as outdoor air pollutants,
but much less effort has been focused on understanding the factors affecting their
concentrations in indoor air. Because of these compounds’ low vapor pressures, they
readily partition into condénsed phases from the gas phase. In outdoor air, this
phenomenon is important as a source of secondary organic aerosol and as a mechanism for
long range transport and persistence of SVOCs in the atmosphere as particle;phase
species. In addition to airborne particles, indoor environments include large amounts of
other surfaces per unit air volume including carpet, wallboard, upholstery, ceiling tiles,
linoleum, etc. Adsorption to these materials has a strong and markedly different effect on
indoor contaminant concentrations because the condensed phase is stationary. Unlike the
airborne particle phase, for which ventilation is a significant removal mechanism, the only
significant pathway for removal of reversibly sorbed pollutants'from the indoor
environment is desorption into the gas phase followed by ventilation. Because buildings
have a large ratio of surface area to gas-phase volume, the net removal of SVOCs frorﬁ the
indoor environment via this mechanism can be very slow. Compouinds re-emitted from
one surface may quickly resorb on another. This chapter presents an analysis of factors
affecting indoor concentrations of SVOCs including ventilation, gas-particle partitioning,
gas-phase sorption on indoor suffaces, particle deposition, and oxidative radical chemistry
and estimates their relative importance to facilitate simplification of numerical simulations

of indoor pollutant concentrations.
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INTRODUCTION

Comprehensive investigations of semivolatile organic compounds (SVOCs) in
indoor air have not yet been reported. However, s'ynthesis of data from studies of related
topics will facilitate design of studies. Those studies published to date have focused
mainly on measurement of concentrations and identification of sources of SVOCs indoors
rather than on the factors affecting their dynamic behavior and persistence in the indoor
environment. This paper reviews the scientific literature on ventilation, reversible
sorption to surfaces, gas-particle partitibning, indoor chemistry, and other processes
which impact indoor concentrations of SVOCs. Results from previous studies of the
dynamic and equilibrium behavior of organic compounds in indoor and outdoor air are
incorporated to demonstrate the relative importance of primary emission sourcés,
reversible sinks, and homogeneous chemical reactions on SVOC concentrations under
different building operation and pollutant emission conditions. This information ié
synthesized within a mathematical framework based on the dyn‘amic processes affecting
the fate and persistence of organic compounds in indoor air to assess potential human

exposures in four indoor pollution scenarios.

FACTORS IMPACTING INDOOR SVOC CONCENTRATIONS

Sorption on Aerosol Particles and Stationary Indoor Surfaces. A substantial
body of research has been published on equilibrium and dynamic partitioning of SVOCs
with ambient air aerosols and outdoor environmental surfaces such as vegetation. These
studies have demonstrated that three dominant factors inﬂuehc¢ organic vapor sofption
on environmental surfaces: 1) temperature; 2) relative humidity or coverage of the sorbent
surfaces by sorbéd water; and 3) the surface or bulk phése sorbent chemical composiﬁon
aﬁd physical properties (Bidleman,rl98‘8; Pankow, 1994; Allen et al., 1997, Storey et al.,
1995; Lee and Tsay, 1994; Lee and Nicholson, 1994; Falcoﬁer and Bidleman, 1994;

Foreman and Bidleman, 1990; Gustafson and Dickhut, 1997; Hornbuckle and Eisenreich,
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1996; Jang et al., 1997; Jenkins ef al., 1996a; Kamens et al., 1995; Kaupp et al., 1994;
Kaupp and Umlauf, 1992; Odum et al., 1996; Odum et al., 1_994; Pankow and Bidleman,
1992; Pankow et al., 1993; Simonich and Hites, 1994; Subramanyan et al., 1994;
Thibodeaux et al., 1991; Umlauf et al., 1994; Westerholm et al., 1991). Sorption in indoor
environments has not received as much attention to date, but understanding of this
important process is improving.

Physical adsorption processes on environmental surfaces are often assumed to
occur analogously to the following reversible chemical reaction (Axley, 1991; Axley and

Lorenzetti, 1993):

_) .
Ag+S(_S—A+AHSO,p,,-O,, (5.1)

where 4g is a reversibly sorbing contaminant in the gas phase, S is an unoccupied surface
sorption site, S-A is an occupied sorption site (formed by adsorption of a molecule of A
on a site S), and AHorprion is the heat of adsorption (kJ mol-1). This “reaction” can be
applied to reversible sorption on both fixed and airborne particle surfaces. A correction
to this conceptual model is required for dynamic analyses of partitioning processes which
incorporate effects of transport in the bulk phase of the sorbent. Equation 5.1 can be

used to derive an equilibrium relationship for gas-particle partitioning:
[5-4]
Ky=r—5=
[46] 5]

where K}, is the equilibrium constant (m3 mol-1), “[ .]” denotes the “concentration” of one

(5.2)

of the reactants or products (S-A4, Ag, or S) in air (mol m3). The concentrations on the
right side of equation 5.2 have different meanings for gas-particle and gas-surface
partitioning. The meaning of [4,] is the same in both cases, but the expressions for the

concentrations of occupied ([S-4]) and unoccupied ([S]) surface sites in air are not defined

~ 140 -



in the same manner for.ﬁxed surfaces as for particle surfaces. This topic is discussed in
further detail in succeeding sections of this chapter.

- Gas-Particle Partitioning Equilibrium and Kinetics. Equilibrium partitioning
between the gas and particle-sorbed phases in the atmosphere is most often modeled
using the linear portion of the Langmuir adsorption equation (Pankow, 1987; Allen et al.,
1997; Odum et al., 1996).. Other mathe.matical expressions for equilibrium partitioning
have been applied by some researchers, but these equations also reduce to a linear
partitioning relationship at low surface coverages (Bidleman, 1988). This simplification
has been demonstrated for single compounds at low i:oncentrations, but it may require
correction for sorption of many different compounds each sorbed at low levels (Allen et
al., 1996). Equation 5.2 can be converted to a linear-Langmuir expression by
incorporating the product of the mass concentiation of airborne particles, C pm; (08 m3),
and a proportionality factor to link particle mass to surface, 4 i (m?2 mg‘l). Modifying
equation 5.2 in this way and rearranging slightly yields | '

Cp = Kp'CoAp.Cpm. - (5.3)

where C i and Cg are the particle-phase and gas-phase SVOC concentrations,
respectively (mg m-3 of air) and Ky’ is the gas-particle paititioning equilibrium constant
'(m). The subscript i refers to particles with aerodynamic diameter d 7 (m). For spherical

particles of diameter d p; and unit density,

(6 %10~ m’ mg'l)
Ap; = : 4, (5.4)

Equation 5.3 is vthe most commonly reported equilibrium relaticinship for partitioning of
SVOCs between the gas and airbéme particle phases (Bidleman, 1988; Pankow, 1987; -
Pankow, 1994; Allen et al., 1997; Storey et al., 1995; Hombuckie and Eisénreich, 1996).
In this Stiidy, it is assumed that particle sorption capacity is proportional to the airborne

particle surface area as expressed in equation 5.3
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The temperature dependence of K, in equation 5.3 is obtained from a semi-
empirical fit to theVClausius-Clayperon equation. Linear regressions to data sets from
several studies of SVOC gas;particle partitionihg have indicated an inverse
proportionality between absolute temperature, T’ (K) and log(K » / A Pi) (Pankow, 1994;
Jenkins et al., 1996a; Pankow et al., 1993). The effects of varying relative humidity, RH
(%), can be accounted for in a similar manner using a simple linear regression to data
reported by Pankow et al. (1993) who found slopes ranging from -0.004 to -0.009 for
plots of log(K p' / A i ) vs. RH. These results are similar to those reported in several
studies of nonpolar VOC adsorbtion on soil mineral surfaces (Goss and Eisenreich, 1996)
and on gas-surface partitioning in a peat bog (Hornbuckle and Eisenreich, 1996).
Combining the effects of T and RH on gas-particle partitioning into a single equation
produces |

—r
A

Pi

K L]
log[ ]=%+ﬁp+£pRH+ufp (5.5)

where T is the temperature (K); 0 is the slope obtained from a linear regression fit to
log(K » / Ap, ) vs. 1/T data, &, is the slope obtained from a linear regression fit to

log(K » / Ap, ) vs. RH data, and 3, and y, are obtained from the intgrcepts of these
regressions. In addition to the work discussed above on SVOC adsorption on particle
surfaces, there has been some study of a parallel process: absorption of SVOCs by the
bulk of the particle. This absorption mechanism has been suggested as the dominant gas-
particle partitioning mechanism for SVOCs with secondary organic aerosol, which
contains a large fraction of organic carbon (Odum ef al., 1996, Liang et al., 1997; Liang and
Pankow, 1996). Under these conditions, the partitioning coefficient for SVOCs is
inversely related to the subcooled liquid vapor pressure (p,°). This .model gives excellent
fits to data collected for partitioning of SVOCs onto laboratory generated

dioctylphthalate, ambient smog, ammonium sulfate, and environmental tobacco smoke
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particles in additibn to synthetic secondary organic aerosol particles generated from whole
gasoline vapor (Liang et al, 1997). Incorporation of a correction for aclivity in the sorbed
phasé is necessary to accurately predict partitioning of polar SVOCs in nonpolar organic
phases -Uang et al, 1997).

The equilibrium relationships between the gas and particle phases for SVOCs in
outdoor air have been fairly thoroughly elucidated. In contrast, the kinetics of the SVOC-
particle ad_sorption—desorption—absorption process are not as well understood. Though
there have been several reports of observed variations in gas-particle SVOC concentration
ratios, a predictive model describing the dynamics of this phase transfer has not yet been
reported. Those studies that have been published on this subject indicate that the
partitioning dynamics between gas and sorbed phases may occur on the order of a day or
less. A study of SVOCs iﬁ a peat bog reported measurable diurnal variations in the gas
phase concentration which the authors attributed to changes in the partitioning coefficient
with temperature (Hornbuckle and Eisenreich, 1996). Gustafson and Dickhut (1997)
reported that rates of desorption from particles in the atmosphere were comparable to the
rate of homogeneous-phase photolysis réactions with characteristic times on the order of
a day or two. The rate of gas—urban aerosol reequilibration for PAH and oxygenated PAH
- in response to a temperature or relative humidity change is strongly dependent on the
molecular weight (and consequently the vapor pressure) of the SVOC. Higher molecular
weight (lower vapor pressure) compounds repartitioned much more slowly than more
volatile species (Allen etal, 1997).
| Gas-Surface Partitioning. Adsorption onto stationary surfaces in indoor
- environments is generally the déminant mechanism impacting long-term exposures to
.SVOCs and other reversibly sorbing confaminants. Many investigators have studied
adsorption of organic compounds on sorbent materials including carpet, painted and
unpainted gypsum wallboard, furniture coverings and upholstery, hardwood flooring, and

stainless steel (Chapter 2; Chapter 3; De Bortoli er al, 1996; Kjaer et al, 1996; Borrazzo
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et al, 1993; Colombo et al,, 1993; Jorgensen et al, 1993; Tichenor et al, 1991; Borrazzo
et al, 1990; Matthews et al, 1987; Seifert and Schmahl, 1987). In contrast to SVOC gas-
particle partitioning, for which most published studies have focused on equilibrium
issues, indoor gas-surface sorption has been examined more thoroughly from a kinetic
.f)erspective. Equilibrium partitioning in indoor environments ﬁas been mostly neglected.
In general, the characteristic time scale for indoor air exchange.with outdoor air is much
shorter than that for sorption equilibrium. Additionally, the intrasorbent diffusion
transport distance (and the characteristic time tofr\each equilibrium) is generally much
shorter for particles than for indoor building materials suéh as carpet and wallboard.

- Pollutants whose indoor source strengths vary with time are most significantly
affected by surface sorption phenomena (Axley, 1991; Axley and Lorenzetti, 1993).
Peak concentrations are depressed while indoor lifetimes are extended. Due to reversible
sorption, surfaces serve both as sinks that reduce gas-phase concentrations and as
secondary sources that result in elevated indoor concentrations after removal of the
primary sources. If the air concentration in contact with a surface is greater than the
concentration in equilibrium with the sorbed mass on that surface, a net flux from the gas
phase to the sorbed phase results and the surface behaves as a sink. For systems in
which the equilibrium concentration exceeds the actual gas-phase concentration, net
desorption occurs and the surface acts as a secondary source.

~ Sorption kinetics and equilibriim depend strongly on the properties of the sorbate
compound as well as the nature of the sorbent material. Very few studies have directly
considered the importance of gas-surface interactions of SVOCs in indoor air. Gebefugi
and Korte (1988) showed that various types of fibrous materials have different affinitiesv
for semivolatile organic sorbates. Seifert and Schmahl (1987) showed that reversible
sorption has a significant effect on the concentration vs. time behavior of several organic
compounds, including many VOCs and a few SVOCs, in contact with plywood and nylon

and wool carpeting. They reported that the removal rate of the less volatile compounds,
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such as liﬁdane, o-pinene, and d-limonene, from the chamber ceased to depend on the air-
exchange rate within a few hours after a pulse injection of the compounds. Instead, the
concentration decay was governed by sorption phenomena. A study of PCB
concentrations in the downwind plurrie near a harbor dredging site revealed lérger
concentrations indoors than outdoors, even for homes directly adjacent to the active
dredging site (Vorhees et al., 1997). The authors attributed this observation to two
factors: indoor emissions from primary sources such as sealants and fluorescent light
ballasts, and continuous slow re-emission of PCBs deposited during earlier periods with
higher outdoor (and indoor) concentrations. The second hypothesis is supported by the
preddminance of heavier PCB congeners in indoor samples relative to simultaneously
collected outdoor samples. Other studies, such as those conducted by Borrazzo et al.
(1990, 1993) have fécused on the interactions of more volatile compounds such as ethanol
and trichloroethylene with fleecy materials such as carpet fibers and pillow stuffing.
They found that the sorbed phase is more favored for compounds with lower volatilities.
Tichenor et al. (1991) monitored the total VOC concentration iﬁ a test house folloWing
application of a wood stain. They found that the concentration decay rate was much
slower than that due to ventilation alone. Adsorption rates depended much less strongly
on the strength of the sorptive interaction than desorption rates, probably because of the
interferénce of other factors such as bulk-phase transport.

Decay by Chemical Reaction. Indoor homogeneous gas-phase chemistry is‘ :
often neglected because of the drastically smaller actinic flux available to drive photolysis
reactions relative to that encountered outdoors during daylight hours (Nazaroff and Cass,
1986). However, although photodegradation reactions are likely to be prohibitively slow
in indoor environments, other reaction pathways for organic compounds involving ozone
induced production of the hydroxyl radical have been demonstrated to be not only |
feasible but potentially significant (Weschler and Shields, 1996, 1997, 1998). Ozone

reacts in air with alkenes to produce oxidized compounds such as aldehydes, ketones,
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alcohols, and carbokylic acids (Atkinson and Carter, 1984) These reactions also generate
the hydroxyl (OH) radical which is an important sink for many organic compounds,
including airborne particle-sorbed pesticides (Palm et al. 1997) and polychldrinated
biphenyls (Anderson and Hites, 1996), in the atmosphere.

Recent studies of chemical sources and sinks for organic compounds in indoor air
have demonstrated that indoor hydroxyl radical concentrations can, under some
conditions, be comparable to those encountered outdoors because of reactions of ozone
with alkenes. Indoor concentrations of alkenes are generally greater than those outdoors
because of indoor emission sources. Due to infiltration of outdoor air, indoor ozoné
concentrations often exceed 20 ppb or even 30 ppb in summer in middle latitude urban
areas. Indoor concentrations exceeding 1 ppb are typical in northern mid-latitudes even
during winter. Depending on the indoor concentrations of alkenes, these conditions could
generate OH radical concentrations of 10-6 to 10-5 ppb in indoor air. These
concentrations are two orders of magnitude lower than typical summef noontime levels in
mid latitudes (Atkinson et al., 1995; Weschler and Shields, 1996). Thus, degradation rates
for organic compounds in indoor air due to oxidation by OH radical are likely to be at
least 10 to 100 times slower than they are in outdoor air. These low reactioh rates
indicate that homogeneous reaction with radicals is unlikely to contribute significantly as
a sink for most indoor SVOCs. However, inclusion of these processes in indoor air
quality models is merited because organic compound reactions with the hydroxyl radical
typically generate products such as carbonyls, organic acids, and other oxidized organics
which are more toxic or irritating than the original reactants. Additionally, ozone
chemistry may be an important indoor removal mechanism for SVOCs with conjugated
double or triple bonds, such as o-pinene or a-limonene, whose ozone reaction rates are

relatively fast (Weschler and Shields, 1996).
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MODELING FRAMEWORK:

Generalized Governing Equation for Gas Phase SVOCs. Simulation of
indoor SVOC concentrations requires simultaneous solution of several coupled differential
equations. The first of these ¢quati0ns is the mass balance for a single gas-phas.e

contaminant compound in a well-mixed indoor environment:

dCy Eg(t) - | dc,
_7[— = ——-—V + A«V(Cgo_'— Cg) + hzri’s,d( dt h (5.6)

where ¢ is time (h); Eg(t) is the time dependent rate of primary (not reemission of
previously sorbed mass) gas-phase SVOC indoqr emissions (mg h'l); V is the indoor
volume (m3); Ay is the building air exchange rate (h-1); Cgo and Cg are the outdoor and
indoor gas-phase SVOC concentrations, respectively (mg m3); and the four differential
term subscripts 7, p, s, and d brefer to the net rate of mass loss from the gas phase due to
chemical reactions, sorption on airborne particles, sorption on surface méterials, and
sorption on deposited particles, respectively (mg m-3 h-1). The emission term is
_ generalized to permit consideration of contaminants, such as environmental tobacco
smoke components and cooking or cleaning product emissions, whose emission rates vary
with time. |

In the model described here, all chemical reactions affecting the concentration of
the compound of interest are assumed to be represented by a single pseudo-ﬁrst order

rate constant, kyg (h-1). Thus, the reaction (r) term in equation 5.6 is

dcC, o
—Et—- = —krgCg - (57)
. r C

This assumption is justified by the relatively minor influence that gas-phase radical
chemistry has as a sink for SVOCs. Because of their high reactivity, the concentrations of
hydroxyl and other radicals are often assumed to very rapidly achieve a pseudo-steady

“state based on radical production rates at a given time. Reaction conditions tend to vary

~ 147 -



over a diurnal cycle, so kg represents an effective average rate constanf. A more accurate,
but significantly more computationally intensive, approach would be to couple the model
describéd in this study to a more complete indoor chemistry model capable of predicting
time dependent indoor radical concentrations. The mathematical expressions for the gas-
airborne particle (p), gas-surface (s), and gas-deposited particle (d) sorption terms in
equation 5.6 are similar. In each case, a separate mass balance equation is required for the
sorbed phase. The indoor surface sorbed and deposited particle sorbed phases are
immobile with no sources or sinks other than dynamic exchange with the gas phase,
heterogeneous decay analogous to equation 5.7, and deposition of particles containing
SVOC (deposited particle phase only). The particle-sorbed phase is removed by
ventilation, deposition of particles, and heterogeneous decay and replenished by
infiltration of potentially contaminated outdoor particles in addition to dynamic gas-
particle partitioning. The follovﬁng three subsections detail model treatments for these
indoor sorbed phases. Representative ranges for each of the model parameters discussed
in this section are given in Table 5.1 along with justiﬁcatioh for selection of the given
values. |

Particle Phase Mass Balance. The gas-particle partitidning term in équation 5.6
~ can take a variety of mathematical forms. A simple model in which the adsorption rate on
particle surfaces is first order in the gas-phase concentration, and the desorption rate is

first order in the mass sorbed is described by

ng. W ‘ :
73 3 (APi Cpm;kag-p;Cg — kag-p,Cp, ) (-8)
p i=1
where kg, and kg, are the gas-particle adsorption (m h-!) and desorption (h-!) rate

constants, respectively, for particles of aerodynamic diameter d P> and o is the total

number of discrete particle diameters considered in the analysis. These adsorption and

~ 148 -



desorption rate constants are related through the equilibrium constant K’ by the

X ‘
K,'= ”g'V (5.9)
d kag—p, ‘ : :

where K, is the equilibrium partitioning constant (m) from equation 5.3. As noted in a

following equation:

preceding section, no definitive information on gas-particle partitioning kinetics is
available in the literature. However, an estimate of the adsorption rate constant, kg,_ i
can be derived from kinetic theory for mass and heat transfer to aerosol particles
(Seinfeld, 1986, §8.3) and reactive gas deposiﬁon on indoor surfaces (Cano-Ruiz et al.,
1993). The diffusive flux, Jp, (mg m2 h1), to the surface of a single particle whose
diameter, d o is much greater than the mean free path (Ap) of its surrounding air

molecules is (Seinfeld, 1986, equation 8.93)

Jp, = diDg(cgm —Cys) (5.10)
pi ‘

where Dy is the diffusion coefficient for sorbate molecules in air (m? h-!); and Cgeo and
Cgs (mg m-3) are the gas phase sorbate concentration far from the particle ahd at the
particle surface, respectively. The diffusion coefficient of a compound in a binary
mixture of gases in which 1) the compound’s concentration is very small relative to the
concentration of the other component and 2) molecules are assumed to be hard spheres
can be calculated from the Chapman-Enskog theory for binary diffusivity (Seinfeld, 1986,
§8.1.1). To a first approximation, low concentrations of a sorbate in air can be modeled in
this manner. Combining Seinfeld’s equations 8.5 and 8.9 produces the following

expression for Dg:

<v> 1+m/ _
p -3 N /makl (5.11)
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where mg and m,;, are the molecular weights of a single sorbate and “average” air molecule
(mg;, = 4.8 x 1026 kg at 50% RH), respectively (kg); k is the Boltzmann constant (1.38 x
10-23 JK-1 = 1.79 x 10-10 mg m2 h-2 K-1); P is the air pressure (Pa), 0,_ is the collision
diameter for binary collisions between sorbate and air molecules (m), and <v> is the mean

molecular Speed of sorbate molecules in air (m h-1) given by

B / 8kT ,
(v)= . (5.12)

For sorbate species that are rapidly adsorbed at the particle surface, the total flux

to the particle is given by equation 5.10 with Cgs = 0. If this simplification is not
justified then a correction factor, known as the sticking or Vaccommodation coefficient, y
(no units), is incorporated. This coefﬁciént is the fraction of molecules striking the
particle surface that adhere .without rebounding. The adsorptive flux at the particle
surface, Jg, (mg m2 h-l) is (Cano-Ruiz et al., 1993)

_1{¥)Ces

Js; == (5.13)

From mass balance, Jp, = Jg, = J,, the net adsorptive mass flux to the particle
surface. The flux to a surface is related to the deposition velocity or adsorption rate
coefficient, k,,_ »i by (Nazaroff and Cass, 1989)

J, =k C

b ag—p; “g>" (5-14)

The following expression for k,,_

p 18 obtained by combining equaﬁons 5.10 and 5.13,

solving for J , » and substituting equation 5.14 to eliminate ng:

ko =2pl1s—De s : (5.15)
ag—p; dp,' g ,},<v>dp’ . :

Inherent in the derivations of equations 5.10, 5.13, and the resulting equation 5.15 is the
assumption that the gas surrounding the particle behaves as a continuum fluid. Mass

transport to the particle surface due to random molecular motion can be simulated using
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the diffusion equation. However, when the size of the particle approaches the scale of
the mean free path of the gas molecules with which it interacts, this approximation begins
to fail. The Knudsen number, Kn;, has been defined to characterize the graininess of the

gas relative to the particle diameter as follows (Seinfeld, 1986 §8.1):

Kﬁi=2%. | ' (5.16)

where A, is the mean free path of the gas molecules (0.065 um for air at 298 K and 1
atmosphere). If Kn; <<1, the continuum approximation is valid and the diffusion
equation can be used to predict gas-particle partitioning kinetics. If Kn; is greater than or
approximately equal to 1, gas-particle dynamics are best described using an interpolation
equation such as that of Fuchs and Sutugin (Seinfeld, 1986 §8.7) which provides a
multipliéative correction factor, f,-,'to the gas-particle adsorption coefficient calculated in
equation 5.15: '

S 1+ Kn;

fi=— i . | (5.17)
1+ 171Knl + 1333Kn, ’ :

hF ord P 0.05 pm, the smallest particles considered in this analysis, f; = 0.25. As the
particle size increases, Ji approaches unity — £; (0.3 pm) = 0.72 and fi(3 pm) = 0.97.
Figure 5.1 illustrates the effects of varying particle size, accommodation
coefficient (), and SVOC molecular weigﬁt (MW) on the gas-particle deposition velocity
for particles of dlameter dp; (kag—p,). Changesin.yand 4, have a significant effect on
kag_ p; Whilea threefold increase in MW has a small 1mpact on all but the largest particles.
The model simulations described in the next section were obtained using values of kag—p;
from Figure 5.1 (calculated with equations 5.11, 5.15, and 5.17). Gas-partiéle desorption

rate constants were obtained using literature values for the partitioning equilibrium

; and kgo . Inthis analys‘is, Ky'is

constant (K" and equation 5.9, which relates ko,

assumed to be independent of d p;- The adsorption and desorption rate constants do

vary with particle size, but their ratio is a constant for any given SVOC. This method is
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adequate for compounds present at low concentrations whose equilibriurﬁ partitioning is
well described by equation 5.3. Additional model complexity would be required to

: account for partitioning processes that are kiﬁetically limited by transport through the
bulk of a particle rather than by particle surface processes or those in which partitioning
equilibrium is described by a nonlinear isotherm. For mass balance closure, the arithmetic
inverse of this expression must appear in the equation for the airborne concentration of

particle-sorbed SVOC:

dc, E,t
d;D, = p;/( )+AV(CP1'0—CP1)
Kdom; ST
—[krp + %)CE +(Ap, Comykag—p;Co = *dg—p, iy ) (5.18)

where E o (t) is the time dependent rate of primary particle-phase SVOC indoor
emissions (mg h'1), krp is the pseudo-first order rate constant for degradation of particle
phase SVOCs (h'l), kdpmi is the particulate matter deposition velocity (m h-1) for
particles of diameter d ,, St is the total indoor surface area available for particle
deposition (m2), and C pio 18 the outdoor particle-phase SVOC I,concentration for particles
of diameter d i (mg m-3). The pseudo-first order reaction rate constant accounts for
heterogeneous reactions of particle-phase SVOCs with gas-phase oxidants such as the OH
radical. vParticle-phase SVOCs are also rexﬁoved from indoor air by deposition of the
particles with which they are associated onto indoor surfaces. Equation 5.18 does not
account for variations in gas-particle sorption dynamics which might result from
interparticle differences in chemical composition.

Because the mass concentration of indoor airborne particles may vary
independently from gas-phase and particle-phase SVOC concentrations, a mass balance

on particle mass must be considered as well:

dCpy.  Epmy(s) S
pm; Py T
=2 + 2 Comgo = Cpm; ) = kapm, L-Com (5.19)
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where E pmy(2) is the time dependent rate of primary particulate matter indoor emissions
(mg h-l)and C pm;o 18 the outdoor particulate matter concentration (mg m-3) for particles
with aerodynamic diameter d 2 Equation 5.19 assumes the effects of coagulation on the
‘concentration of particles in each size fraction 7 is negligible. .

Sorbed Phase Mass Balance. Airborne SVOCs accumulate on indoor surfaces
through two different mechanisms: reversible adsorption from the gas phase and
deposition of airborne particle-associated SVOCs. If the gas-surface sorption kinetics are
described by a linear model, the gas-surface sorption partitioning term in equation 5.6 is

related to the change of sorbed mass in a manner similar to equation 5.8:

" (dC 1
g —
[ dt J ‘_7j=zcw5sj(kag—sjcg-kdg—stsj) (520
S )

where kag;sj and kgg.. s; are the adsorption (m h-1) and desorption (h-!) rate constants,
respectively, describing gas-phase sorption kinetics and M s is the SVOC mass A
reversibly sorbed at the air-sorbent interface of indoor surface material j (mg m-2). The
major difference between equations 5.8 and 5.20 lies in the treatment of the “surface area
concentration” which was expressed as the product of the area i)er particle mass and the
particle mass concentration in equation 5.8. For indoor surfaces, this value is better
expressed as the ratio of the total available surface area .forsorl.)tion on surface j, Ssj
(m?2), and the indoor volume, ¥ (m3).

Several models of gas-surface interactions are available to predict rétes of
adsorption and desorption of a reversibly sorbing compound. One of the earliest is that
originally described by Dunn and Tichenor (1988) to predict the uptake and release of
VOCs by materials in an emission test chamber and later applied by Tichenor ef al.
(1991) to VOC sorption on indoor sinks such as carpet, wallboard, ceiling tile, window
glass, and upholstery. Three key assumptions in this model are (1) sorption occurs only

on the surface of the sorbent, (2) equilibrium partitioning between the gas and sorbed
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phases is best described by the Langmuir adsorption isotherm, and (3) the partial
pressure of the sorbate remains significantly below its saturation vapor pressure. The
second and third assumptions permit simplification of the Langmuir isotherm to a linear
partitioning relationship in which the sorbed mass density is proportional to the gas-
phase concentration. Other potential dynamic models for gas-surface partitioning have
been reported for nicotine on stainless steel (Chapter 2) and VOCs and SVOCs on po'rous
materials such as carpet and wallboard (Chapter 3; Dunn and Chen, 1993; Little and
Hodgson, 1996). The model formulation for the linear partitioning surface sorption model
described by Tichenor et al. (1991) is shown in equation 5.20 above and completed in the
following equation with a term accounting for heterogeneous éhemical decay of surface

sorbed SVOCs:

dM;,
= kag_s;Cg = kag—s My, ~ s M, (5.21)

dt ag=sj J

where krsj is the pseudo-first order heterogeneous chemical decay rate for SVOCs sorbed

at the air-sorbent interface of material j (h-1). For pofous sorbents such as carpet and

wallboard, an additional term accounting for diffusion into the sorbent bulk must also be

included in the mass balance equation for the air-sorbent interface:
oM 8ij( t,2)

S
J _
— =k Cg_kdg—stsj +Dbj >

ot ag;sj - krsj Msj (5.22)

z=0
where Dbj' is the SVQC diffusion coefficient in the bulk qf porous sorbent j:(m?2 h-1),
ij (t, z) is the instantaneous sorbent bulk-phase SVOC concentration at a distance z
~ away from the air-sorbent interface (mg m-3), and z is the distance into the bulk of the
sorbent material, with z = 0 at the sorbent surface (m). The SVOC mass balance in the
sorbent bulk reflects only diffusive transport:
aij (t,z) b 82ij (t,z) (5.2
o | U |
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No term for SVOC reaction in the bulk of the sorbent is included in equation 5.22 because
chemical decay of SVOCs is assumed to occur by reaction with gas-phaée oxidants such
as hydroxyl radical and ozone whose lifetimes due to chemical reaction are much shorter
than the time necessary to diffuse any significant distance into the bulk of a sorbent.
Surface-Deposited Particle Phase SVOC Mass Balance. Déposition of
. airborne particles onto indoor surfaces ié treated similarly to equatioh 5.20 with the
exception that particles are assumed not to be resuspendable. In thisv analysis, the
deposition velocity for a given particle acrodynamic diameter, kg, (m h-1), is the
effective average over all surfaces for particle deposition on indoor surface materiais. The
term in equation 5.6 accounting for partitioning between the gas phase and deposited

particles is

ng | 1 @
) TV E, 3 (A M g kg, Co =Kty Mp)| 629
d — y —

where M pmj; is the deposited particle mass of particles of diameter d . per unit area of
indoor surface material j (mg m-2); M py 1s the SVOC mass associated with these
particles deposited per unit area of surface j (mg m-2); and k,,_ dp;j and kdg—dpij are the
adsorption and desorption rate constants, respectively, for sorption of gas-phase SVOCs
on particles of diameter d, deposited on surfacej. These sorption rate constants are
represented distinctly from those for sorption on airborne particles because the
concentration gradient near a sorbing surface material is likely to differ from that in the
mixed core of the room air. The maximum value of k,,_ dp;j 18 limited by kg sjo the
adsorption constant for gas-phase SVOCs on surface j, and kg dp;j is obtained from
equation 5.9 using k, —dpy in place of k,,_ P The overall mass balance equation for
particle associated SVOCs deposited on indoor surfaces also includes deposition of

SVOC:s associated with freshly deposited airborne particles and heterogeneous chemical

decay of deposited particle-associated SVOCs:
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aM

Pij S) _
dr dpm; Sr Cp+ApM pmj kag—dpg Cg~ kdg—dpij Mp, krpg- Mp;. (5.25)

One additional equation is necessary to keep track of deposited particle mass:

aM ... S
pmy D j I
o kdpm; 5y Cpmi. (5.26) |

Equations 5.25 and 5.26 assume that particle mass accumulates on s.urfaces‘ through

' deposition from indoor air only. No removal mechanisms for deposited particle mass are
included. Thus, tracking of dirt indoors and resuspension by vacuuming or other cleaning
activities is not considered. However, as particulate mass accumulates on the surfaces,
the deposited particles do continue to exchange SVOC mass with the gas phase with the
same adsorption and desorption rate constants used for éirbome particles.

Gas Phase Mass Balance and Model Implementation Methodology.
Substituting the terms described in the preceding sections to account for pseudo-first
order chemical decay (equation 5.7) and gas-airborne particle (5.8), gas-surface (5.20), and
gas-deposited particle (5.24) partitioning into equation 5.6 yields the complete mass
balance for gas phase SVOCS:

dC,  Egfs) k
g _
—E =+ A(Cao— Cg) ~ higCy 2 (45 Comikag-piCs = kag-piCii)
1
5 5, Sl e )

1 .
7 21( M pm;kag-p; Cg — kag—p; M p, ) (5.27) R

Model predictions for the scenarios summarized in Tables 5.2 and 5.3 were calculated by
simultaneously integrating the coupled ordinary and partial differential equations
describing the mass balances for SVOCs in the gas phase (equation 5.27) and airborne
particle-sorbed phase (5.18), SVOCs sorbed at the air-sorbent interface (5.22) and in the
bulk (5.23) of indoor surface materials, SVOCs associated with deposited particles (5.25),

and airborne (5.19) and surface-deposited (5.26) particles. Integration of a system of
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coupled ordinary differential equations can be accomplished by Runge-Kutta integration
(Press et al., 1992). However, equations 5.22 and 5.23 are partial differential equatioﬁs :
which are not integrabie by this method. To overcome this problem, the diffusidn
equation (5.22) was converted into a set of coupled ordinary differential equations by the
finite difference method. The thicknéss of each sorbent in the z direction (normal to the
air-sorbent interface.:plane) was discretized into 10 equal length nodes with boundary
conditions given by equation 5.22 for the air-sorbent interface node and a no-flux
condition at the node farthest from the interface. A total of 39 coupled ordinary
differential equations are solved simultaneously for each time step in the simulations
described in the following sectioﬁ. These include 10 finite difference equations for surface
sorption and bulk-phase SVOC transport in the two stationary sorbents (10 equations
each for_éarpet and wallboard), the gas-phase mass balance (i equation), one equation
each for airborne particle associated SVOCs and airborne particle mass in each of the three
particle aerodynamic diameters listed in Table 5.1 (6 equation's); and one equation each fof
deposited particle-associated SVOCs and deposited particle mass for each of the three

particle diameters on each of the two sorbents (12 equations). -

DEFINITIONS OF MODELED SCENARIOS

Indoor gas-, airborne particle-, surface- sorbed-, and deposited particle-phase
SVOC concentrations were simulated for five model scenarios using the Microsoft Visual
Basic for Applications macro program listed and described in Appendix D. In each
scenario, a 2000 day period is siﬁxulated. An initially clean 500 m3 house containing 200
m? of the carpet and 1000 m? of the painted wallboard tested in Chapter 3 is exposed to
gas- and particle-sorbed phase SVOCs from oﬁtdoor air and'avn indoor source. This house
is assumed to have a constant AER of 0.6 h-! which is comparable to the average value
reported by Murray and Bufmaster (1995) for the U.S. housing stock. The same outdoor

concentrations and indoor source strengths are used in all four scenarios and are listed in
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Table 5.2. These values are held constant for 1000 days, after which the outdoor particle
concentrations remain at the values given in Table 5.2 and the indoor source is eliminated.
The model is run for an additional 1000 days to simulate reemission of sorbed and
deposited SVOCs.

The outdoor particle values in Table 5.2 correspond to a 60 g m-3 total
concentration with 45% of the particle mass in each of the larger two particle sizes and
10% in the smallest. This particle concentration and size distribution are reasonably
representative of polluted urban areas whose daily average particle concentrations are
below the federal standard of 150 pg m=3 fof PM (airborne concentration of particles
with diameters smaller than 10 um) but whose aﬁnual average exceeds the standard of 50
ug m-3. Recent measurements of ambient particulate matter concentrations in the United
States have indicated that appfoximétely 60% of the mass of airborne particles with
diameters smaller than 10 pm is attributable to particles with diameters smaller than 2.5
pm (Falke and Husar, 1998). The simulated distribution is an attempt to capture these
features of urban aerosols. |

The indoor emission rates approximate the particle- mass that would be generated
by smoking 30 cigarettes pef day in the absence of any other particle soﬁrces. Because
other indoor sources of particulate matter such as shedding of skin and dander from
human and animal occupants and other combustion activities such as cooking or heating
also generate particles, the listed values could result from a lower smoking rate. The
SVOC emission rates correspond approximately to the nicotine emissions that would
result from smoking 15 cigarettes per day in the house. Nicotine has the largest emission
rate of any SVOC in ETS (Daisey et al., 1994, 1998). This SVOC emission rate would
also be approached with lower smoking rates if all compounds in a given class (such as
PAHs) or with similar indoor air behavior were lumped. Model scenarios 5B and 5E

compare the impacts on indoor concentrations and persistence of using the different
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carpet and wallboard sorption kinetics parameters measured in Chapter 3 for nicotine and
phenanthrene.

‘Table 5.3 gives. the specific sorption kinetics parameters for gas-surface and gas-
particle partitioning in each scenario. All scenarios except SE use the phenént_hrene
sorptibn data obtained in Chapter 3. Run 5E usés nicotine sorption data_ for surfaces. In
Runs 5A, 5B, and 5C, the gas-particle equilibrium paftitioning constant is the same.
These three model runs allow comparison of the effects of different gas-particle
partitioning kinetics. Run 5B (phenanthrene, medium gas-particle kinetics, low gas-
particle equilibrium coefficient) is identical to run SA (phenanthrene, slow gas-particle
kinetiés, low gas-particle equilibrium coefficient) except the accommodation coefficient, 7, -

is increased by one order of magnitude to simulate faster gas particle adsorption kinetics.
In Run 5C (phenanthrene, fast gas-particle kinetics, low gas-particle equilibriurh
coefficient), ¥, is increased by an additional order of magnitude to simulate faster sorption
kinetics, Run 5D (phenahthrene, medium gas-particle kinetics, high gas-particle .
equilibriurﬁ coefficient) uses the same value of yas 5B éo the gaé-particle partitioning
kinetics are the same in the two runs, but the gas-particle equilibrium constant is 10 times
larger in Run 5D to simulate greater particle phase sorption capacity. Because the gas-
vparticle adsorption coefficient k,,_ P is determined independently of the partitioning
coefficient by kinetic theory using equation-5.15 corrected by the continuum -
approximation correction factor, f, from equation 5.17, increasing the equilibrium
constant decreases the gas-particie desorption coefficient kg, , by the same factor as
shown in equation 5.9. Run SE (nicotine, medium gas-particle kinetics, low gas-particle
equilibrium coefficient) uses the particle dynamics parameters from Run 5B with the
carpet and wallboard sorption constants obtained in Chapter 3 for nicotine. The
following section presénts the resultsA of these five model simulations. Intercomparisons
are made between Runs 5A, 5B, and 5C to exéminc the effects of changes in gas-particle

sorption kinetics; between Runs 5B and 5D to investigate the impact of an order of
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magnitude change in the gas-particle partitioning coefficient; and between Runs 5B and 5E

to explore the differences in the behavior of nicotine and phenanthrene in indoor air.

RESULTS AND DISCUSSION

- Table 5.1 describes the likely ranges of values for the various model pérameters
considered in this study and the justification for these ranges. In general, for SVOCs such'
as PAHs and PCBs that have low reaction rates with hydroxyl radical and ozone, indoor
chemistry is not likely to have a significant effect on daily airborne concentrations.
However, because deposited SVdCs may persist in the indoor environment for many
years, even relatively slow rate constants for heterogeneous decay of SVOCs should not
be neglected. Despite their small impact on human exposureé on any given day, these
reactions can have a significant effect on the long-term persistence of indoor SVOCs.
Furthermore, as noted earlier, some unsaturated hydrocarbon SVOCs with conjugated
double bonds may react rapidly enough with ozone or the hydroxyl radical for this
process to be a significant indoor sink.

Indoor reactions of organic contaminants with ozone and oxidizing radicals must
be included in comprehensive indoor IAQ models as a potential secondary source of
irritating pollutants even if their effects as an SVOC sink are minimal. Weschler and
Shields (1996) note that this process has a mostly beneficial effect in the outdoor
atmosphere because it increases the water solubility of organic air contaminants and
consequently increases their rate of removal by wet deposition. Wet deposition is not an
important SVOC removal mechanism in indoor environﬁlents. In contrast, oxidation of
SVOCs in indoor air may produce more irritating and corrosive contaminants. Recent
assessments of irritant characteristics of indoor air (Sundell et af., 1993; Ten Brinke,
1995) have demonstrated that increases in levels of polar (partially oxidized) VOCs in
indoor air lead to more frequent complaints from building occupants even when these

increases are more than offset by decreases in nonpolar VOC concentrations. Another
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potential impact of organic corﬁpound's reactions with oxidants indoors was recently~
described by Weschler and Shields (1998). These invéstigators showed significant
increases in fine mode particulate matter in indoor environments containing terpene and
ozone.

Qualitatively, all of the simulations yield similar results. The gas phase
‘concentration slowly increases during the 1000 day period while the source is present,
but fails to achieve a steady state during this period. In contrast, the airborne particle
phases reach steady state almost immediately because their dominant removal mechanism,
ventilation, has a characteristic time of less than 2 hours. The dominant sink for gas
phase species is sorptioh on indoor surface materials. The uptake rate on these materials
slows over time as they become loaded. However, as the “B” pénels in Figures 5.2 -5.6
show, the carpet and wallboard sorbed-phase mass curves have clearly positive slopes
even after 1000 days of exposure to an indoor source. Once the near-surface layers of the
sorbent materials approach saturation, the uptake and release rate of SVOCs from the
material is determined by the rate at which the sorbate diffuses between the air-sorbent
interface and the sorbent bulk.

The results presented in Figures 5.2 — 5.6 support the commonly accepted
paradigm that particle phase SVOCs are a less significant concern in indoor air than is
sorption to fixed surfaces. As discussed above, the airborne particle-phase SVOC
concentrations in all five scenarios reach an almost immediate plateau during the indoor
source phase of each simulation and then decrease to a negliéible level almost imrﬁediately
after it is turned off. The SVOC mass sorbed to indoor surface materials is more than 3
orders of magnitude larger than that of SVOC sorbed to deposited particles — several
milligrams on particles compared to tens of grams of surface-sofbed SVOC. vFurthermore,‘
the particle sorbed mass on the surfaces is significantly more labile as shown in Figures
5.2 - 5.6. The surface-sorbed phase SVOC mass increases markedly over time while the

indoor source is present and decreases fairly slowly, remaining at a significant level even
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1000 days after elimination of the source in each scenario. The deposited particle-SVOC
mass increases in a nearly linear fashion while the source is on and the decays
exponentially after its removal This indicates that the dominant mechanism for increasing
the deposited-particle-sorbed SVOC mass is deposition of particles containing sorbed

- SVOC. The main pathway for elimination of this surface phase is desorption of the
particle-phase SVOC:s.

In scenarios SA, 5B, and 5C, the fixed sorbent sorption paraméters are identical,
but the gas-particle accommodation coefficient yincreases by a facfor of 10 from 5A to
5B and from 5B to 5C while the gas-particle equilibrium constant remains the same. As

. Figures 5.2 — 5.4 show, each order of magnitude increase in yincreases the gas-phase
concentration by approximately 5% to 10%. In contrast, the airborne particle-phase
SvoC concentraﬁons drop significantly as yincreases. These results are explained
mainly by the coupling of the adsorption and desorption rate coefficients (&,,_ P and
kg Pi) through the gas-particle equilibrium constant in equation 5.9. A decrease in
kqg- p; also reduces kgp_ . . Because the indoor source emits SVOCs in the particle
phase, this reduction in kg p; leads to an increased particlé phase concentration. Similar
effects are observed in the surface-deposited phases (sorbed to surface materials and
sorbed to deposited pﬁrticles), but the changes are smaller relative to the sorbed mass.
The carpet and wallboard sorbed SVOC mass increases as Yy increases because of the
increase in the gas-phase concentration while the source is on. Because reemission of
SVOC molecules sorbed to these materials is largely dependent on the rate at which they
diffuse to the air-sorbent interface from within the-sorbent bulk during periods of lowered
concentration, the increased mass uptake by the carpet and wallboard during the source
on phase results in a larger final sorbed mass at the end of the simulation. The SVOC
mass sorbed to deposited partiéles also increases as 7y gets larger. The reason for this

small increase is not obvious, but it may result from the combination of an increase in gas-
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phasé concentration and the faster equilibration between the gas phase and surface
deposited particles.

Scenario 5D has identical surface sorption parameters to scenarios SA — 5C. The
accommodation coefficient in scenario 5D is the same as that in scenario 5B, but the gas- |
particle equilibrium constant K, /A, is 10 times greater in scenario 5SD. This change has
a similar effect to decreasing yand kg, o the airborne particle-associated SVOC
concentrations increase with an increase in the partitioning coefficient and the gas-phase
co.ncentration decreases slightly. The reasons for these changes are similar to those
discussed in the preceding paragraph. A greater K ,' [Ap,; causes the affinity of SVOCs
. for the particle phase to increase. For a given kgq_ i (which is constant betweén the two
scenarios because 7is fixed), equation 5.9 mandates that kig- P decrease as K,' /A,
increases. The decreases in the modeled sorbed-phase concentrations between Figﬁres 53
and 5.5 result from the decreased gas-phase concentration during the period while the
~ indoor source is on |

The final comparison that can be made based on the model simulations is between
scenarios 5B and 5Erwhich differ only in the fixed-surface sorption parameters. Scenario
5B uses phenanthrene parameters obtained in Chapter 3 and 5E uses nicotine data. Both
carpet and wallboard have a greater equi'libn'um capacity for nicotine than for
phenanthrene as indicated by the larger ratio of k,,_ s; 10 kg, (using an analog to
equation 5.9). Because of this, the gas-phase concentration in Figure 5.6 approaches a
significantly smaller steady state value than in Figure 5.3. Additionally, phenanthrene’s
surface-adsorption rate coefficients (kag— 5;) for carpet and wallboard are comparable
while nicotine’s carpet adsorption coefficient is 4 times gréater than that for wallboard
sorption (see Table 5.3). Furthermore, thé diffusion coefficient for phenanthrene in
wallboard is two orders of magnitude faster than that for phenanthrene in carpet. These
factors lead to a sign.iﬁcantly greater rélative uptake of nicotine by carpet than by

wallboard compared to the predictions for phenanthrene. Also, the smaller diffusion
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constant for nicotine in wallboard and the greater sorptiori capacity of fhe carpet cause a
much slower rate of decay of the wallboard and carpet‘sorbed mass in Figure 5.6. After
1000 days with the indoor source off, the fixed surface-sorbed masses decreasé by less
than 15% from their peak values at 1000 days. The results of all of the scenario
simulations also demonstrate one additional point: carpet appears to be a much more
significant sorbent than wallboard in indoor environments despite the typically much

larger presented surface area of wallboard.

CONCLUSIONS

The results of the analyses presented in this chapter have several important
implications for study of the dynamic behavior of semivolatile organic compounds and
other reversibly sorbing air contaminants in indoor air. The common generalization that
particle-phase organic compound dynamics are relatively unimportant in indoor
environments is supported by the results presented here. Of much greater importance are
the effects of reversible sorption on indoor surface materials such as carpet and wallboard.
Carpet appears to be the dominant indoor sorbent for the two relatively chemically
dissimilar SVOCs considered in this study.

Estimates of gas phase and heterogeneous rate cbnstants for reactions of SVOCs
in indoor air with hydroxyl fadical and other oxidants were included in the model
simulations. However, the effects of varying these parameters were not considered. This
sink for indoor SVOCs is potentially important as a source for partially oxidized organic
compounds such as carbonyls and organic acids which can be highly irritating and/or toxic
to human building occupants. Additional experimental investigations of indoor chemistry
and sorption kinetics for a wider suite of sorbates and indoor sorbents are necessary to
more thoroughly simulate indoor concentrations and overall hurhan exposures to these

contaminants.
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TABLES

Representative values (or ranges of values) and justifications for

parameters used in the indoor SVOC dynamics model described in this

Justification

Table 5.1.
chapfer.
Parameter Value/Range
L 03to
1.2 bl
dp 0.05 pm,
0.3 um, and
3.0 um
K, 0.03 to
Ap 100 m3 mg!
¥ 1x108t0
01
MW 100 or 300 g mol-!

The geometric mean of air exchange rates for U.S.
housing stock is approximately 0.6 h-! with a
geometric standard deviation of about 2 (Murray
and Burmaster, 1995). This range encompasses
one GSD above and below the geometric mean.

The airborne particle size distribution was
assumed to be tridisperse with the given particle
diameters. The smallest diameter accounts for
10% of the ambient particle mass concentration
while each of the two larger diameters accounts for
45%. This particle size distribution assumes that
60% (by mass) of the airborne particles are smaller
than 2.5 um (Falke and Husar, 1998).

The low value is that calculated using equation 5.5
and constants linear regression constants reported
by Pankow et al. (1993) for phenanthrene at 298
K and RH = 50%. The high value is for
benzo[a]pyrene at the same T and RH conditions.

- The maximum value represents the

accommodation coefficient for a highly reactive
gases such as nitric acid. The low end of the range
is two orders of magnitude lower than the smallest
values shown in Figure 5.1. A range of 1 X 106 to
1 x 104 for yis considered in this study.

100 g mol-! is an approximate lower limit for
compounds that could be classified as SVOCs.

300 g mol-! is the molecular weight of coronene, a
6-ring PAH with whose vapor pressure at ambient

temperatures is less than 10-5 Pa (Jordan, 1954).
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Table 5.1

Continued

Parameter

| Value/Range

Justification

Dg

kdpm

kag—s

kdg-s

Dy,

0.01 - 0.06 m? h-1

0.2,
0.04,
or I mh-l
0.5t
8mh-!

1x 105 to

0.01 h'!

3x10-12¢0

3 % 10-8 m2 h-!

The lower limit corresponds to the diffusivity of
ultrafine particles (dp = 0.001 pum) and is
representative of molecules with MW of about 300
g mol-1. The upper limit is the diffusivity of
ammonia, a very low molecular weight compound
(17 g mol-1) in air.

The three values correspond to the approximate
indoor deposition velocities for 0.05 pm, 0.3 pm,
and 3 um diameter particles calculated using a
homogeneous turbulence deposition model
(Nazaroff and Cass, 1989).

The low end of the range is approximately one
third of that calculated for nicotine adsorption on
wallboard in Chapter 3 and twice that reported for
tetrachloroethylene adsorption on carpet by
Tichenor et al. (1991) using a surface-sorption
model. The high end of the range was calculated in
Chapter 3 for nicotine adsorption on carpet. This
value exceeded the mass-transport limited
deposition velocity for a flat plate by a factor of 2.

These values range from an order of magnitude less
than the reemission rate constant for nicotine on
carpet (Chapter 3) to the value for
tetrachloroethylene reemission from carpet
reported by Tichenor et al. (1991). This range
should encompass most SVOC (and probably
even VOC) sorbate sorbent pairs encountered in
indoor environments.

" The high value is that calculated for phenanthrene

diffusion in wallboard in Chapter 3. The low
value is an order of magnitude smaller than the
diffusion coefficient calculated for nicotine
diffusion in carpet in Chapter 3 and that reported
for 4-phenylcyclohexene (MW = 158 g mol-!) in
carpet (Little and Hodgson, 1996). It is similar to
the value reported by Little et al. (1994) for 2-
ethyl-1-hexanol in carpet.
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Table 5.1

Continued

Parameter

Value/Range

Justification

krg

0.00001 to
0.01 h!

0.0000001 to
0.01 h!

500 m3
200 m2
0.0025 m
1000 m?2
001 m

This range for the homogeneous decay pseudo-
first order rate constant is based on literature
values for organic compound decay rate data and
an indoor hydroxyl radical concentration of 10-6
ppb (Weschler and Shields, 1996, 1997). The high
value is for indole’s reaction with OH radical
(Atkinson et al., 1995), and the low value is an
order of magnitude lower than the extrapolated
rate constant for 4,4’-dichlorobiphenyl at 298K
(Anderson and Hites, 1996).

Surface sorbed SVOCs may decay by reaction
with gas-phase oxidants which diffuse to the
sorbent surface. Assuming that the rates of these
reactions are not large enough to impose a mass
transport limitation on the decay process and that
the oxidants do not react appreciably with the
sorbent itself or other material deposited on the -
sorbent, the surface-sorbed and particle-sorbed
SVOC pseudo-first order reaction rate constants
should be equal to the homogeneous rate constant.
However, hydroxyl radical and ozone react readily
with many common indoor materials, so the actual
surface decay rate may be several orders of
magnitude smaller than the homogeneous rate.-
The lower value given here includes the
assumption that other reactions at the surface
decrease the available oxidant concentration at the
surface to 1% of the concentration in the mixed
core of the room. Few data on these phenomena
are available, so these approximations may not be
accurate. '

The modeled house was chosen to have a floor
area of 200 m? covered by carpet and a total
surface area to volume ratio of 2.1 m-!. The walls
and ceilings are covered with painted wallboard.
The diffusion thickness for carpet was 2.5 mm
which reflects the thickness of the backing layer
and for wallboard was 1 cm.
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Table 5.2. SVOC emission rates and outdoor concentrations used in all modeled

scenarios.

Indoor Emission Rates? Value Outdoor ConcentrationsP V;llue
E, mghl v 1.5 Cgo, mg m3 00
E,(0.05 pm), mg bl 0.75 Cpo(0.05 pm), mg m3 0.0
Ep(0.3 pm), mg bl 0.75 Cpo(0.3 pim), mg m™3 0.0
E5(3.0 ym), mg hl 0.0 Cpo(3.0 pm), mg m3 0.0
Epm(0.05 pm), mg hrl 4.0 Cpmo(0.05 pm), mg m-3 0.06
Ep(0.3 pm), mg bl 12.0 Como©0.3 pm), mgm3  0.27
Epin(3.0 pm), mg hl 0.0 Cpmo(3.0 pm), mg m-3 0.27

a As noted in the text, these emission rates represent the daily emissions of nicotine from 15 cigarettes per
day averaged over 24 hours (Daisey, et al. 1994, 1998; Martin e¢ al., 1997) . Other single compounds
are not emitted from cigarettes at rates as high as nicotine’s. However, the sum of the emission rates of
a range'of high molecular weight compounds whose dynamic béhavior is represented by phenanthrene
may approach the given emission rates at sufficiently high smoking rates. The source is assumed to
emit 50% of the SVOC masS in the gas phase and 50% as particle phase species with the particulate

SVOC split evenly between the 0.05 pm and 0.3 pm particles.

b The outdoor particle concentrations represent a polluted urban environment meeting the USEPA daily

average PM1¢ standard of 150 pg m-3 but exceeding the annual average of 50 pg m-3
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Table 5.3.  Building operation and sorption dynamics parameters for modeled

scenarios.

Scenario/Compound: 5A/Phen  5B/Phen  5C/Phen  5D/Phen SE/Nic

Gas-Particle Kinetics: Slow Medium Fast = Medium Medium
Gas-Particle Equil.: Low Low Low High Low
Ventilation: _ _ |

A bl 0.6 0.6 0.6 0.6 0.6

Particle Sorption:

¥, O Units  1x10% 1x105 1x 104 1x 105 1x10°5
| Ky g 0.03 0.03 0.03 0.3 0.03

4,

kag-po.osum» M 1 004 04 40 0.4 0.4

Kig—po.gsuom ! 1.3 133 132.6 133 133
kag-po s M I 0.12 1.2 1.5 1.2 1.2

Kigpo 3pum B! 3.8 383 383.3 38.3 38.3

ka3 oy s T 1) 0.15 15 154 15 15

kdg=p3 opum s 1) 52 51.6 514.5 51.6 51.6

Surface Sorption:

ks, m b 5.0 5.0 8.0 5.0 8.0
Rages, s b1 0.0023 0.0023 0.0004 00023  0.0004
Dy, m? bl 27x1010 27x1010 25x10110 27x 1010 25x 10-10
kag-s,, » m bl 3.7 3.7 2.0 3.7 2.0
kag-s,, s b1 0.027 0.027 0.0013 0.027 0.0013
Dy, ,m? il ~ 3.0x10% 3.0x108% 29x1010 30x108 29x1010
Reaction Parameters:
krg, b1 0.0004 0.0004 00004 0.0004  0.0004
by = by 1 0.00004 - 0.00004  0.00004  0.00004  0.00004
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Chapter 6. Conclusions

" SUMMARY

This dissertation investigated the dynamics of gas-surface interactions of two
chemically dissimilar SVOCs with stainless steel and with two sorbent materials
commonly encountered in indoor environments. | In most buildings and other indoor
environments, carpet and painted wallboard are two sorbentsllikely to have the largest
available surface area. Because sorption is a surface phenomenon, these materials are
likely to dominate the sorptive interactions of many air pollutants in indoor air. Stainless
steel is less importént as a sorbent in most real buildings. However, it is commonly used
in construction of laboratory chambers and ahalytical devices with which gas-phase
SVOCs may come into contact. Improved understanding of SVOC interactions with the
these sorbents will assist in design of future experiments and allow more accurate
predictions of indoor concentrations and human exposures to these pollutants.-

The investi_gation of nicotine in the empty stainless steel chamber presented in
Chapter 2 was originally intended to provide baseline data for the experiments described
in Chapter 3. However, the nicotine-stainless steel data did not match predictions
generated with the linear partitioning-surface sorption model (Tichenor et al., 1991).
Additionally, extraction of nicotine from the chamber walls with ethyl acetate at the end
of each kinetic experiment failed to give reasonable mass balance cldsure — less than 20%
of the emitted mass was accounted for in the gas and stainless steel-sorbed phases. Based
on these initial results, this sorbate-sorbent system was investigated in greater detail than
was originally ;ﬁlanned. Equilibrium partitioning was measured and found to be better
modeled by the Freundlich isotherm (equation 1.3) than the linear isotherm (equation 1.2).
Additionally, thermal desorption of stainless steel samples mounted on the chamber walls .
during later experiments recovered significantly more nicotine than the originally

employed solvent extraction method. This improved sorbed-phase recovery yielded a
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mass balance closure of approximately 85% of the emitted nicotine mass. Gas-phase
nicotine concentrations measured in the three kinetic experiments described in this chapter
were more closely simulated using the nonlinear reversible surface-sorption model defined
by equations 2.4 end 2.5. Some model-measurement disagreement persisted during the
periods of higher chamber air-exchange rate in experiments 2A —2C. However, the gas-
phase concentrations during these periods were low, so altheugh the fractional
disagreement was large the absolute model-measurement discrepancies were small. -
Chapter 3 builds on the findings reported in Chapter 2. A similar approach was
applied to investigate the interacfions of gas phase nicotine and phenanthrene with carpet
and wallboard sampies in the stainless steel chamber used in Chapter 2. In this study,
sorption of both compounds on the two sorbents was effectively simulated using a
dynamic model incorporating gas-phase sorption at the air-sorbent interface plus bulk-
phase diffusion of the sorbate through the sorbent away from the interface. As in
Chapter 2, the model fits the experimental data closely during the higher concentration,
low air-exchange rate phases of the experiment. During high air-exchange rate phases, th_e
modeled gas-phase concentration drops to near or below the analytical limits of detection
and the model-measurement agreement is less robust. The model parameters derived from
best model fits to the data for the four sorbate-sorbent pairs are informative. Despite the
different chemical properties of the sorbents and sorbates, the surface deposition rate
-constants reported in Table 3.3 for carpet and wallboard vary by less than a factor of
four. The strength of the sorbate-sorbent interaction has a much greater effect on the
surface reemission rate constant which varies by almost two orders of magnitude for the
tested sorbents and sorbates. The bulk-phase diffusion coefficients for three of the four
sorbate-sorbent pairs are almost identical. Diffusion of phenanthrene through painted
wallboard is substantially faster than for any of the other sorption systems, possibly

because of the chemical incompatibility of the nonpolar PAH molecule with the ‘more
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polar hydrated wallboard core. Wallboard’s low sorption capacity for phenanthrene is
also likely due to this polarity differenée.

Chapter 4 applies the results of Chapters 2 and 3 to examine the effectiveness of
nicotine as a marker for human exposures to environmental tobacco smoke corh_ponents in
indoor air. Reversible sorption of nicotine on indoor surfaces was simulated over time
using the models developed and validated in Chapter 3 with data from Chapters 2 and 3.
Simulations were computed for two indoor environments: a prototypical residence where
smoking occurs with a regular pattern and a stainless steel chamber whose walls are free
of nicotine prior to lighting of the first cigarette. These simulations were used to
demonstrate that previous seemingly contradictory observations of nicotine’s dynamic
behavior in indoor environments may be reconciled by incorporating the effects that
reversible sorption has on the gas phase concentration of nicotine under nonsteady
emission conditions. The results of this analysis indicate that measurement of nicotine
concentrations is an acceptable method for estimating human exposures to ETS
components over periods greater than a few hours in indoor environments in which
smoking occurs habitually. Nicotine is significantly less effective as an ETS marker at
finer temporal resolutions or in environments where smoking oécﬁrs with less regularity.

Chapter 5 also applies the models developed in Chapter 3 to simulate the effects
of reversible sorption on SVOC concentrations in a prototypical indoor environment.
This analysis includes a review of the literature on reversible sorption of organid
compounds to airborne particles and indoor surfaces and chemical decay due to reactions
with gas-phase radicals. The model developed in Chapter 5 incorporates these processes,
along with airborne particle deposition and accumulation on indoor surfaces, to generate a
mass balance based simulation of SVOC dynamics in indoor environments. This model
was used to examine the impacts of varying the different empirically determined |
parameters on the concentrations and persistence of SVOCs in indoor environments.

Based on the results of the analysis, the dominant process is reversible sorption on indoor
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surfaces. Radical chemistry may play a small role in degrading sorbed or particle-
deposited SVOCs, but available evidence suggests that this process is more important as a
generation mechanism for carbonyls and other potentially irritating oxidized organic

species in indoor air than as a sink for SVOCs.

IMPLICATIONS AND DIRECTION S FOR FUTURE RESEARCH

The results of this research indicate that reversible sorption of semivolatile organic
compounds on building materials can have a substantial impact on indoor air quality. A
significant body of research focusing on gas-surface interactions of VOCs has been
published recently in the literature. Because of their lower vapor pressures and higher
affinities for condensed phases, SVOCs are likely to be more substantially impacted by
reversible sorption on indoor surface materials. However, few studies have investigated
this important class of indoor air pollutants. This dissertation éddresses one key aspect
of SVOC dynamics in indoor air and identifies several others that merit future research
attention.

The research discussed in this dissertation should serve as a starting point for
future investigations of other SVOCs in the indoor environment. Nicotine and
phenanthrene are representative of two classes of SVOCs. However, there are several
potentially important compound ciasses whdse behavior in buildings may differ markedly
from that of the tested sorbates. For instance, oxidized compounds such as carbonyls and
-carboxylic acids may participate in stronger chemical interactions with polar sorbents
such as wallboard. The results of a recent sfudy by Chang et al. (1998) indicate that
sorption of polar VOCs such as glycols and alcohols on wallboard may be irreversible to
some extent. This phenomenon merits further study in experiments of greater duration
than the 1 week eﬁposure and reemission periods used by Chang et al. In addition to the
study of other SVOC:s, investigations of the impacts of other sorbeﬁts present in indoor

environments is also warranted. Carpet and wallboard may account for the majority of
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the exposed surface area in many buildings. However, other sorbents, such as upholstery,
furniture sfufﬁng, wood, or synthetic floor and counter coverings may contribute
significantly to the overall sorption capacity in an indoor environment and may behave in
a different manner than the sorbents tested in this research. |

The results presented in Chapter 4 indicate that while nicotine is a suitable marker
for estimating long-term ETS exposure under the proper conditions, it may not be an
acceptable tracer for shorter exposure timee. Many of the compounds emitted in ETS are
acute irritants. Thus, additional research is necessary to either improve our understanding
of the relative differences 1n the dynamic behavior of nicotine and other ETS constituents
in indoor air or to identify more Suitable species to use as ETS markers under more
variable smoking conditions. Several alternative candidates for ETS markers are already
being evaluated, and some, such as 3-ethenylpyridine, look promising.

Chapter 5 also identifies several potential future research topics. .As stated in the
discussion of the modeling results, indoor radical chemistry is a potentially important
source of irritating and toxic oxidized SVOCs. Weschler and Shields (1996, 1997, 1998)
have investigated these phenomena in some detail. Because the potential impacts of these
processes on indoor air quality are significant, additional research is merited. Likewise,
additioﬁal research is required on the interactions of the gas.and particle-sorbed phases
both in indoor and outdoor air. Airborne particles behave very differently than gas
molecules both in indoor air and in the human respiratory system. However, little is
known about the rates of gas-particle partitioning either indoors of outdoors. Part of this
difficulty lies in the extremely heterogeneous nature of typical urban aerosols and the
huge differences in aerodynamic and sorptive behavior over the range of typically
encountered particle sizes. Although the results presented in Chapter 5 indicate that gas-
particle sorption dynamics are significantly less important than gas-fixed surface sorption

under the modeled conditions, particles may still play an important role because their
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different respiratory tract deposition patterns differ markedly from those of gas
molecules.

An additional extension of the model framework in Chapter 5 is source
apportionment of indoor air pollutants. It is widely known that indoor and outdoor
concentrations of air pollutants are not well coupled for many indoor environments.
Quantification of the impacts of outdoor pollution sources on exposures occurring
indoors could be significantly improved by studies which couple indoor measurements of
gas and particle phase contamination with outdoor source emission profiles using a
éomprehensive indoor contaminant dynamics model based on that developed in Chapter
5. Identification of those sources with the greatest impacts on indoor exposures will

facilitate more effective use of the resources available to protect human health.

CLOSING THOUGHTS
The work presénted in this diss.ertation has significant implications for human

exposures to semivolatile organic compounds. Because people spend so much of their
time indoors, a thorough understanding of the processes affecting pollutant concentrations
and persistence in this microenvironment is essential for accurate exposure calculations
and risk assessments. Because the most commonly available measurements 0% airborne
contaminants are those collected at outdoor air quality monitoring stations, extrapolation
to indoor exposures through mathematical modeling of pollutant dynamics is often
necessary. While modeling is not an acceptable substitute for accuraté personal exposure
sampling, when applied judiciously with full understanding of the assumptions and
_ limitations inherent in the model to be used, it can be a powerful research and éxposure
“assessment tool. In addition, models such as those developed in this dissertation are very

valuable in parameterizing a problem to be studied and identifying where and how to

apply expensive experimental resources.
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Appendices

APPENDIX A: NON-POROUS SORBENT DATA ANALYSIS PROGRAM
This program compares experimental gas-phase concentration data from a user
specified ihput file with modeled concentrations based on stainless sfeel sorption
parameters provided by the user. From the inputted sorption parameters k,; and n, (the
adsorption rate constant and exponential coefficient, respectively) and the isotherm
parameters given in the data ﬁle (K, and ny) the program calculates ky; and g (the
desorption raté constant and expoﬂential coefficient, respectively). Then, the code
discretizes the experimental period into time steps whose lengths are determined by the
ﬁme elapsed since the start of each individual phase of the experiment. At longer times
after a change in experimental conditions (for instance, addition of more gas-phase sorbate
through flash evaporation or an increase of decrease in the chamber air-exchange rate), the
time steps increase in length. The coupled differential equations describing the gas-phase
and sorbed phase mass balances (equations 2.4 and 2.5) are solved by 4th order Runge-
Kutta integration (Press et al., 1992). This program was used to analyze nicotine-
stainless steel sorption data collected in experiments 2A — 2C and phenanthrene-stainless
steel data from experiment 3C. For nicotine, whose sorption isotherm is nonlinear, n,
and n4; were not equal to one. .Phenanthrene’s isotherm was found to be linear, so one

was used for the values of n,; and ny.

Program sorbdf

integer h, i, j, nmeas, nrun, runnum(150), outgs

integer runknt, samknt, stpknt, samtrg, nguess, outstp

real kas, kds, nas, nds, Ss, Ks, ns

real U, Q, Me(15}, temit(15), ach(15), dtmin

real kMs(4), kCgl4)

real Cg, Cgi, Ms, Msi, t, dt

real ts(158), te(15@), Cm(158), Ce(150)

"real chisqr, cher(150) .

real olkas(108), olkds(i08), olnas(188), olnds(188), olchi(108)

I I I A I I I I I I I I I W I I I I I I IE I K I I I W I I H W I I I I W I I I I I I I I W I I I W I I eI I I W I I I I I WK X
Convergence tolerance, data file names and numbers, & time counters
t = cumulative time since start of model run (min)
dt = time step (min) :

NnNNnNNN-N
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filsuf = input data file suffix (sorbate, sorbent, run )
character*6 filsuf, quest
character*14 filnam

IEX XTI ELE SIS LSS 2222222222222 22222 X2 R X AR R s X2 X b R kR X X X X &3
Chamber operation and stainless steel sorption parameters

U = chamber air volume [m3]

Ss = surface area of stainless steel [m2]

kas = deposition velocity for stainless steel [m/min]
kds = desorption coefficient for stainless steel [m/min]
nas = adsorption exponential coefficient for stainless steel [-]
nas = desorption exponential coefficient for stainless steel [-]
u = 20
Ss = 45.2

e I I I I I W I I I W I I I W e W I I W I I I I W W I W I I I I I I I W I I W I I I I I I WK I I I I I I I I I I K F I I W WK K K

Read in the experimental data from the data file
File must be named "Exdata-??7?7?7?7?"
print*, ‘Please give input file suffix (?2?????)
read*, filsuf
filnam = ‘Exdata-‘//filsuf
open (unit=1@, file=fi nam, status="old”)
print*, *~ 7
print*, ‘Please give descriptor for output file (???2?2??)’
read*, filsuf .
filnam =filsuf // “-sum.out”’
open (unit=2@, file=fi lnam, status="new’)

write(20, 450)

First line of input file contains number of runs
including ventilation and reemission phases, total
number of measurements during experiment, and  frequency
at which to store result values in output file

read (19,*) nrun, nmeas, outstp .

Second line of input file gives equilibrium partitioning
coefficient (K) and exponent (n) for gas-sorbent sorption
read . (18,*) Ks, ns ‘

Now, read in each run’s parameters

do 20 i=1,nrun
Third and following lines of input file contain emitted
mass [mg], time of start of run (SUOC emission or change
in other chamber parameters) [min], and chamber
ventilation rate Fach] during run.
read (18,*) Me(i), temit(i), ach(i)

20 continue

C Each remaining line contains run number, start t [min],

c finish t [min], and each measured C [mg m~-3]. Each
sample’s

c start and finish times are measured from the start of the
c individual run. We adjust these values after reading

c them in so that all times are from the start of the

c experiment.

do 38 j=1,nmeas
read (18,%*) runnun(j), ts(j), te(j),Celj)
ts(j) = ts(j) + temit(runnum(j))
te(y) = te(j) + temit(runnum(j))
write(6,330) runnum(§), ts(j), te(j),Cel(j)
30 continue
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C

c

C

temi t(nrun+1) = te(nmeas)
nguess = © i

6 36 36 F I I I I I I I I I I I I I I I I FE I I I I A I I I I W I I I I I I I I H I I A H I I W W I I I I I I KK T I I W I I I KKK

Get initial sorption parameter values

48 dtmin = 0.01 .
print*, ‘Please give kas and nas in m, min, mg units.’
read*, kas, nas - -

Calcutate remaining values using inputted values and isotherm

paramters

C

from data file
nds. = nas*ns
kds = kas/Ks**nds

print*, ~ 7 :
print¥, ‘Output concentration and sorbed mass time series”
print*, “for these parameters values? (enter "1" if yes)”

read*, outqs

writel(6,320)
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Set initial conditions -- gas-phase and 5SS are clean at run start
Cg =49
Ms = @
Initialize start time
t =20
3 I I I I W I W K F W I I I I I I K e W I K I I K I I I I I I I I W I I I I W I W I I I I W W H K I K I I H I H KK F KW FF

Initialize counters for run number and time step number
stpknt = outstp »

3 33 I e e I K F F I I I I HEFFF I I NI I I I I I T Fe I I I B I I I I I I NI K He I F I e F I FeF W KK

Initialize counters: run number, sample number, time step number,
and sample ave.

runknt = 1
samknt = 1
samave = 0
samtrg = @

I e I F W I W T Ao Fe W W I Fe I He I I W I W e He e Fe Fe I T F I I e Fe e Fe W F I W W He I I I FE I T F I W W I I H I I K I F I KKK KKK

Check whether we‘ve done the last sample
70 if (samknt.ge.nmeas) then

Done. Now calculate chisqgr
write (6,%) samknt
goto 2906
end if ’ -
Cgs = Cg

Figure out proper timestep sizes

Set dt for the next time step. Smaller timesteps immediately
after SUOC emission then growing larger with time
if (t.eq.@) then '
dt = dtmin
else if ((t-temit(runknt-1)).1t.18) then
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: dt = dtmin

else if ((t-temit(runknt-1)}.1t.38) then
dt = 2%dtmin

else if ((t—temit(runknt-1}).1t.180) then
dt = S*dtmin

else if ((t-temit(runknt-1)).01.380) then
dt = 10*dtmin

else if ((t-temit(runknt-1)).1%.1088) then
dt = 20*dtmin

else if ((t-temit(runknt-1)).1%.2008) then
dt = 20*dtmin .

else if ((t-temit(runknt-1)).1t.4800) then

dt = 5@*dtmin

else :
dt = 180*dtmin

end if

Find the start of the next run
If it’s time for the start of the next run, increase Cg by the
appropriate amount and change Q to reflect new conditions.
if ((t+dt).ge.temit(runknt)) then
if (t.eq. temit(runknt)) then
Cg = Mel(runknt)/U + Cg
Q@ = ach(runknt)*U/60

runknt = runknt + 1
stpknt=outstp
dt = dtmin
else
dt = temit(runknt) - t
end ¥
end if

Now find the start and ends of the samples
if ((t+dt).gt.ts(samknt)) then

if (samtrg.eq.9) then
if (4.1t ts(samknt}) then
We’re going to overshoot the beginning of the next
with this dt —-- set dt to start the next timestep
exactly at the beginning of the sample
dt = +ts(samknt) - +*
else if (t.eq.ts(samknt)) then
samtrg = 1
else
print*, “Something is wrong with t and ts!”
read*, quest
end if
else if (samtrg.eq.1) then
We‘re in the middle of a samplel!
Check if the sample is finished yet
if ((t+dt).gt. te(samknt)) then
We’re at the end of a sample -- set dt so we
end exactly at the end of the sample period
dt = te(samknt) - ¢
end if

else

print*, ‘Improper value in samtrg’
end if .
end if
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Ini’ciélize intermediate values of Ms, and Cg

Cycle

200

Cgi- = Cg
Msi = Ms
t + dt

through all k wvalues (1-4 for Cg and Ms)

do 208 j=1,4 .
Gas phase mass balance
kCg(j)} = dtx(-a*Cgi
-(kas*Cgi**nas-kds*Msi**nds)*Ss)/U

Stainless Steel sorbed phase mass balance
kMs(j) = dt*(kas*Cgi**nas - kds*Msi**nds)

if (j.eq.3) then

Cgi = Cg + kCg(y)
Msi = Ms + kMs{j)
else
Cgi = Cg + kCg(j)/2
Msi = Ms + kMs(j)/2
endi f
continue

Step forward in time by dt. . )
Add (k1)/6 + (k2)/3 + (k3)/3 + (k4)/6 to old values to get new ones

Cqg + (kCg(1)} + kCqg(4))/6 + (kCqg(3) + kCg(2))/3

C
3 Ms + (kMs(1) + kMs(4))/6 + (kMs(3) + kMs(2))/3

Ms

nn

218 continue
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Sample average calculations

If we’re
(t.gt:ts(samknt)) then

in the middle of a sample, add C*dt to samave

if (t.le.te(samknt])) then
samave = samave + (Cg + Cgs)xdt/2
end if

if

When sample is finished, calcutate Cm and terminate integration
(t.eq. te(samknt)) then

h = samknt
Cm(h) = samave/(te(h) - ts(h))
cher(h) = abs(Cm(h)-Cel(h))}/Ce(h)

write(6,330) runndm(h), ts(h), fe[h],Ce(h],Cm[h],chér(h]

Check whether the next sample ouverlapped this one
if (ts(samknt).eq.ts(samknt+1)) then .
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if (te(samknt).eq.te(samknt+1)) then

d We’ve got identical sample periods
d Enter modeled average C for next sample also
h = samknt+]1 :
Cm{h) = Cm(samknt)
cher(h) = abs(Cm(h)-Ce(h))/Ce(h)
write(6,33@8) runnum(h), ts(h), te(h),Cel(h),
+ Cm{h}),cher(h)
C ~Jump two samples
samknt = samknt + 2
samave = 0
samtrg = O
goto 78
alse if {te(samknt). lt. te(samknt+1)]} then
c Next sample is longer. We need to keep
c integrating to get Cm(samknt+!)
samknt = samknt + 1 '
goto 78
el se
c Print*, “Oops. Samples are ordered wrong!’
end if :
else
c Next sample period doesn’t overlap this one.
c : Calculate next sample’s samave.
samknt = samknt + 1
samave = @
samtrg = O
goto 70
end if
else

[a]

Keep on stepping through time, storing output at desired
c intervals

if (stpknt.eq.outstp) then
stpknt = 0O
write(20,500) t/68,Cg*1000,Ms*1080

else
stpknt = stpknt + 1
goto 70
end if
goto 70

end if

c I 3 3 F I I I I I I H I I I I T I I I I e F I I e HeHKe I W I I I I I I W I I I I I e Fe e I I I I I I I I I I I I I I I I I I I I I K KK

290 chisqr = ©
do 300 i=1,nmeas
chisqr = chisqr + cher(i)
308 continue

nguess = nguess + |
.olkas(nguess) = kas
olkds(nguess) = kds
olnas(nguess) = nas
olnds(nguess) = nds
otchi (nguess) = chisqr
writel6,*) * -

do 318 i=1,nguess
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write(6,358) olkas(i),olkds(i),olnas(i),olnds(i),olchi(i)

318 continue
) write(6,*) < -°

goto 48
328 format(1x, ‘num’,2x, * fs; min’,3x, ’ te, min’,d4x, .
+ ‘Cexp, mg/m3°,5x, Cmod, mg/m3°,6x,° - err’)

330 format(ix,I3,2x,f10.2,3x,f10.2,4x,E11.4,5x,E11:4,6x,E11.4)
340 format(lx,’ka =",E11.4,°, kd =",E11.4,°, na =’,Ei1.4,

+ ‘, nd =’,E11.4, “chi~2 =’El1.4)
345 format(ix, © kas’,2x, * : kds”, 3x,
+ ‘ nas”’, d4x, ’ nas’,5x, * chi~2”)

350 format(ix, f11.7,2x, f11.7,3x, f6.4,4x, f6.4,5x, f11.7)
368 format(ix,E11.4,2x,E11.4)

450 format(1x, “t,hours’,2x, ‘Cq, ug/m3’,3x, “Ms, ug/m2°)
500 format{ix, f18.5,2x,el11.4,3x,et1.4) '

end
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APPENDIX B: POROUS SORBENT DATA ANALYSIS PROGRAM

This program was used to analyze the experimental data collected in experiments
3A, 3B, 3D, and 3E to obtain sorption kinetics parameters for nicotine and phenanthrene
on carpet and painted wallboard. As in the program presented in Appendix A, this
routine reads experimental data values from a user specified input file and then requests
guesses for the adsorption and desorption rate constants and the diffusion coefficient in
the bulk of the tested sorbent (k,, k3, and Dy, respectively). The coupled differential
equations describing the gas-phase mass balance, sorption on the sorbent surface, and
diffusive transport of the sorbate through the sorbent bulk (equations 3.3 — 3.6) are
solved by a modified Rungé-Kutta integration scheme. The Runge-Kutta method is
designed to integrate coupled ordinary differential equations. Because equaﬁons 3.3-and
3.4 are partial differential equations, they are first discretized into sets of coupled
ordinary differential equations by the finite difference method. Then. the complete set of
equations describing gas-phase mass balance (equation 3.5), sorption on the walls of the
stainless steel chamber (3.6), sorption at the air-sorbent interface (3.3), and bulk-phase
diffusion (finite difference approximation to equation 3.4) are solved by the standard
Runge-Kutta method employed in Appendix A.

Program sorbdf’

integer ques, h, i, j, nmeas, nrun, runnum (158), stpknt, outstp

integer nodes, runknt, samknt, samtrg, nguess

real kab, kdb, Db, Sb, Lb, dzb, kas, kds, nas, nds, Ss

real U, Q, Me(15), temit(15), ach(i5), dtmin

real kCb(4,15), kMs(4), kCg(4)

real Cg, Cgi, Cgs, Ms, Msi, Mb, t, dt

real Cb[SGg, Cbi (50)

real ts(158), te(150), Cm(15@8), Ce(15@)

real chisgr, cher(150)
real olkab(188), olkdb(188), olDb(188), olchi(109)

C I I e I H He W I I K I HK A F W I I I FHKe K K I I I M I I I I I I I I KW I I I A, K I eI Fe KKK I KW

¢ Conuergence tolerance, data file names and numbers, & +time counters

¢ t = cumulative time since start of model run (min)

c dt = time step (min)

c filsuf = suffix for input file (sorbate, sorbent, run number)
character*6 filsuf, quest
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character*14  filnam
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Porous sorbent paramters (provided by input file or model
fitting below)

Sb = presented surface area of porous sorbent [m2]

Lb = thickness of porous sorbent [m]

Db = diffusion coefficient in porous sorbent [m2/min]
kab = adsorption coefficient for porous sorbent [m/min]
kdb = desorption coefficient for porous sorbent [m/min]

¥ & I I I I I e I I A H I T K Fe T e F I I W I I A T I I I I I I I I IE I I I I I K I I I I I I I I W I I I I IE I I W I I I K I I X
Chamber operation and stainless steel sorption parameters

U = chamber air uolume [m3]

Ss = surface area of stainless steel [m2]

kas = deposition velocity for stainless steel [m/min]
kds = desorption coefficient for stainless steel [m/min]
nas = adsorption exponential coefficient for stainless steel (-]
nas = desorption exponential coefficient for stainless steel [-]
U = 20 : : '
Ss = 45.2

I I J I I W I I I I I I I e I I T I T F I I I Fe I I T I I I F I I e W I F I I I I I I T I I F T W I K I I I I W T W X

Read in the experimental data from the data file
File must be named "Exdata-?7?7?7??"
print*, ‘Please give input file suffix (??92?7?)°
read*, filsuf
filnam = ‘Exdata--//filsuf
open (unit=10, file=filnam, status=‘old”)
print*, -7 7
print*, ‘Please give descriptor for output file (????2??)"
read*, filsuf '
filnam =filsuf // “-sum.out’
open (unit=20, file=filnam, status="new’)

filnam =filsuf // “-sor.out’
open (unit=25, file=fi lnam, status="new’)

write(20,450)
write(25,460)

First line of input file contains nas, nds, kas, kds
(sorption parameters for stainless steel chamber surfaces)
read (18,*) pas, nds, kas, kds

Second line of input file contains Sb [m2] and Lb [m]
read (1@,*) Sb, Lb '

Third line of input file contains number of. runs

including ventilation and reemission phases, total
number of measurements during experiment , and frequency

at which to store result values in output file
read (18,*) nrun, nmeas, outstp

Now, read in run-specific parameters for each run

do 28 i=1,prun ' '
Fouri’h and following lines of input file contain emitted
mass [mg], time of start of run (SUOC emission or change
in other chamber paramters) [min], and chamber
ventilation rate Fach] during run.
read (19,*) Me(i), temit(i), ach(i)
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280 continue

Each remaining line contains run number, start t [min],
final t [min], and measured C [mg m~-3] for each
gas—-phase measurement. The start and finish times for
each sample are measured from the start of  the
tndividual run. We adjust these values after reading
them in so that all times are from the start of the
experiment.

do 30 j=1,nmeas
read (10,*) runnum(j),ts(j}), te(j),Ce(j)
ts(j) = ts(j) + femit[runnum(\j)jj
te(j)} = te(j) + temit(runnum(j})
write(6,338) runnum(j), ts(j), te(j),Cely)
380 continue -

temi t(nrun+1) = tel(rmeas)
nguess = @
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Ask for desired number of nodes, sorption parameter values, and
smallest time step
40 nodes = 10
dtmin = 0.1 .
print*, ‘Ualues for kab (m/min), kdb (/min), and Db (m2/min)? -
read*, kab, kdb, Db -
print*, 7 7
writel(6,320)

discretize porous sorbent thickness into nodes.
dzb = node thickness [m]
dzb = Lb/nodes

F I K I I I I Fe F I K I I I Fe I I I W I T I I F I I I I F FH I I I H I I I Fe H I I I I I I I I I K I He H I I I I K K I I KK KKK

Set initial conditions —-- chamber and sorbents are clean at run start
Cg =@
Ms = @
do 68 i=1,nodes
cbl(i) = @

68 continue

Initialize t to ©
t =0

**************'l-***-l-**'l-**-l-****;l-***************************************

Initialize counters for run number, sample number, time step number,
and sample ave.

runknt = |
samknt = 1
samtrg = 0O
stpknt = outstp
samave = 0

BTN I U NI I I I T I e I e T I e I I NI I I I IETE NI I KT K KKK KN

Check whether we’ve done the last sample
70 if (samknt.ge.nmeas) goto 29Q
Done. Now calculate chisgr

—206 —



Cgs = Cg
c¢ Figure out proper timestep sizes
c Set dt for the next time s’rep Smaller timesteps immediately

c¢ after SUOC emission then groumg larger with time
if (t.eq.08) then

dt = dtmin -
else if ((t- *l'emi‘l'[runknf—I]) 1t.18) then
dt = dtmin

else if (({' temi t(runknt~1)).1%t.308) then
dt = 2%*dtmin '

else if ((t-temit(runknt-1)).1%t.1808) then
dt = 5¥*dtmin

~else if ((t-temit(runknt-1)).{t.300) then
dt = 10*dtmin .

else if ((t-temit(runknt-1)).1t.1088) then
dt = 20%dtmin

else if ((+- ‘l’emif(runkn’r 1)).1t.20088) then

: dt = 28*dtmin

else if ((t-temit{runknt-1)).1t.48088) then
dt = S50*dtmin

else
dt = 108*dtmin

end if

c Find the start of the next run _
¢ If it’s time to start the next run, increase Cg by the
c¢ appropriate amount and change Q@ to reflect new conditions.
if ((t+dt).ge. temit(runknt}) then
if (t.eq.temit(runknt)) then
Cg = Me(runknt)/U
@ = ach(runknt)*U/60

runknt = runknt + |
stpknt = outstp
dt = dtmin
else
dt = temit(runknt) -
end if
end if

c Now find the start and ends of the samples
if ((t+dt).gt.ts(samknt)) then

i f (sam'l'rg eq.8) then
(t.1t ts(samknt)) then

c . We’re going to overshoot the beginning of the next
c ) with ‘this dt -- set dt to start the next timestep
c exactly at the beginning of the sarnple
dt = ts(samknt) - 1t
else if (t.eq.ts(samknt)) then
samtrg = |
else

print*, ‘Something is wrong with t and ts!’
read*, quest

end if
. else if (samtrg.eq.!) then
c We‘re in the middle of a sample, you putz!
c ) Check if the sample is finished yet

i+ ((t+dt).gt.te(samknt)) then
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c We’re at the end of a sample -- set dt so we

c end exactly at the end of the sample period
dt = te(samknt) - t
end if
else
print*,  ‘Improper wvalue in samtrg’
end if
end if

c 6 36 36 I I W I I W I I He e W I I I I I H I I W I I W W I A T T I F e Fe I Fe I I He He I I He I I W I F I K I I H I I I I H K W I KK

c Initialize intermediate value matrices for Cb, Ms, and Cg

Cgi = Cgqg ’
Msi = Ms
do 898 i=1,nodes
chbi(i) = cbli)
%] continue
t = t + dt

Cycle through all k vatues (1-4 for each data .point: Cg, Ms and nodes
c for Cb)

[a]

do 2068 j=1,4
c ) Gas phase mass balance
kCg(j) = dtx(-Q*Cgi :
: -{kab*Cqi-kdb*Cbi (1)*dzb)*Sb
+ -({kas*Cgi**nas—kds*Msi**nds)*Ss)/U

c Stainless Steel sorbed phase mass balance
kMs(j) = dt*(kas*Cgi**nas - kds*Msi**nds)

c ' Mass balance for porous sorbent surface
kCb(j,1) = di*((kab*Cgi/dzb - kdb*Cbi(1)) +
+ ' Db/dzb/dzb*(Cbi (2) - Cbi(1)))
c Mass balances for porous sorbent bulk nodes
do 100 i=2,(nodes—lf
kCb(j,i) = dt*Db/dzb/dzb*(Cbi(i-1)+
+ Cbi (i+1)-2%Cbi (i))
11517 continue

kCb(j,nodes} =dt*Db/dzb/dzb*(Cbi(nodes-1)-Cbi (nodes))

if (j.eq.3) then
Cgi = Cg + kCg(y)
Msi = Ms + kMs(j)

do 118 i=1, nodes )
Chi(i) = cbli) + kCb(y,i)
1108 continue
else
Cgi = Cg + kCg(j)/2
Msi = Ms + kMs(j}/2
do 120 i=1,nodes
chi(i) = cb(i) + kCb(y,i)/2
1206 continue
aendi f
200 continue
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Step forward in time by dt. , »
Add (k1)/6 + (k2)/3 + (k3)/3 + (k4}/6 to old values to get new ones

Cg.=.Cgqg + (kCg(1) + xCg(4))/e + (kCq(3) + kCg(2))/3
Ms = Ms + (kMs(1) + kMs(4))/6 + (kMs(3) + kMs(2))/3
do 210 i=1,nodes i
Cb(i) = cb(i)+(kcb(1,i) + kCb(4,i))/6 +
+ (kCb(3,i) + kCbl(2,i))/3
218 continue
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Sample average calculations
If we‘re in the middle of a sample, add C*dt to samave
if (t.gt.ts(samknt)) then
it (t.le. te(samknt)) then
samave = samave + (Cg + Cgs)*dt/2
end if
end if

)

If we’re at the end of a sample, calculate Cm. and end in‘tégra%ion
if (t.eq.te(samknt)) then

h = samknt
Cm(h) = samave/(te(h) - ts(h))
cher(h) = abs(ctm(h)-Ce(h))/Cal(h}

writel(6,338) h,ts(h),te(h),Ce(h),Cm(h),cher(h)

Check whether the next sample owverlapped this one
if (ts(samknt).eq.ts(samknt+1)) +then

if (te(samknt).eq.te(samknt+1)) then
We’ve got identical sample periods
Enter modeled average C for next sample also

h = samknt+!
“Cm(h) = Cm(samknt)
cher(h) = abs(Cm{h)-Celh))/Ce(h)

writel(6,330) h,fs(h],‘te(h],Ce(h],Cm[h),chevr(h]

Jump two samples

samknt = samknt + 2

samave = @

samtrg = @

goto 7@
else if (te(samknt).it.te(samknt+1)) then

Next sample is longer. We need to keep

integrating to get Cm(samknt+1)

samknt = samknt + 1

goto 70 ’
else

Print*, ‘Oops. Samples are ordered wrong!’
end if

else )
Next sample period doesn’t overlap this one.
Prepare for calculation of samave for next sample.

samknt = samknt + 1
samave = @
samtrg = 0
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goto 70

end if
else
c Keep on stepping through time, storing output at desired
C intervals
if (stpknt.eq.outstp) then
Mb = 0O
do 280 i=1,nodes
Mb = Mb + Cb(iJ)*dzb
280 continue
stpknt = 0@
write(20,500) t/608,Cg*1088,Ms*1000,Mb*1008
write(25,518) +1/68,Cb(1)*1800,Cb(3)*1000,
+ Cb(5)*1000,Cb(7)*1008,Cb(10)* 1000
else _ '
stpknt = stpknt + 1
goto 70
end if
goto 70
end if
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290 chisqr = @
do 308 i=1,nmeas
chisqr = chisqr + cher(i) -
380 continue

nguess = nguess + |
olkab(nguess) = kab
olkdb(nguess) = kdb
o!Db{nguess] = Db
olchi(nguess) = chisgr

write(6,*) -
do 318 i=1,nguess ‘
write(6,358) olkab(i),olkdb(i),olDb(i),olchi(i)
310 continue
write(6,*) *© -

goto 46
320 format(ix,” #7,2x,” ts, min’,3x,”’ te, min’,4x,
+  ‘Cexp, mg/m3’,5x, ‘Cmad, mg/m37,6x,’ err’)

330 format(1x,I3,2x,f19.2,3x,f18.2,4x,E11.4,5x,E11.4,6x,E11.4)
340 format(lIx,“ka =,E11.4,“, kd =’,E11.4,°, Db =’,Ei1.4,

+ ‘chin2 ="f11.7)
345 format(ix, * kab”,2x, ’ kdb”, 3x,
+ ‘ Db, 4x, * chi~2’)

358 format(ix, f11.7,2x,f11.9,3x,E11.4,4x,£11.27)
360 format(1x,E11.4,2x,E11.4)

450 format(ix, “t,hours’,2x, ‘Cg, ug/m3°,3x, "Ms, ug/m2’, 4x, "Mb, ug/m2”)
460 format(1x, “t,hours’,2x,’ C€bl,ug/m37,3x,” Cb3,ug/m2°,4x,
. > CbS, ug/m2°,5x, * Cb?,ug/m2°,6x,” Cb18. ug/m2*)
508 format(1x, f18.5,2x,e11.4,3x,ail.4,4x,a11.4)
518 format(1x, f10.5,2x,e11.4,3x,el11.4,4x,e11.4,5x,e11.4,6x,el11.4)
end
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APPENDIX C‘: ETS N ICOTINE/RSP PREDICTOR PROGRAM

This pfogram was used in Chapter 4 to simulate gas-phase nicotine and respirable
suspended particle (RSP) concentrations in an experimental chamber (or house) based on
the number and ﬁequency of cigarettes smokgd in the indoor enVironment_. The user
specified data file contains information aboilt the nicotine sorption parameters for the
various sorbents in the volume to be tested and about the RSP deposition parameters.
The program allows for one non-porous sorbent (for instance stainless steel), and up to
two porous sorbents (for instance carpet and painted wallboard). The input file also
gives emission rates for RSP and nicotine on a per-cigarette basis. Then, the user is
prompted for the number of finite difference nodes into which to discretize the thickness
of each porous sorbent, the smallest desired Runge-Kutta time step, and the frequency

with which to output model data to a file.

Program expsim

This program calculates Cn(t) and Cr(t) for a user defined chamber
experiment. The input file ’‘Exp-sim-data-??????° must contain info
regarding chamber operation and sorption dynamics and surface area
It must also contain information about the time series of smoking
in the chamber. Detailed intructions for the data file start on
line 43.

NnNNNNhNN

integer i, j, nphase, nodes
integer runknt, stpknt, outstp

¢ Beneral chamber and phase parameters
real U, Q, ach{(1@8), dtmin, t, dt
real dur(10@), ncig(10@), tstart(1G0)

c RSP parameters, etc.
real Cr, kdr,. Er

¢ Gas-phase nicotine parameters, storage arrays, etc.
real Cg, Cgi, kCg(4), En

c¢ Wallboard parameters, storage arrays, etc.
real kaw, kdw, Dw, Sw, Lw, dzw
real Cw(25), Cwi(25), kCw(4,25), Mw

c¢ Carpet parameters, storage arrays, etc.
real kac, kdc, DBc, Sc, Le¢, dzc .
real Cc(25), Cci(25), kCc(4,25), Mc
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[a]

nnN

nNNAN

Stainless steel parameters, storage arrays, etc.
real kas, kds, nas, nds, Ss
real Ms, Msi, kMs(4)

filsuf = suffix for input data file (sorbate, sorbent, run %, etc.)
filnam = full file name for input parameter file

character*6 filsuf, quest

character*2@ filnam
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Read in experimental data from the data file 2
File must be named "Exp-sim-data-??7????"
print*, ‘Please give input file suffix (?7??2??)’
read*, filsuf :
filnam = ‘Exp-sim—data-’//filsuf
open (unit=18, fi le=fi lnam, status=‘old’)

First line of data file contains chamber voiume
and per cigarette nic & RSP mass emissions
read (19,%*) U, En, Er

Second line of data file contains sorp"l'ion parameters for
stainless steel chamber surfaces (kas, kds, nas, & nds, Ss)
read (19,%*) nas, nds, kas, kds, Ss

Third ‘line of data file contains sorption parameters for
wallboard surfaces (kaw, kdw, Dw, Sw, Luw)
read (10@,%*) kaw, kdw, Duw, Sw, Lu

Fourth line of data file contains sorption parameters for
carpet surfaces (kac, kdc, Dc, Sc, ch

read (10,%*) kac, kdc, Dc, Sc, Lc '

Fifth line of data file contains depositin parameters for

airborne RSP
read (10,%) kdr

Sixth line of data file contains number of different

chamber parameter "phases." Use a new "phase" for each

change in the ventilation rate and each cigarette euent.
read (18,%*) nphase

‘Now, read in parameters for each run
Sixth and following lines of data file contain duration
of phase, .number of cigarettes smoked, and chamber
ventilation rate [ach] for each phase.

read (10,%*) dur(t), ncig(1), ach(1)

tstart(1) = @

do 28 i=2,nphase
read (1@,*) dur(i), ncigli), ach(i)
tstart(i) = dur(i-t) + tstart(i-1)

280 continue .
tstart(nphase+1) = dur(ppbase) + tstart(nphase)
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Open data file and prep it for concentration and sorbed mass data
open (unit=2@, fi le=’ETS-chamber-sim.out’, status="new’)

write(20,25)
25 format(lx, ’ t, h’,2x,” Cn, ug/m3°,3x,’ Cr, ug/m3”,
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+ 4x, ‘Mn-s, wag/m27,5x, ‘Mn-c, wug/m2’,6x, ‘Mn-w, ug/m2°)
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Ask for desired number of nodes and smallest time step
print*, “Input the desired number of finite difference nodes
read*, nodes }
print*, ‘Input the desired smallest time step (min)
read*, dtmin :
print*, “Input X  (every Xth timestep is sent to output file)”’
read*, outstp . ) .

,

discretize carpet and wallboard thicknesses into nodes.
dz* = node thickness [m] for - sorbent *

dzw = Lw/nodes

dzc = Lc/nodes
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Set initiat conditions -- chamber and sorbents are clean at start of
first cigarette : '
Cr = 0
Cqg a
Ms 7]
do 68 i=1,nodes
cw(i) = @
Ccli) =@
60 continue

Initialize t to @
t =0

write(20, 250) (4+-27996. 75)/60,Cg*1008,Cr*1000, Ms* 1000,
+ Mc*1000, Mw*1000
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Initialize counters for run % and time step @
runknt = 1
stpknt = outstp

70 if (t.ge.(tstart(nphase) + dur(nphasel))) then
We’‘re done. ]
Stop
end if

Figure out proper size for next timestep
Set dt for the next time step. Samller timesteps immediately

after SUOc emission then growing larger with time
if (t.eq.@) +then

dt = dtmin
else if ((t-tstart{runknt-1)).1t.18) then
dt = dtmin

else if ((t-tstart(runknt-1)).1t.38) then
dt = 2%dtmin
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else if ((t-tstart(runknt-1)).1t.188) +then
dt = GS*dtmin .

else if ((t-tstart(runknt-1)).1%t.30@) then
dt = 10*dtmin

else if ((t-tstart(runknt-1}).(t.1808) then
dt = 20*dtmin

else if ((t-tstart(runknt-1)).1t.2@8@) then
dt = 20*dtmin

else if ((t-tstart(runknt-1)).1t.4800) then
dt = 50*dtmin

else
dt = 188*dtmin
end if :
¢ Find the start of the next run. If it’s time to start the next run,

c change Q, Er, and En to reflect new conditions.
if ((t+dt).ge.tstart(runknt)) then
if (t.eq.tstart(runknt)) then
Ercurr = ncig(runknt)/dur(runknt)*Er
Encurr = nciglrunknt)/dur(runknt)*En
Q@ = ach(runknt)*u/6@

runknt = runknt + 1
dt = dtmin
else
dt = tstart(runknt) - t
end if
end if
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c Initialize intermediate value matrices for Cw(i),Cc(i), Ms, and Cg

Cgi = Cg
Msi = Ms
do 8@ i=1,nodes
Cwi (i) = Cuw(i)
Ccili) = ccli)
se continue
t = 1t + dt
¢ Cycle through all k values (1-4 for each data point: Cg, Ms and nodes
¢ for Cw and Cc) . :
do 208 j=1,4
c Gas phase mass balance
kCg(j) = dt*(Encurr -Q*Cgi
+ ~(kaw*Cgi-kdw*Cwi (1)*dzw)}*Suw
+ -(kac*Cgi-kdc*Cci (1)*dzc )*Sc
+ -(kas*Cgi**nas-kds*Msi**nds)*Ss)/U
c . Stainless Steel sorbed phase mass balance
kMs(j) = dt*(kas*Cgi**nas - kds*Msi**nds)
c Mass balance for wallboard surface

kCw(j, 1) = dt*((kaw*Cgi/dzw - kdw*Cwi(1)) =+
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+ ' , Du/dzu/dzu*(Cwi(2]’ - cwil1)))

Mass balances for wallboard bulk nodes

do 188 i=2, (nodes-1)
; kCw(j,i) = dt*Duw/dzw/dzw*(Cwi(i-1)+
+ - Cwi (i+1)=-2%Cwi (i ))
100 continue

kCw(j,nodes) =dt*Dw/dzw/dzw*(Cwi (nodes-1)-Cwi (nodes))

Mass balance for carpet sur%ace
kCc(j, 1) = dt*((kac*Cgi/dzc - kdc*Cci(1)) +
+ Dc/dzc/dzc*(Cci(2) - Ccil(1)))

Mass balances for carpet bulk nodes
do 185 i=2, (nodes-1) :
kCc(j,i) = dt*Dc/dzc/dzc*(Ccili-1)+
+ Cci(i+1)-2%Cci(i))
185 continue
kCc(j, nodes) =dt*Dc/dzc/dzc*(Cci{nodes-1)-Cci(nodes))

if (j.eq.3) then N
Cgi = Cg + kCg(j)
Msi = Ms + kMs{j)
do 118 i=1,nodes
Cwili) = Cwl(i) + xCw(j,i)
Ccili) = Celi) + kCel(y,i)
110 continue '
else ’ ’
Cgi = Cg + kCg(j)/2
Msi = Ms + kMs(j)/2
do 120 i=1{, nodes
Cwi(i) = Cwl(i) + kCw(j,i)/2
Cci(i) = Ccli) + kCely,i)/2
120 continue
endi f
208 continue
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Step forward in time by dt. .
Add (k1)/6 + (k2)/3 + (k3)/3 + (k4)/6 to old values to get new ones

Calculate particle concentration
Cr = Ercurr/(Q + kdr*(Ss+Sc+Sw)) *
+ (1-exp(-(@ + kdr*(Ss+Sc+Sw)l)*dt/U)] +
+ Cr*exp(-(Q + kdr*(Ss+Sc+Sw))*dt/U)

Calculate gas-phase concentration _
Cg = Cg + (kCg(1) + kCg(4))/6 + (kCg(3) + kCg(2))/3

Calculate stainless steel sorbed. mass. density
Ms = Ms + (kMs(1) + kMs(4))/6 + (kMs(3) + kMs(2))/3

Calculate bulk concentrations in wallboard and carpet
do 218 i1=1,nodes
Cuwli) = Culi)+(kCw(1,i) + kCw(4,il))/6 +
+ (kCw(3,i) + kCw(2,i))/3

Cc(i) = Ccli)+(kCc(1,i) + kCc(4,i))/6 +
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+ (kCc(3,1) + kCc(2,i))/3
210 continue

_if (stpknt.eq.outstp) then
c Store information for this timestep in output file

Mw = O

do 220 i=1,nodes .
Mw = Mw + dzw*Cw(i)

Mc Mc + dzc*Cc (i)
220 continue
write (20,250) (t-27996.75)/60,Cg*1000,Cr*1000,
+ : Ms*1000,Mc*1000,Mw*1000 -
stpknt = O
goto 70
else o
stpknt = stpknt + 1
goto 70
end if

250 format(lx,f10.3,2x,E11.4,3x,E11.4,4x,E11.4,5x,E11.4,6x,E11.4)

end
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APPENDIX D: SVOC GAS-PARTICLE-SORPTION PROGRAM
This program was used in Chapter 5 to predict the mass of an SVOC in indoor air
in each of the gas, airborne particle-sorbed, déposited particle-sorbed, and surface-sorbed
phases. The code is used with a Microsoft Excel (version 6.0/95 or higher) workbook
~containing a worksheet labeled “Input Params” that lists the the gas-sorbent and gas-
particle sorption parameters; the outdoor particle and particle-phase and gas-phase S.VOC
concentrations; the building air-exchange rate; the initial gas phase, particle phase and
sorbed phase conditions; and the indoor emission rates of pafticle mass and SVOCs in the -
gas and airborne particle-sorbed phas;es as-specified in the code. Using these parameters,
equations 5.8, 5.18, 5.19, 5.22, 5.23, 5.25, 5.26, and 5.27 are integrated simultaneously
using the modiﬁed Runge-Kutta approach described in Appendix B to simulate the
behavior of the SVOC of interest in indoor air. Data are outputted at specified intervals
to a sheet labeled “Plot Data.” The final value of each time dependent value is listed on

the “Final Values” worksheet at the end of the simulation period.
Option Explicit

‘Initialize wvariables ‘
’*********************************************************************
‘Counter wvariables '

Public i As Integer

Public j As Integer

Public counter As Integer

Pubtic allcounter As Integer

‘Number of sorbent nodes/number of particle size bins
Pubtic n1 As Integer

Public n2 As Integer

Public bins As Integer

‘Diagnostic. output of all’ time steps indicator
Public allout As String

‘ ****-l-****************************************************************

‘Concentration variables and intermediate storage registers
‘and Runge-Kutta "k" matrices for variables

‘Cg = gas-phase SUOC. concentration (mg m-3)

‘Cgo = outdoor gas—phase SUOC concentration (mg m-3)

‘Cb1 = SUOC surface concentration on fixed sorbent .. (mg m-2)
‘Cb2 = SUOC surface concentration on fixed sorbent 2 (mg m-2)
‘Cp(i) = indoor particle-phase SUOC concentration in .bin i (mg m-3)
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‘Cpo(i) = outdoor particle-phase SUOC concentration in bin i (mng m-3)
‘Cpm(i) = indoor particulate matter concentration in bin i (m% n-3)
‘Cpmo(i) = outdoor particulate matter concentration in bin i (mg m-3)

Public Cg As Double

Public Cgi As Double

Public Cgo RAs Double

Public kCg(4) As Double
Public Cb1(25) As Double
Public Cb1i(25) As Double
Public kCb1(4, 25) As Double
Public Mb! As Double

Public Mb2 As Double

Public Cb2(25) As Double
Public Cb2i(25) As Double
Public kCb2(4, 25) As Double

Public Cp(5) RAs Double
Public Cpi(5) Rs Double
Public Cpo(5) As Double
Public kCp(5, 4) As Double

Public Cpm(5) As Double
Pubtic Cpmi(5) As Double
Public Cpmo(5) As Double
Public kCpm(5, 4) As Double

Public div
.’*********************************************************************'
‘General building parameters

“lu = building air exchange rate (h-1)

‘U volume(m3)

‘Q building uventilation flow rate (m3 h-t)

Public lu As Double

Public U As Double

Public Q@ As Double
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‘Emissions parameters '

‘Eg = Gas-phase SUOC emission rate (mg h-1)

‘Ep(i) = Particle-phase SUOC emission rate in bin i (mg h-1)

‘Epm(i J= Particulate mass emission rate in bin 1 (mg h-1)

Public Eg Rs Double .

Pubtic Ep(5) As Double

Public Epm(5) As Double

4 3 I e N e I I e W I I I I F He He I I W W I K I I W e I I I I W I I I W e e K K e e F I I I e He e Fe W K W I FK K e HHe KK K X
‘Gas-particle reversible sorption kinetic parameters

‘kagp(i) = gas-particle adsorption rate constant for bin i (m h-1)
‘kdgp(i) = gas-particte desorption rate constant for bin i (h~1)
‘kagp1(i) = gas-sorbed particle adsorption rate constant for bin
‘ i on surface 1 (m h-t)

‘kdgp1(i) = gas-sorbed. particle desorption rate constant for bin
‘ i on surface 1 (h-1)

‘kagp2(i) = gas-sorbed particle adsorption rate constant for bin

i on surface 2 (m h-1)
‘kdgp2(i) = gas—-sorbed particle desorption rate constant for bin
’ i on surface 2 (h-t

‘Kp = gas-particle equilibrium constant for -all particie sizes (m)
‘Ap(i) = particle surface area per unit mass for bin i (m2 mg-t)
‘kdpm{i) = deposition velocity for particles in bin i (m h-1

‘St = total available surface area for particle deposition (m2)

Public kagp(5) As Double
Public kagp!1(5) As Double
Public kagp2(5) As Double
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Public kdgp(5) As Double
Public kdgp1(5) Rs Double
Public kdgp2(5) RAs Double
Public Hp?S] As Double

Public kdpm(5) As Double
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~ ‘Deposited particle mass balance parameters .
‘Mp(i) = Surface-deposited bin 1 particle-phase SUOC mass (mg m-2)
‘Mpm(i )= Surface-deposited particle mass in bin i (mg m=-2)

Public Mpt1(5) As Double

Public Mpmi1(S) As Double

Public kMp1(5, 4) As Double

Public kMpm!1(5, 4) As Double

Public Mpti(5) As Double

Public Mpm1i(S5) As Double

Public Mp2(5) As Double
Public Mpm2(5) As Double
Public kMp2(5, 4) As Double
Public kMpm2(5, 4) As Double
Publtic Mp2i(5) As Double
Public Mpm2i(5) As Double
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‘Gas-surface reversible sorption parameters

‘kags = sorbent gas-phase deposition rate constant (m h-1)

‘kdgs = sorbent gas—phase re-emission rate constant (h-1)

‘Sb = stationary sorbent surface area {(m2)

‘Db = SUOC diffusion coefficient in porous sorbent bulk (m2 h-1)
‘L = Porous sorbent material bulk thickness (m) :
‘nodes = number of finite difference nodes in sorbent bulk (-)
‘dzb = discretization of sorbent thickness (m)

Public kagsl ‘As Double
Public kdgsi RAs Double
Public Dbl .As Double
Public Lb1l As Double ' A
Public dzbl As Double :

Public Sb1 As Double

Public kags2 As Double
Public kdgs2 As Double
Public Db2 As Double
Public Lb2 Rs Double
Public dzb2 As Double
Public Sb2 As Double

43 B e I T Je I e e I I Fe I e e He Fe T T I H I e Fe T I I I I I I I I I I I I I H K I I e I e I I I I I I I I I I e W K
‘Reaction decay parameters :

‘krg = Gas—-phase SUOC 1st order degradation rate constant (h-1)
‘krp = Particle-phase SUOC 1st order degradation rate constant (h-1)
‘krs = Sorbed-phase SUOC 1st order degradation rate constant (h-1)

Public krg As Double
Public krp As Double
Public krs As Double
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‘Convergence tolerance, data file names and numbers,
‘and time counters / other parameters

‘dt = time step (h)

Public t As Double

Public dt As Double

Public tend As Double

Public tstart As Double
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Public dtmin As Double
Public dtmax As Double
Public multip As Double
Public tpreu As Double
Public outstp As Double

Sub suoc()
Application.Calculation = xiManual

Work sheets("Plot Data").Rows("2:4880").ClearContents
Work sheets("Raw Data").Rows("2:8888").ClearContents

allout = Worksheets("Input Params").Cells(1, 5)

tstart = Worksheets("Input Params").Cells(9, 5)
tend = Worksheets("Input Params").Cells(1@, 5)
dtmin Work sheets("Input Params"}.Cells(48, 2)
dtmax Work sheets(“Input Params").Cells(43, 2)
multip = Worksheets("Input Params").Cells(48, 5)

‘Get model parameters from "Input Params" sheet
‘Number of particle size bins )
bins = Worksheets("Input Params"}.Cells(15, 2)

‘Emission rates, outdoor concentrations, and area/mass for particles
Eg = Worksheets("Input Params").Cells(17, 2)
Cgo = Worksheets("Input Params").Cells{1S, 2)
For i = 1 To bins :
Ep(i) = Worksheets(“Input Params").Cells(17, i + 2)

Next i

Epm(i) = Worksheets("Input Params").Cells(18, i + 2)
Cpo(i) = Worksheets{"Input Params").Cells(19, i + 2)
Cpmo(i) = Worksheets("Input Params").Cells(20, i + 2)
Ap{i) = Worksheets("Input Params"}.Cells(i6, i + 2]

‘Building and sorbent physical parameters

U = Worksheets("Input Params®).Cells(2, 2)
lu = Worksheets("Input Params").Cells(3, 2)
Q@ = Worksheets("Input Params").Cells(4, 2)

_ Sbl = Worksheets("Input Params").Cells(5, 2)
Lbl = Worksheets("Input Params").Cells(6, 2)
n1 = Worksheets("Input Params"}.Cells(?, 2)
Sb2 = Worksheets("Input Params").Cells(8, 2)
Lb2 = Worksheets("Input Params"}.Cells(9, 2)

n2 = Worksheets("Input Params").Cells(10, 2)

dzbl = Lbl / ni

dzb2 = Lb2 / n2

‘Fixed sorbent | sorption parameters

kags! = Worksheets("Input Params").Cells(28, 2)
kdgsl = Worksheets("Input Params").Cells(29, 2)
Db = Worksheets("Input Params").Cells(38, 2)

‘Fixed sorbent 2 sorption parameters

kags2 = Worksheets("Input Params").Cells(31, 2)
kdgs2 = Worksheets("Input Params").Cells(32, 2)
Db2 = Worksheets("Input Params").Cells(33, 2]

‘Gas-particle sorption paramters adsorption & desorption

‘rate constants {(m/h) for each bin (airborne ‘and surface-deposited
‘particles)

For i = 1 To bins
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kagp(i) = Worksheets("Input Params").Cells(24, i + 2)
kdgp(i) = Worksheets("Input Params") Cells(25, i + 2]}
kagp! (i) = Worksheets("Input Params").Cells(35, i + 2)
kdgpi(i) = Worksheets("Input Params").Cells(36, i + 2)
kagp2(i) = Worksheets("Input Params").Cells(37, i + 2)
kdgp2(i) = Worksheets(“Input Params").Cells(38, i + 2)
kdpm(i) = Worksheets("Input Params").Cells(48, i + 2)

Next i

‘Reaction decay parameters

krg = Worksheets("Input Params").Cells(43, 2)
krp = Worksheets("Input Params").Cells(44, 2)
krs = Worksheets(“Input Params").Cells(45, 2)

‘Initial conditions
‘Gas-phase concentration IC : .
‘deposited particle-SUOC mass and deposited particle mass
€g = Worksheets("Input Params").Cells(52, 2)
“ 'Rirborne and surface-deposited particle & particle-phase SUOC ICs
For i = 1 To bins
Cp(i) = Worksheets(“Input Params").Cells(S5, i + 1)
Cpm{i) = Worksheets("Input Params").Cells(56, i + 1)
Mp1{i) = Worksheets("Input Params").Cells(57, i + 1)
Mpmi(i) = Worksheets("Input Params").Cells(58, i + 1
Mp2(i) = Worksheets("Input Params").Cells(53, i + 1)
Mpm2(i) = Worksheets("Input Params").Cells(68, i + 1
Next i

‘Fixed sorbent sorbed mass density ICs
For i = 1 TJo nl
Cb1(i) = Worksheets("Input Params").Cells(63, i + 1)

Next i
For i = 1 To n2

Cb2(i) = Worksheets{"Input Params").Cells(66, i + 1)
Next i
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Initialize't to @
t =20

‘Record IC data on output sheet
counter = 2

Call plotdata

counter = 3

- If allout = "yes" Then
‘User has specified output of data from all time steps

allcounter = 2 :
Call alldata
allcounter = 3

End If

Do White t < tend * 24
Call Integrate
Loop

“Output final values to "Final UValues" worksheet
‘Gas-phase SUOC conc.
Worksheets(“Final Ualues").Cells(1, 2).Ualue = Cg

For i = 1 To bins
‘Airborne particle-phase SUOC conc, .
Work sheets("Final Ualues").Cells(4, i + 1).Ualue = Cp(i)
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Worksheets("Final Ualues").Cells(5, i + 1).Ualue
‘Carpet-deposited particle-phase SUOC density
Work sheets("Final Ualues").Cells(6, i + 1).Value
‘Carpet-deposited particle density
Work sheets("Final Values").Cells(?, i + 1).Value
“Wal lboard-deposited particle-phase SUOC density
Worksheets("Final Ualues").Cells(8, i + 1).Ualue
‘Wal lboard-deposited particle density
Worksheets(“Final Ualues").Cells(S8, i + 1) Ualue
Next i )
‘Carpet-sorbed SUOC nodes conc.
For i = 1 To nli
Worksheets("Final Ualues").Cells(11, i + 1).Value
Worksheets("Final Ualues"}.Cells(12, i + 1).Value
Next i
‘Wal tboard-sorbed SUOC nodes conc.
For i = 1 To n2 . i
Worksheets("Final Ualues").Cells(14, i + 1).Value
Worksheets("Final Ualues").Cells(15, i + 1).Ualue
Next i
Application.Calculation = xlAutomatic
End Sub

‘Airborne particle conc.

Sub Integratel()

= Cpm(i]
= Mpt(i)
= Mpmi (i)
= Mp2(i)
= Mpm2(i)
= nl

= Cb1(i)
= n2

= cb2(i)

Figure out timestep size (increasing at user defined rate ouver time
with a cap at user specified dtmax)
8 Then

dt = dtmin

Elself dt * multip < dtmax Then
dt = dt * multip

If t =

dt = dtmax
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‘Initialize intermediate value matrices for Cb, Cg, and Cp

Cgi =

For i

Next
For i
Next
For i

Next

Cq
= 1| To bins

cpili) = Cpli)
Comi (i) = cpni)

=1 To nli

ce1ii) = cbili)

To n2

1
cb2i (i) = cb2(i)
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“Cycle through all k values (1-4 for each data point
‘Cb, Cp, and Cpm)

For |

=1 To 4
‘Gas-phase mass balance (effects of uentilation,
‘reaction, and sorbents)

Cg, nodes for

kCg(j) = dt * (((Eg + @ * (Cgo - Cgi) - (kags! * Cgi _-

- kdgs! * Cb1li(1) * dzb1) * Sbl - (kags2 * Cgi
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- kdgs2 * Cb2i(1) * dzb2) * Sb2)) / U - krg * Cgi)

For i = 1 To bins
‘Effects of particles on gas-phase MB
kCq(j) = kCglj) - dt = (Eia pli) * Cgi * Ap(i) * Cpmil(i) _

- kdgp?if % Cpi{il)) - (kagpt(i) * Cgi * Ap(i) * Mpm1i(i)

- kdgp1(i) * Mp1i(i)) * sb1 / U _
- (kagp2(i) * Cqgi * Ap(i) * Mpm2i (i) —
- kdgp2(i) * Mp2i(i)) * sb2 / V)

‘Airborne particle-phase SUOC MB
kCp(i, j) = dt * (((Ep(i) + @ * (Cpoli) _

- Cpilil)))) / U + kagp(i) * cgi * Ap(i) * Cpmil(i) _

- (kdgp(i) + kdpm(i} * (Sbt + Sb2) / U + krp)} * Cpil(il)

‘Airborne Particles MB
kCpm(i, j) = dt = (Epm(i) + @ * (Cpmo(i) - Cpmi(i}) _
- kdpm(i) * Cpmi(i} * (Sb1 + Sb2)) / U .

‘Carpet-deposi ted particle-phase SUOC MB
kMp1(i, j) = dt * (kdpm(i) * Cpi(i) = Sb1 / (Sbi + Sb2)} _
+ Ap(i) = Mpm1i(i) = kagpi(i) * Cgi - (kdgp1(i) + krp) =

* Mpli(i))

‘Wal lboard-deposi ted particle-phase SUOC MB
dt * (kdpm(i) * Cpi(i) * Sb2 / (Sbl + Sb2) _
- (kdgp2(i) + krp) _-

kMp2(i, j) =
+ Ap(i) * Mpm2i (i) * kagp2(i) * Cgi

* Mp2i(i))
‘Carpet-deposi ted particles MB
kMpm1(i, j) = dt * kdpm(i) * Cpmi(i) * Sb1 / (Sb1 + Sb2)
‘Wallboard-deposi ted particles MB
kMpm2(i, j) = dt * kdpm(i) * Cpmi(i} * Sb2 / (Sbi + Sb2)

Next i
‘MBs for SUOC at surface of each porous sorbent
‘Air-carpet interface node MB
kCb1(j, 1) = dt * ((kags! * Cgi / dzbl - kdgs! * Cbli(1)) _
+ Dbt / dzbl / dzbt * (Cb1i(2) - cbli(1)} —-krs * Cbtil1])
‘Air-wal lboard interface node MB
kCb2(j, 1) = dt * ((kags2 * Cgi / dzb2 - kdgs2 * Cb2i(1)) _
+ Db2 / dzb2 / dzb2 = (Cb2i(2) - Cb2i(1%] - krs * Cb2i (1))

‘MBs for SUOC in the bulk of each porous sorbent

‘Carpet bulk nodes MB
For i = 2 To nl - 1
kCb1(j, i) = dt * Dbl / dzb! / dzbt = (Cbti{i - 1) _
+ Cbli(i + 1) = 2 * Cblili))

Next i

‘Wal lboard bulk nodes MB ‘
i =2 Ton2 - 1
i) = dt * Db2 / dzb2 / dzb2 * (Cb2i(i - 1) _

For
kCb2(,,
+ Cb2i(i + 1) - 2 * cb2i(i))
Next i o .
‘Deepest carpet node SUCC MB
kCbi1(j, n1) = dt * Dbl / dzbl / dzbl * (Cblilnl - 1) _

- Cbtiln1))
‘Deepest wallboard node SUOC MB
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kCb2(j, n2) = dt * Db2 / dzb2 / dzb2 * (Cb2il(p2 - 1} _
- Cb2i(n2))

‘Sum k1, k2, k3, and k4 for each variable and advance a time

step
If § = 3 Then
div = 1
Else
div = 2
End If : -
‘Gas-phase SUQC }
Cgi = Cg + kCg(j} / div _
‘Particles & particle-sorbed SUOC: airborne & deposited
For i = 1 To bins
Cpil(i) = cpli) + kCpli, j) / div
Cpmi (i) = Cpm(i) + kCpm(i, j) / div !
~Mpti(i) = Mp1(i) + kMpiCi, j) / div
Mp2i (i) = Mp2(i) + kMp2(i, j) / div
Mpmii (i) = Mpmi(i) + kMpmi(i, j) / div
Mpm2i (i) = Mpm2(i) + kMpm2(i, jJ) / div
Next i :
‘Carpet-sorbed 5UOC
For i = 1 To nt
Cbli(i) = cbi(i) + kCbi1{j, i) / div
Next i
‘Wal lboard-sorbed SUOC
For i = 1 To n2
. Cb2i(i) = cb2(i) + kCb2{j, i) / diu
Next i
Next
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* Step forward in time by dt.
 RAdd (k1)/6 + (k2)/3 + (k3)/3 + (k4)/6 to old values to get new ones

Cg = Cg + (kCgl1) + kCg(4)) / 6 + (kCq(3) + kCg(2)) / 3

For i = 1 To bins
‘Airborne particle-phase SUOC
Cpli) = cpli) + (kcpli, 1) + kcpli, 4)) / 6 + (kCpli, 3) +
kCpli, 2)) :
‘Airborne particlse
Cpm(i) = Cpm(i) + (kCpm(i, 1) + kCpm(i, 4)) / 6 _
+ (kCpm(i, 3) + kCpm(i, 2)) / 3
‘Carpet-deposi ted particle-phase SUGC '
Mp1(i) = Mp1(i) + (kMp1Ci, 1) + kMpi1(i, 4)) / 6 — o
+ (kMp1Ci, 3) + kMpi(i, 2)) / 3
‘Wallboard-deposi ted particle-phase SUOC .
Mp2(i) = mMp2(i) + (kMp2(i, 1) + kMp2(i, 4)) / 6 _
+ (kMp2(i, 3) + kMp2(i, 2)) / 3
‘Carpet-deposi ted particles ,
Mpmlﬁ J = Mpm1(i) + (kMpmi(i, 1) + kMpmi(i, 4)) / 6 _
+ (kMpm1(i, 3) + kMpmi(i, 23) / 3
‘Wal lboard-deposi ted particles
Mpm2(i) = Mpm2(i) + (kMpm2(i, 1) + kMpm2(i, 4)) / 6 _ '
+ (kMpm2(i, 3) + kMpm2(i, 2)) / 3 :
Next i

‘Carpet-sorbed SUOC

For i = 1 To nli ’
Cbi(i) = cb1(i) + (kcbi(1, i) + kCbi1(4, i)) / 6 _
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+ (KCb1(3, i) + kCb1(2, i)) / 3

Next i
‘Wal Ilboard-sorbed SUOC
For i = 1 To n2

Cb2(i) = cb2(i) + (kCb2(1, i) + kCb2(4, i)} / 6 _

+ (kCb2(3, i) + kCb2(2, i)} / 3
Next i

Tt =t o+ dt

‘Set intervals at which to record model data
If t < 1 * 24 Then

outstp = 1

Elself t < 2 * 24 Then
outstp = 2

ElseIf t < 18 * 24 Then
outstp = 4

Elself t < 58 * 24 Then
outstp = 12

ElseIf t < 208 * 24 Then
outstp = 24

Elself t < 500 * 24 Then
outstp = 48

EtseIf t < 1800 * 24 Then
outstp = 5 * 24

Else
outstp = 1@ * 24

End If

‘Record data on output sheet
If t+ - tprev >= outstp Then
Call plotdata

counter = counter + 1
tpreu = tpreu + outstp
End If

If allout = "yes" Then
‘User has specified output of data from all

away!

End

Sub

Call alldata’
. allcounter = allcounter + 1
End If
Sub
alldata()
Mbl = @
Mb2 = @
For i = 1 To ni
Mbl = Mbl + Cbi(i) * dzb!l
Next i
For i = 1 TJo n2
Mb2 = Mb2 + Cb2(i) * dzb2
Next i
Work sheets("Raw Data").Cells(allcounter, 1).Ualue
Worksheets("Raw Data“).Cells(allcounter, 2).Ualue
For i = 1 To bins ‘
Worksheets("Raw Data").Cells(allcounter, i +

18600
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time steps —- bombs

t + tstart * 24
Cg * 1000

2).Value = Cp(i) *



Worksheets{"Raw Data").Cells(allcounter, i + 5).Ualue =
1008 '
Work sheets("Raw Data").Cells(allcounter, i + 18).Ualue = _
' (Mp1(i) * sb1 + Mp2(i) * Sb2)
Work sheets("Raw Data”).Cells(aitcounter, i + 13).Ualue = _
(Mpmi1(i) * Sbl + Mpm2(i) * Sb2)
Next i
Work sheets("Raw Data").Cells(allcounter, 9).Ualue = Mbl * Sbi
Work sheets("Raw Data")}.Cells(allcounter, 18).Ualue = Mb2 * Sb2
End Sub
Sub plotdatal()
M'; 4 —_‘4
Mb2 = @
For i = 1 To nl
Mb1 = Mbl + Cb1(i) * dzbl
Next i
For i = 1 To n2
Mb2 = Mb2 + Cb2(i) * dzb2
Next i
Work sheets("Plot Data").Cells(counter, 1)}.Ualue = t+ / 24 + +tstart
Worksheets("Plot Data").Cells(counter, 2).Ualue = Cg * 1000
For i = 1 To bins : :
Worksheets(“Plot Data").Cells(counter, i + 2).Ualue = Cp(i) =
10009
Work sheets("Plot Data").Celts(counter, i + 5).Ualue = Cpm(i) *
1000
Worksheets("Plot Data").Cells(counter, i + IB].Ualue =
(Mpt1(i) * Sb1 + Mp2(i) * Sb2) / 1ooen
Work sheets{"Plot Data").Cells(counter, i + 13).Ualue = _
(Mpm1(i) * Sbt + Mpm2(i) * Sb2) / 1@@es
Next i
Work sheats("Plot Data").Cells{counter, 9).Ualue = Mbl * Sbl / 1@0@n
Worksheets("Plot Data").Cells(counter, 18).Ualue = Mb2 * Sh2 /
Work sheets("Plot Data").Cells(counter, 17).Value = dt
. ActiveWindow.SmallScrol!l down:=1 '
End Sub

-226 -

Cpm(i) =



ERNEET ORLANEE LAVRENEE SERELEY NATIERNAL LASERATERY
BNE BYELEFREN READ | BERRELEY, GALGERNA S478E

Pieprred (on e US. Dprrament of Bulysy sy O Ne, BB AC0-AETHI0EL

™



