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MODELING DIFFUSION-CONTROLLED EMISSIONS OF VOLATILE ORGANIC
COMPOUNDS FROM BUILDING MATERIALS

Steven S. Cox

Abstract

The adverse effects of contaminated outdoor air have been recognized and subject to
control for many years. More recently environmental engineers and health professionals have
become cognizant of the hazards associated with contaminated indoor air. It is now understood
that contaminated indoor air negatively impacts human health, worker productivity, and physical
property.

Volatile organic compounds (VOCs) are a common class of indoor air pollutants.
Building materials such as treated wood, pressed-wood products, wallboard, sealants, adhesives,
floor coverings, and paints can be sources of VOC emissions. The knowledge-base necessary to
develop effective solutions to indoor air quality problems requires an understanding of the
emissions behavior of indoor materials.

Environmental chambers are often utilized to characterize indoor material as sources of
VOC emissions to indoor air. Chamber studies, although expensive and time consuming, can be
utilized to provide estimates of the rates at which a particular material emits VOCs under a
specific set of environmental conditions. By fitting curves to emissions data obtained through
chamber studies, VOC emissions models have been constructed. These models are frequently
empirical and as a consequence, 1) apply only to the specific material and environmental
conditions investigated, 2) provide little understanding of the source/sink characteristics of the
material, and 3) provide little knowledge of the mass transfer processes governing emissions
behavior. As a result, our understanding of the mechanisms that control VOC emissions from
indoor materials remains rudimentary.

Physically-based models that describe the emissions characteristics of building materials
would greatly facilitate the process of improving indoor air quality. Evidence exists suggesting
well-established fundamental mass transfer mechanisms govern emissions from indoor materials.
Of the various mechanisms governing emissions behaviors, diffusion appears to be one of the
most significant.

The primary objective of this research was to demonstrate that the VOC emissions source
behavior of a diffusion-controlled homogenous building material could be predicted using a
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mechanistic mathematical model. A commercial grade sheet vinyl flooring (VF) was selected
for study because VF is present in many residential and commercial buildings, is relatively
homogenous, and has been shown to emit hazardous organic chemicals. If successful, this
research would demonstrate that the proposed strategy could be generalized to other VOC
sources using appropriately constructed mathematical models.

Satistying the research objective required development of a physically-based model to
predict gas-phase VOC concentrations resulting from exposure to a diffusion-controlled material.
Key parameters for this model are the solid-phase diffusion coefficient, D; the solid/air partition
coefficient, K; and the initial solid-phase VOC concentration, C.

D and K have been previously quantified for only a few indoor materials and methods for
determining C are rudimentary. Therefore, this research project required development and
execution of methods for quantifying D, K, and Cy. D and K were quantified using a recording
microbalance. Cywas evaluated using a new technique of cryogenic milling followed by
fluidized bed desorption.

The model was validated by exposing a VF sample in an environmental chamber and
directly measuring gas-phase VOC concentrations resulting from mass transfer from the solid
material. Further model validation was achieved by directly measuring the VOC concentration
profiles after exposure in environmental chambers. Because the key model parameters were
quantified independently of chamber studies, the model validation process provided a rigorous
test of the validity of the mass transfer model in particular and of the source characterization
strategy in general.

The results of this research contribute to our understanding of the fundamental
mechanisms that govern emissions of VOCs from vinyl flooring and provide a sound theoretical
foundation for characterization of a wide range of other sources of indoor VOCs. This
understanding could facilitate product reformulation strategies aimed at preventing or reducing
indoor air contamination. Mass transfer models could also be utilized to develop standards for
the environmental performance of indoor materials. The proposed approach will prove useful in
conjunction with broader studies on sick building syndrome to identify sources that may have a

critical impact on the health and comfort of building occupants.
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ABSTRACT

Interactions between volatile organic compounds (VOCs) and vinyl flooring (VF), a relatively
homogenous, diffusion—controlled building material, were characterized. The
sorption/desorption behavior of VF was investigated using single-component and binary systems
of seven common VOCs ranging in molecular weight from n-butanol to n-pentadecane. The
simultaneous sorption of VOCs and water vapor by VF was also investigated. Rapid
determination of the material/air partition coefficient (K) and the material-phase diffusion
coefficient (D) for each VOC was achieved by placing thin VF slabs in a dynamic microbalance
and subjecting them to controlled sorption/desorption cycles. K and D are shown to be
independent of concentration for all of the VOCs and water vapor. For the four alkane VOCs
studied, K correlates well with vapor pressure and D correlates well with molecular weight,
providing a means to estimate these parameters for other alkane VOCs. While the simultaneous
sorption of a binary mixture of VOCs is non-competitive, the presence of water vapor increases
the uptake of VOCs by VF. This approach can be applied to other diffusion-controlled materials

and should facilitate the prediction of their source/sink behavior using physically based models.

INTRODUCTION
A variety of building materials (e.g., adhesives, sealants, paints, stains, carpets, vinyl
flooring, and engineered woods) can act as indoor sources of volatile organic compounds

(VOCGs). Following their installation or application, these materials typically contain residual
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quantities of VOCs that are then emitted over time. Once installed and depending upon their
properties, these materials may also interact with airborne VOCs through alternating sorption
and desorption cycles (Zhao et al., 1999b; Zhao et al., 2000). Consequently, building materials
can have a significant impact on indoor air quality both as sources of and sinks for volatile

compounds.

Current methods for characterizing the source/sink behavior of building materials
typically involve chamber studies. This approach can be time-consuming and costly, and is
subject to several limitations (Little and Hodgson, 1996). For those indoor sources and sinks that
are controlled by internal diffusion processes, physically based diffusion models hold
considerable promise for predicting emission characteristics when compared to empirical
methods (Cox et al., 2000c and d).

The key parameters for physically based models are the material/air partition coefficient
(K), the material-phase diffusion coefficient (D), and, in the case of a source, the initial
concentration of VOC in the material (Cy). Rapid and reliable determination of these key
parameters by direct measurements or by estimations based on readily available VOC/building
material properties should greatly facilitate the development and use of mechanistic models for
characterizing the source/sink behavior of diffusion controlled materials (Zhao et al., 1999a; Cox
et al., 2000a and b).

Several procedures have been used to measure D and K of volatile compounds in
building materials. D and K have been inferred from experimental data obtained in chamber
studies (Little, et al., 1994). A procedure using a two-compartment chamber has also been used
for D and K measurement. A specimen of building material is installed between the two
compartments. A concentration of a particular compound is introduced into the gas-phase of one
compartment while the gas-phase concentration in the other compartment is measured over time.
D and K are then indirectly estimated from gas-phase concentration data (Bodalal, et al., 2000;
Meininghaus, et al., 2000). A complicating feature of this method is that VOC transfer between
chambers may occur by gas-phase diffusion through pores in the building material in addition to
solid-phase Fickian diffusion, confounding estimates of the mass transfer characteristics of the
solid material.

A procedure based on a European Committee for Standardization (CEN) method has also

been used to estimate D. A building material sample is tightly fastened to the open end of a cup
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containing a liquid VOC. As the VOC diffuses from the saturated gas-phase through the
building material sample, cup weight over time is recorded. Weight change data can be used to
estimate D. (Kirchner, et al., 1999). A significant drawback of this method is that D has been
shown to become concentration dependent in polymers at concentrations approaching saturation
(Park et al., 1989).

In accordance with a previously proposed strategy for characterizing homogeneous,
diffusion controlled, indoor sources and sinks (Little and Hodgson, 1996), the objectives of this
study were to 1) develop a simple and rapid experimental method for directly measuring the key
equilibrium and kinetic parameters, 2) examine the validity of several primary assumptions upon
which the previously mentioned physically based models are based, and 3) develop correlations

between the key model parameters and readily available properties of VOCs.

MATERIALS

A commercial vinyl flooring (VF) manufactured for use in offices, schools, and hospitals,
was selected for study. This VF contains approximately 50% (by weight) limestone filler
(calcium carbonate), as well as polyvinyl chloride (PVC), plasticizers, pigments, and stabilizers
(Tshudy, 1998). A microtome (Model 820-II, Reichert-Jung) was used to cut the VF into thin
slabs, ranging from 0.28 to 0.37 mm in thickness. Residual VOCs were removed from the thin
slabs by conditioning in clean air at 70° C for 24 hours.

A high-resolution (0.1 to 0.5 pg) dynamic micro-balance (Model D200-02, Cahn)
equipped with a PC-based data-acquisition system (DAQ) was used to measure and record
changes in VF sample weight during sorption/desorption tests. To minimize mechanical
vibration, the microbalance was placed on a marble balance stand isolated from the floor by
vibration dampening pads. An enclosure was erected around the microbalance and covered with
foil-faced polyethylene insulation to minimize potential signal fluctuations due to thermal
variation or electromagnetic radiation. The temperature in the microbalance enclosure was
maintained at 25.6 + 0.3 °C using a constant temperature circulator (Isotemp, 1028D, Fisher
Scientific) connected to a heat exchanger in the enclosure. The sample chamber temperature was
monitored with a temperature transducer (RTD, Model 2Pt100G3050, Omega). A diagram of

the system is shown in Figure 1.
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Figure 1. Diagram of the microbalance test system

Clean air was supplied from gas cylinders (Medical Air USP, UN1002, Air Products).
The water vapor content in the air as delivered was 16 ppm,. The flow path was constructed of
3.2-mm L.D. 304 stainless steel and Teflon tubing with stainless steel fittings. The sample
chamber was constructed of borosilicate glass. A glass frit was installed at the inlet end of the
sample chamber to improve gas flow distribution.

For sorption tests, a gas concentration of a specific VOC was generated using a constant
temperature diffusion cell (Dynacalibrator Model 190, VICI Metronics, Inc.) modified by
substituting a stainless steel/glass flow path. Mass flow controllers (MFC, Model FC-280S,
Tylan-General) were used to control the air flow rate. Gas-phase VOC concentration was
determined by dividing the diffusion cell VOC emission rate by the air flow rate. To minimize
errors induced by drag forces acting on the VF sample, gas-phase VOC concentrations were
controlled by adjusting the diffusion cell temperature while the air flow rate was held constant.
Diffusion cell VOC emission rates were determined gravimetrically. MFCs were calibrated
using a soap bubble meter. The accuracy of gas-phase concentration measurements is a function

of the variability associated with the use of these primary standards.
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METHODS

A VF sample was placed on the microbalance in the sample chamber. The sample weight
was first stabilized by passing clean air through the sample chamber until equilibrium was
obtained. An air stream containing a constant and known VOC concentration was then passed
through the sample chamber. VOC sample mass gain over time was monitored until equilibrium
was reached. Influent air was then switched to clean air and the desorption process was
monitored until equilibrium was re-established. Equilibrium was assumed when a five-point

moving average rate of mass change reached ~1% of the maximum rate of change.

Determination of K and D
Using the sorption and desorption data recorded by the microbalance, the equilibrium and
kinetic parameters, K and D, can be determined. For a particular VOC, the sorption equilibrium

is described using a partition coefficient, or
=— (1

where C is the equilibrium concentration in the material-phase (g-VOC m™), and y is the
corresponding concentration of the species in the gas-phase (g-VOC m™). For a linear
relationship, a higher K value represents a higher sorption capacity for a specific VOC. C is
obtained from the difference between the initial and equilibrium weight of the specimen divided
by specimen volume, whereas y is calculated from

E

el 2
y 9 (2)

where E is the constant emission rate of VOC generated by the diffusion cell, and Q is the air
flow rate through the system.

The diffusion coefficient, D, is determined by fitting a diffusion model to experimental
sorption and desorption data. The VF sample conforms to the geometry of a thin slab. Under the
experimental conditions, the rate of change in mass due to Fickian diffusion is given (Crank,
1976) by

M ® 8 -D(2n + 1)t 0
t :1_2 5 @XPD ( 2) D
M & (2n+1)°m 0 AL 0

=)
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where M, is the total mass of a VOC that has entered or left the slab in time t, Mo, is the
corresponding quantity after equilibrium has been reached, and 2L is the thickness of the VF

sample.
RESULTS AND DISCUSSION

Transient sorption and desorption of phenol

Figure 2 shows sorption and subsequent desorption profiles for phenol with VF at three
different gas-phase concentrations. Equilibrium was reached in about 80 hours for both sorption
and desorption. The sorption and desorption profiles are highly symmetrical. It is also evident

that the sorption of phenol is completely reversible.

799
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Figure 2. Transient mass gain/loss of a VF sample during sorption/desorption of phenol

Figure 3 shows the equilibrium concentrations of phenol in VF as a function of the
imposed gas-phase phenol concentration and confirms the linear relationship assumed in

Equation 1 over the range of concentrations studied.
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Figure 3. Linear sorption isotherm for phenol in VF
Table 1 shows the K and D values inferred from the sorption/desorption data given in

Figures 2 and 3. The sorption rates are independent of concentration, and the D values

determined for sorption are essentially the same as those determined for desorption.

Table 1. Values of D and K obtained from phenol sorption/desorption data

Gas-Phase Partition Diffusion Coefficient Diffusion Coefficient
Concentration Coefficient (Sorption) (Desorption)
(Mg/m’) ) (m’/s) (m’/s)
65,000 123,300 1.24 x 1075 1.16 x 1077
27,800 123,800 1.17 x 1077 1.12x 107"
11,500 123,200 1.10 x 1077 .11 x10"

The experimental data in Figure 2 were normalized by dividing M; by M., as shown in
Figure 4. The coincidence of the normalized mass change curves supports the assumption that D

is independent of concentration. Figure 4 also shows the excellent fit of the diffusion model



(Equation 3) to phenol sorption and desorption data using the average D value of 1.20 x 107 m?

s, further supporting the premise that diffusion in VF is described by Fick’s law.

1.2
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1.0 /
0.8
8
Z 06 -
=
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Figure 4. Fitting transient sorption/desorption data to a diffusion model for estimation of D

K and D for a range of VOCs and water vapor

Table 2 summarizes the K and D values measured for other compounds. Data were
obtained by subjecting the VF sample to multiple sorption/desorption cycles at various gas-phase
concentrations. Gas-phase concentrations ranged from 130,000 to 730,000 pig m™ for toluene
and from 2,000 to 3,500 pg m™ for n-pentadecane. The gas-phase water vapor concentrations
ranged from 6.0 x 10° to 14 x 10° pug m™ (26 to 61% RH). All data conformed to linear sorption
isotherms and simple Fickian diffusion. The precision of the method for determining K varied
from +14 % for n-decane to *1.1% for n-tetradecane as measured by relative standard deviation.
The precision of the method for determining D varied from +31 % for water to £5.2% for n-

dodecane as measured by relative standard deviation.



Table 2. Summarized values of D and K obtained from sorption/desorption experiments

Vapor Pressure K* D*°

Compound MW (mm Hg @ 20°C) -) (m?/s) Cycles®
water 18 17 78 + 6.8 3.6+ 1.1 % 107" 4
n-butanol 74 4.1 810 + 77 6.7+0.4x 107" 2
toluene 92 22 980 + 34 6.9+12x107" 3
phenol 94 0.22 120,000 £3000  1.2+0.1 x 107" 4
n-decane 142 0.89 3000 + 420 45+1.1x107" 5
n-dodecane 170 0.074 17,000 + 260 3.4+02x 107" 3
n-tetradecane 198 0.0071 120,000 + 1300  1.2+0.1 x 107" 2
n-pentadecane 212 0.0014 420,000 38,000 6.7+1.1x10" 3

*Mean + standard deviation
® Obtained from both sorption and desorption rate measurements
“Number of experimental sorption-desorption cycles

Correlations of K and D with VOC properties

It is known that VOC diffusion coefficients in polymeric materials often decrease as the
molecular weight of the compound increases and that partition coefficients generally increase as
the vapor pressure of the compound decreases (Little and Hodgson, 1996). For example, Berens
and Hopfenberg (1982) correlated experimentally determined D values with van der Waals molar
volume and mean diameter for various inorganic gases and organic vapors in PVC, polystyrene,
and PMMA. Pankow (1989) pointed out that for certain types of VOC the sorption capacities of
polyurethane foam may be correlated with vapor pressure. Figures 5 and 6 show that for the
alkane VOCs evaluated in this study, the logarithm of K correlates well with the logarithm of
vapor pressure (R? = 0.998), and that D correlates well with molecular weight (R* = 0.983).

Simultaneous sorption of two VOCs

The effect of simultaneous sorption of two VOCs was examined by exposing a VF
sample to a gas stream containing phenol at 28,000 pig m™ and n-dodecane at 33,000 pg m™.
The sorption profile of the binary gas stream was compared to the sum of the sorption profiles of
the individual compounds conducted at the same concentrations as in the binary system. Figure
7 shows that for the compounds and concentration levels studied, the sorption of one VOC is
unaffected by the simultaneous sorption of another VOC. This non-competitive sorption

behavior is consistent with the linear partitioning mechanism.
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Figure 5. Correlation of log K vs log vapor pressure for alkanes
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Figure 7. Transient mass gain of a VF sample during sorption of phenol and n-dodecane

Simultaneous sorption of VOCs and water vapor

The influence of water vapor (50% RH) on the sorption of VOCs was evaluated by
exposing a VF sample to gas streams containing phenol and water vapor and n-dodecane and
water vapor. The sorption profiles of these binary systems were compared to the sums of the
sorption profiles resulting from single-compound sorption at identical concentrations as

presented in Figures 8 and 9.
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The data show that water vapor is rapidly absorbed, reaching equilibrium after about 1
hour. In contrast, phenol requires ~60 hours to reach equilibrium and n-dodecane requires ~25
hours. When comparing the individual uptake curves for phenol and water vapor to the curve for
the binary system, there is no observable difference in overall uptake until ~3 hours. After this,
the VF specimen exposed to the multi-component gas stream takes up more mass than would be
expected if the sorption processes were completely independent. Similar results were obtained
from the n-dodecane and water vapor system. The data for both systems suggest that sorbed
water molecules increase the total uptake of VOC:s.

The apparent increase in sorption capacity of VOCs in VF in the presence of water may
be attributed to several causes. Firstly, water can exist in polymers in bound or bulk form
(Sammon, et al., 1998). Consequently, VOCs could dissolve into bulk water that may be present
in the pores of the VF. However, the relatively small VF/water vapor partition coefficient
suggests that little bulk water is present in VF. Even if all of the water in VF at equilibrium was
in bulk form, calculations using Henry’s law constants for phenol and n-dodecane show that the
VOC mass absorbed into the bulk water would be small compared to the apparent increase in
sorption capacity of VF in the presence of water vapor. Therefore, dissolution in water alone
cannot account for the observed increase in sorption capacity.

Another possible mechanism is that bound water molecules could disrupt the dipole-
dipole interactions between relatively polar PVC chains effectively further plasticizing the PVC
in the VF (Tsukruk, et al., 2000). Additional plastification would increase void volume within
the PVC matrix, possibly increasing sorptive capacity.

From a thermodynamic viewpoint, the free energy of the VF/solute system is lower for
the mixture of solutes than for a single solute. System free energy is the sum of the chemical
potential of each species present in the system. Molecular interactions between solute species
sorbed to VF could lower the chemical potential of each sorbed species. Overall system
equilibrium would then shift to minimize the total gas/solid system free energy. The equilibrium
shift due to solute interactions would result in more molecules sorbed to the VF. The higher
apparent sorptive capacity of the VF/phenol/water system compared to the VF/n-dodecane/water
system could result from greater molecular affinity between phenol and water. Phenol and water
have similar polarities, which may create a lower free energy state compared to the

VF/water/dodecane system.
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CONCLUSIONS

The gravimetric method for directly measuring K and D in VF is simple and effective and
can be applied to other indoor materials that can be accommodated in a microbalance. For the
compounds and concentration ranges studied, K and D do not depend on concentration. This
concentration independence should hold at the lower concentrations typically associated with
gas- and material-phases in the indoor environment, confirming two of the key assumptions on
which the previously developed source/sink diffusion models are based (Little et al., 1994; Little
and Hodgson, 1996; Cox et al., 2000c and d). The observed partition and diffusion coefficients
for a series of alkane VOCs correlate well with vapor pressure and molecular weight,
respectively, providing a convenient means for estimating K and D for other alkane VOCs in this
type of VF without resorting to experimental measurements. Individual VOCs behaved
independent of one another during binary sorption experiments, suggesting that the diffusion
models may be applied to mixtures of VOC s that are either sorbing or desorbing simultaneously.
In contrast, experiments with VOCs and water vapor showed that the presence of sorbed water
molecules moderately increases the total uptake of VOCs.

The relatively ideal behavior of the VF studied is somewhat surprising since it is not a
perfectly homogeneous material (Cox et al., 2000a and b). VOCs in pure polymers generally
behave ideally if the concentration of VOCs in the material-phase is lower than 1% by weight
(Schwope et al., 1989). The VF material studied here contained about 50% (by weight) calcium
carbonate, which might be expected to alter the polymer’s behavior. These results are
encouraging because they suggest that other relatively homogeneous building materials can be

characterized in a similar fashion.
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ABSTRACT

The initial solid-phase concentration of volatile organic compounds (VOCs) is a key parameter
influencing the emission characteristics of many indoor materials. Solid-phase measurements
are typically made using solvent extraction or thermal headspace analysis. The high
temperatures and chemical solvents associated with these methods can modify the physical
structure of polymeric materials and consequently affect mass transfer characteristics. A new
technique for measuring solid-phase VOC concentrations in vinyl flooring (VF) and similar
materials under conditions resembling those in which the material would be installed in an
indoor environment was developed. A 0.09 m? section of new VF was punched randomly to
produce approximately 200 0.78-cm? disks. The disks were milled to a powder at -140° C to
simultaneously homogenize the material and reduce the diffusion path length without loss of
VOCs. VOCs were extracted from the VF particles at room temperature by fluidized bed
desorption (FBD) and by direct thermal desorption (DTD) at elevated temperatures. The VOCs
in the extraction gas from FBD and DTD were collected on sorbent tubes and analyzed by gas
chromatography/mass spectrometry. Seven VOCs emitted by VF were quantified.
Concentration measurements by FBD ranged from 5.1 pg g VF for

n-hexadecane to 130 pug g”' VF for phenol. Concentrations measured by DTD were higher than
concentrations measured by FBD. Differences between FBD and DTD results may be explained
using free-volume/dual-mobility sorption theory, but further research is necessary to more

completely characterize the complex nature of a diffusant in a polymer matrix.
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IMPLICATIONS

Knowledge of the initial concentrations of volatile organic compounds (VOCs) in a solid
material such as vinyl flooring (VF) is crucial for assessing the emission characteristics of the
material and its potential to contaminate indoor air. Solid-phase concentration measurement
methods such as thermal headspace analysis and solvent extraction may affect the physical
structure and consequently the emissions characteristics of polymeric materials. The fluidized
bed desorption technique developed in this study does not employ solvents or high temperature
for VOC extraction and improves the representative sampling of larger pieces of materials. With
this technique, VOC content can be determined under conditions similar to those to which the
material would be exposed when installed in an indoor environment. This concentration can be
used as a parameter in mechanistic models to estimate VOC emission rates. The direct thermal
desorption technique may prove useful as a simple procedure for directly comparing the overall

potential of similar materials to contaminate indoor air over long periods of time.

INTRODUCTION

Vinyl flooring (VF) is manufactured in a variety of styles and compositions for installation in
residential and commercial buildings in either sheet or tile form. VF is primarily composed of a
mixture of polyvinyl chloride (PVC), inert filler (usually calcium carbonate, CaCO3), and
organic plasticizers such as dioctylphthalate (DOP). Other additives such as stabilizers,
lubricants, antioxidants, and colorants are used to aid in processing and improve product
functionality and appearance. VF may also be manufactured as a multi-layer system with a
bottom backing (usually glass fiber) and a top coating of transparent PVC or polyurethane.' In
the United States during 1998, 214 million kilograms of PVC were used in the production of
VF.?

VF has been shown to emit a number of volatile organic compounds (VOCs).>* VOCs
can migrate from the interior to exposed surfaces by diffusion and then partition into the
surrounding air. Most of the VOCs emitted by VF are probably present as contaminants in the
various raw materials or as residues from the manufacturing process.

Characterizing VF as a source of indoor VOCs requires assessing both the rate at which
VOC:s are emitted and the total amount of VOCs that can potentially be emitted. Initial
concentration (Cy) is a parameter of a model to predict emission rates of VOCs from diffusion

controlled materials.> ®”* Traditional methods for measuring concentrations of VOCs in solid
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materials have used solvents or heat to extract target compounds. However, free-volume theory
has been used to describe how the structure of a polymer can be affected by temperature and the
presence of chemical solvents. As summarized by Sperling’, free-volume refers to the voids in
polymeric materials that must be present in order for diffusion to occur. Amorphous polymeric
materials such as the PVC in VF consist of high weight molecular chains (30,000 to 1,000,000 g
mol™) held together by entanglement and van der Waals forces. Free-volume is the sum of the
void spaces that exist between the imperfectly arranged polymer chains. The amount of void
space depends on the conformational arrangement of the polymer chains. At lower temperatures
chain motion is primarily vibrational and conformational arrangement of the polymer chains, and
consequently free volume, is largely independent of temperature. However, at temperatures
above the glass transition temperature (Tg), polymer molecules possess sufficient energy so that
coordinated chain movement becomes possible, resulting in a relatively large net increase in
free-volume. Tg can be characterized as the temperature at which an inflection point in the free-
volume-temperature curve occurs. Polymers at temperatures below Tg are referred to as
“glassy” and at temperatures above Tg as “rubbery”. Due to the additional free-volume, the rate
of diffusion through the polymer is higher when the material is above Tg than when below Tg.
Small non-polymeric molecules present in a polymer can reduce Tg. These small molecules can
separate polymer chains making chain movement easier. This effect is termed plasticization.
The Tg of un-plasticized PVC is ~80° C; when plasticized, the Tg of PVC is ~20° C and can be
lower.”

Although several models have been proposed to describe sorption in polymers, the dual-
mode theory is frequently cited. This conceptual model describes solution and diffusion of
small, non-polymeric molecules in amorphous polymers. According to Vieth,'® when a polymer
is cooled from the rubbery state to the glassy state, a distribution of microvoids is frozen into the
structure. Because free segmental chain movement is restricted in the glassy state, the
microvoids in a glassy polymer immobilize a portion of diffusant molecules by entrapment. The
resulting system consists of polymer chains, small mobile molecules, and small molecules
immobilized by the polymer chains."

Paul and Koros extended earlier research to construct a dual-mobility model of mass
transfer in glassy polymers.'' Here, the diffusants trapped in frozen microvoids are not

completely immobilized, but have partial mobility. The overall diffusional flux is the sum of the
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flux of the diffusants partially immobilized in the polymer microvoids and the flux of the mobile
diffusants. The flux rate is determined by the concentration gradient and the diffusion
coefficient of each of the two diffusant populations in the glassy polymer system.'? The ratio of
the diffusion coefficients (Dmobile/Dpartially immobilized) 1S iInversely proportional to the diameter of
the diffusing molecule. For a relatively small diffusant such as methane, this ratio has been
measured to be 8.7 for a polycarbonate system.'?

The preceding analysis describes how the physical structure and consequently the mass
transfer properties of polymeric materials such as VF can be affected by heat and the presence of
solutes. For this reason new techniques to measure VOC concentrations in VF and similar
materials were developed.

As described, the total VOC concentration may be apportioned into mobile and partially
immobilized fractions. The partially immobilized portion of the total VOC concentration is not
readily emittable, but can be emitted over a long time period. For a single compound, Cy is
therefore describes the readily emittable mass of the compound per unit mass of the material
(e.g., ng g") subject to a particular set of environmental conditions.

During concentration measurement, it is desirable to minimize the time required to
extract the target compounds from the solid-phase. Extraction time depends on the rate of mass
transfer from the solid-phase to the extraction fluid. For many materials the rate of mass transfer
is limited by the solid-phase diffusion rate. The time required for a VOC to diffuse through the
solid-phase is proportional to the square of the diffusion path length and the reciprocal of the
diffusion coefficient.'* Therefore, extraction time can be reduced by decreasing the diffusion
path length or by increasing the diffusion coefficient by heating the material.

In this study, a new sample preparation technique, cryogenic milling (CM) is applied to
VF. A sample is obtained from a VF sheet by punching small disks from a large area of the
material. The sample is then pulverized into small particles in a ball mill under a liquid nitrogen
bath at temperatures of -140° C. CM homogenizes the sample, decreases the diffusion path
length, and increases the surface area of VF material. The low temperature significantly reduces
VOC vapor pressure, minimizing VOC loss, and facilitates the milling process by making the VF
more brittle.

Extraction of VOCs from the milled particles is accomplished at room temperature by

fluidized bed desorption (FBD). For comparative purposes, direct thermal desorption (DTD)
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was also used to extract VOCs from the VF particles. In both extraction techniques, the VOCs
are collected on a sorbent and then analyzed using a thermal desorption gas

chromatography/mass spectrometry system.

MATERIALS AND METHODS

The VF material used in this study was a monolayer sheet vinyl (1.8-m wide) manufactured for
the medical facilities market. In addition to PVC, the VF contained approximately 50% (by
weight) CaCOs as well as plasticizers, pigments, and stabilizers."”> The nominal thickness was 2
mm; the density was approximately 1.5 g cm™. The VF was manufactured four months prior to
this investigation. A specimen of the material was tightly rolled into a 0.6-m long % 10-cm
diameter cylinder, wrapped in Kraft paper, and shipped from the warehouse to our laboratory.
Upon receipt, six 0.3-m x 0.3-m (0.09-m?) squares were cut from the center of the specimen,
stacked, wrapped in multiple layers of aluminum foil, and stored at -5° C. Squares were
removed as needed for experimental work. Experiments were completed within two months of
receipt of the specimen.

The VF was pulverized using a cryogenic ball mill (Figure 10).'® A 0.09-m? VF square
was randomly sampled using a hollow arch punch to cut approximately 200 one-cm diameter
disks (~50 g) from the square. The disks and two 20-mm diameter stainless steel balls were
transferred to a stainless steel vial in the milling chamber of the ball mill. The milling chamber
was flooded with liquid nitrogen for approximately five minutes before milling began. Upon
commencement of milling, the surface temperature of the milling vial was -140° C. The ball mill
was operated at 480 revolutions per minute for 45 minutes while the milling chamber was
continuously flooded with liquid nitrogen. After CM, the powdered VF material was transferred

to 4.5-ml, zero-headspace glass vials and stored at -15° C.
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Figure 10. Cryogenic ball mill
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Scanning electron microscopy (SEM) was used to obtain images of the VF before and
after CM. A cross-section sample of the original VF was prepared for SEM using a microtome.
A sputter coater (Model S150B, Edwards) was used to apply a ~100 A gold layer to the surface
of both samples. Surface images were obtained using a scanning electron microscope (ISI,
Model SX-40) operating at 20K'V.

The size distribution of the cryogenically milled particles was determined using a laser
diffraction particle-size distribution analyzer (Model LA-500, Horiba, Ltd.). Ethyl alcohol was
used as the particle dispersant.

VOCs in VF particles were extracted at room temperature using a FBD apparatus shown
in Figure 11. A known mass (~1 g) of VF particles was transferred to a FBD vessel (2.6-L)
constructed of borosilicate glass. Clean air regulated by a mass-flow controller (MFC) at ~6 L
min™ was passed through the vessel to fluidize the VF particles. VOCs were collected by
pumping a fraction (~15 mL min™) of the effluent fluidization air through a sorbent tube
(described below). Four samples were successively collected over each seven-hour FBD test
during periods from 0-60 (blank, no VF particles in the FBD apparatus), 60-120, 120-240, and

240-420 min. Duplicate tests were conducted.

T vent
~—1/8"SS
tubing
Tenax-TA A
sorbent
tube FBD
[ ]
HE
g ' sample
cup
sampling -
pump f air
flow source
calibrator MFC

><-

Figure 11. Diagram of fluidized bed desorption (FBD) apparatus
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VOCs were also extracted from VF particles at elevated temperature by a DTD apparatus
shown in Figure 12. 17 to 18 mg of milled particles was weighed into a small aluminum foil
boat. The boat was inserted into a 4-mm ID 20-cm long borosilicate glass tube. The glass tube
was placed in a 150-W sleeve heater fitted with a thermocouple between the sleeve and the
resistance winding. The inlet flow of humidified N, (~10% RH) to the tube was regulated by a
mass flow controller (MFC) at 100 cm® min™. A fraction of the outlet gas stream (1/25) was
drawn through a sorbent tube using a MFC and vacuum pump. The remainder of the flow was
vented. At the start of desorption, the heater temperature was quickly ramped from ambient to
60° C and held for 10 min. Next, the temperature was ramped over 20 min. to 150 + 5° C and
then held constant. Gas samples were collected successively over 0-60, 60-120 and 120-180
min. after initiating a test. Blank tests and three replicate tests were conducted. A detailed DTD
temperature study was subsequently conducted. Batches of 10-12 mg of milled particles were
individually heated in the same apparatus from ambient temperature to final temperatures of 70,
90, 110, 130 and 150° C at a rate of 10° C min™'. A PID (proportional/integral/derivative)
controller regulated the ramp and soak temperatures. Samples for VOCs were collected from the
outlet gas stream every 30 min. up to a total time of 150 min.

sorbent packed
tube
glass tube
containing VF
sample \

sleeve heater .
(70° C - 150° C) sampling
pump

T 0.1 L/min l

Figure 12. Diagram of direct thermal desorption (DTD) apparatus

VOC concentrations in un-milled VF were also measured. A microtome was used to cut
thin strips or slivers (~200-um thick) sequentially from the top to the bottom of a VF specimen

(~4-mm wide X 25-mm long). The slivers were weighed (15-30 mg) and individually transferred
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to 2-ml glass vials for storage at -15° C. VOC concentrations in the VF slivers were determined
by DTD at 150° C following the same procedures described for the particles.

VOCs were collected on sorbent tubes containing Tenax-TA" (P/N 16251; Chrompack,
Bergen op Zoom, The Netherlands). VOCs were quantitatively analyzed by gas
chromatography/mass spectrometry (GC/MS) following U.S. Environmental Protection Agency
(EPA) Method TO-1."" Sorbent tubes were thermally desorbed with a cryogenic inletting system
(Model CP-4020 TCT; Chrompack).

RESULTS AND DISCUSSION

Figure 13 shows scanning electron micrographs of the VF cross section taken at magnifications
of 40x (left) and 300% (right). The number above the white rectangular bar at the bottom of each
micrograph is the length of the bar in pum. The micrographs show that the VF is a monolayer
(white lines at the upper and lower surfaces are artifacts) composite material. CaCQOj particles
imbedded in the PVC matrix can be seen in the image on the right. After CM, the median
particle size was ~80 um when calculated on the basis of the particle number distribution. As
shown in Figure 14, the median particle size was ~160 um when calculated on a weight

distribution basis.

Top

Figure 13. Scanning electron micrographs of vinyl flooring cross section
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Figure 14. Particle size distribution of cryogenically milled vinyl flooring

The concentrations of seven VOCs obtained by FBD and DTD are presented in Table 3.
Results obtained by FBD were 30% to 70% lower than those obtained by DTD. This suggests
the high temperatures associated with DTD (above the Tg for PVC) significantly affected the
mass transfer properties of the VF and that VOCs that were not extractable at room temperature
during the 6-hour FBD extraction period could be extracted by DTD.

The cumulative mass extracted by FBD and DTD are compared in Figures 15, 16, and 17
for n-tetradecane, n-pentadecane, and phenol, respectively. To help interpret the results, a simple

model describing diffusion in spheres'®

M o, S . E—DnznztD O
M, Z 2 0

is employed. In Equation 1, M; is the mass of diffusant in the solid-phase at time t, M is the
initial mass of diffusant in the solid-phase, D is the solid-phase diffusion coefficient (1.2, 0.67,

and 1.2 x 10" m? s respectively for n-tetradecane, n-pentadecane, and phenol in VF), and r is

25



the particle radius. To apply this model to desorption of VOCs in the fluidized bed, build-up in
the gas-phase concentration is assumed to be negligible. The diffusion coefficients for each of
the three VOCs in VF were measured in earlier work,"” and the median particle size (based on

weight) was used to estimate particle radius.

Table 3. Concentrations of seven VOCs in vinyl flooring determined by FBD and DTD

: Concentration (ug VOC g'll VF)
Compound . FBD of Particles® | DTD of Particles® | DTD of Slivers®
DPGME* 265415 1 382407 | 34.1
Phenol 134 429 321+ 16 259+ 6
TMPD-MIB . 2844241 1 51.8+20 | 55.4
n-Tridecane 207429 1 334405 | 29324
n-Tetradecane 295+£2.5 43.5+0.6 392+33
n-Pentadecane 28.5+0.6 47.7+0.6 45.0+2.7
n-Hexadecane | 51+0.6 17601 ¢ 16.1+24

*Mean and standard deviation for two tests

PMean and standard deviation for three tests

‘Mean and standard deviation for eight successive slivers
Di(propylene glycol) methyl ether (three isomers)
€2,2,4-Trimethyl-1,3-pentanediol monoisobutyrate (two isomers)

For mobile VOCs, the model provides estimates of the mass fraction extracted after 6
hours (99% for phenol and n-tetradecane; 93% for n-pentadecane) and predicts the rate of mass
transfer from the VF particles during FBD, as shown in Figures 15, 16, and 17. The
experimental FBD data suggest that desorption of the VOCs continues beyond the 6 hour period,
albeit at a slow rate. In contrast, with the exception of phenol, the DTD data show that
desorption is both rapid and complete. Taken together, these results appear to be consistent with
the dual-mobility conceptual model described earlier. During DTD, the temperature of the
polymer is raised above Tg causing expansion of the void spaces releasing the partially
immobilized diffusant molecules and resulting in rapid desorption of all the VOC. It is worth
noting that the diffusion coefficients used to make the model predictions were measured during
rapid and completely reversible sorption/desorption experiments at room temperature.'’

Although these experiments confirmed Fickian diffusion of the specific VOCs in VF, it is
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possible that they only quantified diffusion through the readily accessible void volume within the

polymer matrix.
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Figure 15. Cumulative extraction of n-tetradecane from VF particles by DTD and FBD
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Figure 16. Cumulative extraction of n-pentadecane from VF particles by DTD and FBD
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Figure 17. Cumulative extraction of n-pentadecane from VF particles by DTD and FBD

For mobile VOCs, the model provides estimates of the mass fraction extracted after 6
hours (99% for phenol and n-tetradecane; 93% for n-pentadecane) and predicts the rate of mass
transfer from the VF particles during FBD, as shown in Figures 15, 16, and 17. The
experimental FBD data suggest that desorption of the VOCs continues beyond the 6-hour period,
albeit at a slow rate. In contrast, with the exception of phenol, the DTD data show that
desorption is both rapid and complete. Taken together, these results appear to be consistent with
the dual-mobility conceptual model described earlier. During DTD, the temperature of the
polymer is raised above Tg causing expansion of the void spaces releasing the partially
immobilized diffusant molecules and resulting in rapid desorption of all the VOC. It is worth
noting that the diffusion coefficients used to make the model predictions were measured during
rapid and completely reversible sorption/desorption experiments at room temperature.'’
Although these experiments confirmed Fickian diffusion of the specific VOCs in VF, it is
possible that they only quantified diffusion through the readily accessible void volume within the

polymer matrix.
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The concentration estimates obtained by DTD of sliver samples are also shown in Table
3. The values are averages for eight successive slivers. Although the sliver data are for a single
small piece of VF, they are in good agreement with results obtained by DTD of the particles
representing a much larger piece of VF. This suggests that initial concentrations are relatively
uniformly distributed and that target VOCs are not lost during the CM/FBD sample preparation
process. The only significant difference occurred for phenol, for which DTD of the particles
produced a higher concentration estimate.

In contrast to the alkanes, results suggest that phenol was not completely extracted by
either technique. This difference cannot be attributed to diffusion coefficients or vapor pressures
(0.19, 0.95, and 29 Pa at 20° C respectively, for n-tetradecane, n-pentadecane, and phenol) of the
molecules. Possible explanations are hydrogen bonding between the relatively polar phenol,
PVC, calcium carbonate system or that phenol is a degradation product of some ingredient in the
VF.

Measurement precisions are presented in Table 3 as standard deviations. With the
exceptions of phenol and 2,2,4-trimethyl-1,3-pentanediol monoisobutyrate (TMPD-MIB),
relative standard deviations for the FBD method were approximately ten percent or better. For
DTD of particles, the relative standard deviations were approximately one to four percent, again
with the exception of phenol. Standard deviations for di(propylene glycol) methyl ether
(DPGME) and TMPD-MIB by DTD of the slivers were not calculated because the
concentrations of these compounds varied strongly with depth.?!

The results of the DTD temperature study are summarized in Table 4. A linear regression

analysis of the data show that, within a 95% confidence interval, there is no significant

Table 4. Concentrations of seven VOCs in VF determined by DTD at 70° C — 150° C

| Copcentration (ug VOC g'll VF) |

Compound 70°C 0 90°C © 110°C | 130°C | 150°C | Average
DPGME 357 0 402 ¢ 336 | 386 | 377 | 371426
Phenol 307 0 302 0 311 i 304 i 315 | 308+5

TMPD-MIB 31.7 29.2 46.0 41.1 46.4 38.9+8.0
n-Tridecane 352 0 318 1 373 | 328 | 360 | 34.6+23
n-Tetradecane 516 1 489 1 531 . 503 | 470 | 502+23
n-Pentadecanc | 439 | 405 | 560 | 486 | 550 | 48.8+67
n-Hexadecane 62 50 | 148 | 92 | 133 | 97442




relationship between the concentration estimates and extraction temperature for the seven VOCs
over the desorption temperature range of 70-150° C. These results suggest that the extractable

amounts are not substantially different within the range of temperatures studied.

CONCLUSIONS

This study demonstrates that CM is a valuable technique for preparing VF for concentration
measurement. The benefits of CM include reduced potential for VOC loss during sample
preparation, reduced VOC extraction time due to shorter diffusion path lengths, and improved
representative sampling of the material.

The benefit of FBD is extraction of target compounds under conditions similar to those in
which the material would be installed in the indoor environment. This avoids the problems
associated with Cy measurement methods that potentially alter the mass transfer properties of
polymeric materials and minimizes the chance of thermal degradation of organic compounds and
artifact formation.

The results of FBD and DTD concentration measurement are consistent with the dual-
mobility conceptual model of diffusion in polymers. Below the glass transition temperature, one
fraction of the diffusant population is considered mobile while the other is considered partially
immobilized. In accordance with this theory, concentration determined by FBD approximates
the mobile portion of VOCs, while concentration determined by DTD represents the total VOC
initially present in the VF. Further research is clearly needed to more completely characterize
the nature of these diffusant fractions.

The primary purpose of this study was to determine Cy of a VOC in bulk VF for use in a
mechanistic model for predicting the rate at which the compound is emitted from VF.?' While
somewhat speculative, it now appears that FBD provides a measure of the readily emittable
fraction of the VOC while DTD quantifies the potential amount that can be emitted over a long
period of time. Although additional work is needed, it appears that emission characterizations
based on both of these solid-phase concentration measurements may prove more useful and

possibly less costly than commonly employed chamber techniques.**
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ABSTRACT

A model for predicting the rate at which a volatile organic compound (VOC) is emitted
from a diffusion-controlled material is validated for three contaminants (n-pentadecane, n-
tetradecane, and phenol) found in vinyl flooring (VF). Model parameters are the initial VOC
concentration in the material-phase (Cy), the material/air partition coefficient (K), and the
material-phase diffusion coefficient (D). The model was verified by comparing predicted gas-
phase concentrations to data obtained during small-scale chamber tests, and by comparing
predicted material-phase concentrations to those measured at the conclusion of the chamber tests.
Chamber tests were conducted with the VF placed top side up and bottom side up. With the
exception of phenol, and within the limits of experimental precision, the mass of VOCs
recovered in the gas phase balances the mass emitted from the material phase. The model
parameters (Co, K, and D) were measured using procedures that were completely independent of
the chamber test. Gas- and material-phase predictions compare well to the bottom-side-up
chamber data. The lower emission rates for the top-side-up orientation may be explained by the
presence of a low-permeability surface layer. The sink effect of the stainless steel chamber

surface was shown to be negligible.

INTRODUCTION

Various building materials and consumer products (examples include adhesives, sealants,
paints, wood stain, carpets, vinyl flooring, and manufactured wood products) are sources of
volatile organic compounds (VOCs) in the indoor environment. These materials typically

contain residual quantities of VOCs that can be important sources of air contamination.
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Understanding the source characteristics of these materials is crucial if indoor air quality
problems are to be solved (1). For example, an improved understanding of mass transfer
mechanisms could facilitate the reformulation of building materials to minimize VOC
contamination of indoor air (2).

Characterizing the source behavior of building materials typically involves chamber
studies, which are time-consuming, costly, and subject to several limitations (3). Of the various
mechanisms governing VOC source behavior, diffusion is one of the most important (4).
Chamber-based source characterization studies have frequently neglected the role of diffusion in
emission processes. Furthermore, models based on chamber-derived data are often empirical in
nature and are of limited value when extrapolating to other conditions. For those indoor sources
that are controlled by internal diffusion processes, a mechanistic diffusion model holds
considerable promise for predicting emission characteristics when compared to empirical models
(3,4, 5). The parameters for the diffusion model are the initial concentration of VOC in the
material (Cy), the material/air partition coefficient (K), and the material-phase diffusion
coefficient (D).

The primary objective of this study is to demonstrate that VOC emissions from vinyl
flooring (VF), an exemplary diffusion-controlled source, are governed by well-established mass
transfer principles and are predictable using a simple mathematical model. A secondary
objective is to examine whether adsorption to the stainless-steel chamber surface represents a

significant VOC sink.

Emissions Model

A model describing emissions from a homogeneous, diffusion-controlled source (3, 4, 5)
is briefly reviewed, and then extended to include the chamber wall sink effect. With reference to
Figure 18, the transient diffusion equation is

2
oc _,9°C

B gl (1)

where C is the concentration of a VOC in the slab of material (in this case, VF), D is the
material-phase concentration-independent diffusion coefficient, t is time, and x is distance from

the base of the slab. The initial condition assumes a uniform concentration of the VOC, C,,.
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Figure 18. Schematic representation of a homogenous source in room or chamber

The first boundary condition assumes there is no flux from the base of the slab. The second
boundary condition is imposed via a mass balance on the VOC in the chamber air, or
oC

%Yv-oz. -pm% -
5 V= QWin Dmaxsz Qly )

where y;i, and y are the concentrations of the VOC in the influent and effluent chamber air,
respectively, Q is the volumetric air flow rate, V is the well-mixed chamber volume, A is the
exposed surface area of the slab, and L is the thickness of the slab. A linear and instantaneously
reversible equilibrium relationship is assumed to exist between the slab surface and the chamber
air, or

C__
K =—|"y‘L : 3)

where K is the material/air partition coefficient. Combining Equations 2 and 3 and assuming that

Vin 1S zero, yields

1V pic

C Q _
CATK [ ot +D% *Bamc Tt =0 “)

x=L
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A solution to these equations (4) is:

= H  exp(-Dg>t)(h —kq?)cos(q. x H
C(X, t) - 2C0 z D p( . 2qn )(2 qn) (qn ) , (5)
& L (h-kg2) +q2 (L +k) +hEcos(q,L)g
where
Q
h=——— 6
ADK ©)
\Y%
k=— 7
K (7)
and the q,s are the roots of
dn tan(q,L) =h kg7 . ©)

Equation (5) gives the contaminant concentration in the slab as a function of time and
distance from the base of the slab. The gas-phase concentration of the VOC in the chamber at
any time t is obtained by first finding the concentration at the slab surface (x = L) and then
applying the equilibrium condition defined by Equation (3). Finding the roots of Equation (8) is
straightforward because the function approaches infinity at well-defined intervals. The first root
occurs between zero and TV(2L), the second between TV(2L) and (31)/(2L), the third between
(3m/(2L) and (5T)/(2L), and so on. With the roots bracketed, they can be found using the
method of bisection.

To evaluate the importance of the sink effect for a given VOC, a linear and
instantaneously reversible equilibrium relationship is also assumed to exist between the stainless

steel chamber surface and the chamber air, or

Ks=—, ©)

<« |
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where q is the adsorbed surface concentration, and K is the surface/air partition coefficient.
With reference to Figure 18, A is the exposed surface area of stainless steel within the chamber.
Now, assuming that there is no VF in the chamber and that y;, = 0, a mass balance on the VOC in

the chamber (both adsorbed to the walls and in the gas-phase) yields

dq dy
A +2V=-QF. 10
AR Q¥ (10)

If the gas-phase concentration in the chamber air at time zero is yp, then combining Equations 9

and 10 and integrating yields

Oy O Q O
InG—0=—0 t
voO DOKA+VO

(11)
Equation 11 can be used to determine the value of K from experimental data, as will be
described. A similar analysis may also be applied to the situation where the VF slab is present in
the chamber. In that case, Equation 2 must be modified to include the accumulation of the
adsorbed VOC on the chamber walls, in an analogous fashion to Equation 10. Fortunately, as
shown in Equation 11, the incorporation of the adsorbed phase may be expressed as a simple
increase in the chamber volume equal in magnitude to KA. The foregoing solution may

therefore be applied with Equation 7 modified as follows:

_ VKA
AK

k (12)

EXPERIMENTAL APPROACH

A commercial grade sheet vinyl flooring material was selected for study because VF is
present in many residential and commercial buildings, is relatively homogenous, and has been
shown to emit hazardous organic chemicals (6). A small-scale chamber study was used to
generate data for model validation. The model parameters (Cy, K, and D) were measured
completely independently of the chamber experiments. Additional experiments were conducted

to measure the chamber surface partition coefficient, Ks. The model is validated by comparing
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experimental measurements to 1) the predicted gas-phase concentration in the chamber as a
function of time during the chamber experiment, and 2) the predicted material-phase
concentration in the VF as a function of depth after completion of the chamber experiments.

The VF used in this study was a monolayer sheet vinyl (1.8-m wide) manufactured for
the medical facilities market. In addition to polyvinyl chloride (PVC), the VF contained
approximately 50% (by weight) CaCOs as well as plasticizers, pigments, and stabilizers (7). The
nominal thickness was 2 mm with a density of approximately 1.5 g cm™. The VF was
manufactured four months prior to the investigation. Upon receipt, six 30 cm X 30 cm squares
were cut from the center of the specimen, stacked, wrapped in multiple layers of aluminum foil,
and stored at below -5° C. Squares from the center of the stack were removed as needed for
experimental work. Experiments were completed within two months of receipt of the specimen.

In all experiments, gas samples for VOCs were collected on Tenax[1-TA sorbent tubes.
The tubes were analyzed for individual VOCs by thermal desorption gas chromatography/mass
spectrometry using a modification of U.S. EPA Method TO-1. The target compounds were
n-tetradecane, n-pentadecane, phenol, and 2,2,4-trimethyl-1,3-pentanediol monoisobutyrate
(TMPD-MIB). Multi-point internal standard calibrations were prepared for all compounds.

The VF was tested for VOC emissions in small-scale chambers following standard

practice (8). The 10.5-L chambers were constructed of 316 stainless steel and operated at 5.6 +

0.3 h" with N>, 23 + 1° C and 50 + 5% relative humidity (RH). The exposed surface area of the
VF specimens was 0.0195 m? (1.9 m? m™ loading). The edges of the specimens were sealed and
the backs were covered with stainless steel. Because there was evidence that the mass transfer
properties of the top were different than the bottom, the top surface of the VF was exposed in
one experiment (normal exposure) and the bottom surface in another (reverse exposure). The
chamber effluent gas was periodically sampled over a period of 30 days. During the first day,
effluent samples were collected at 1, 3, 6 and 24-h elapsed time.

Independent measurements of C, were obtained using a novel method of cryogenic
milling followed by VOC extraction by fluidized bed desorption (FBD) at room temperature. C
was measured at room temperature because the physical structure of a polymeric material is
significantly modified when heated to above its glass transition temperature (Tg). According to
the dual-mobility conceptual model of diffusion in polymers, at temperatures below Tg, one

fraction of the total VOC concentration is considered mobile while the other fraction is
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considered partially immobilized within microvoids frozen into the polymer structure (9).
Although additional work is needed to more completely describe the mass transfer characteristics
of indoor polymeric materials, Cy determined by FBD is thought to approximate the mobile
fraction of VOCs. The theory, methodology, and equipment used to assess Cy is described
elsewhere (10, 11). Independent measurements of K and D were based on transient
sorption/desorption data obtained from tests conducted using a high-resolution dynamic
microbalance. The microbalance apparatus and methodology used to determine K and D is also
described elsewhere (12, 13).

Material-phase VOC concentration as a function of depth in the VF samples was
measured before and after chamber experiments (11). A microtome was used to cut nine to ten
successive thin slivers (~0.2 mm thick with a mass of 15-30 mg) from a VF specimen. Each VF
sliver was transferred to a glass tube which was then inserted into the sleeve heater of a thermal
desorption apparatus. The inlet flow of humidified N, (~10% RH) to the sample tubes was
regulated at 100 cm® min™. A portion of the outlet gas stream (1/25) was sampled for VOCs.
The remainder of the flow was vented. At the start of desorption, the heater temperature was
quickly ramped from ambient to 60° C and held for 10 min. Next, the temperature was ramped
over 20 min. to 150° C and then held constant. Gas samples were collected successively over
periods from 0-60, 60-120 and 120-180 min. after initiating a test. Two replicate tests with
blanks were conducted.

A procedure to evaluate K, the stainless steel chamber surface/air partition coefficient,
was developed. Two 10.5-L stainless steel chambers were connected in series using 0.64-mm
Teflon tubing. The chambers were held in an incubator at 23 £ 1° C. The first “source” chamber
was supplied 1.0 + 0.2 L min" with nitrogen humidified at 50 + 5% RH. Background samples
for the analysis of VOCs were collected from the inlet and outlet of the second “target” chamber.
Next, a 15 x 15-cm square of new VF was attached to a stainless steel plate with the reverse
surface exposed. The exposed surface area of the specimen was 0.02 m”. This specimen was
placed into the source chamber. VOC samples were collected from the inlet and outlet of the
target chamber at 48-h elapsed time. Then, the source chamber was removed. The nitrogen
supply gas was connected directly to the inlet of the target chamber, and the flow rate was
reduced to 0.46 = 0.2 L min™. This established time zero for the decay period. VOC samples

were collected from the outlet of the target chamber at average elapsed times of 7.5, 20, 35, 50,
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67.5, 90, 120, 180, 270 and 360 min. The sampling flow rate of 0.10 L min” was regulated with

a mass flow controller. Sample volumes were 0.5-3.0 L.

RESULTS AND DISCUSSION

Mass Balance. As summarized in Table 5, VOC mass balance calculations were
performed by comparing material-phase concentration data collected from VF slivers before and
after chamber testing with gas-phase concentration data collected during tests. With the
exception of phenol in the reverse exposure tests, VOC mass transfer between the material- and
gas-phases balanced within measurement uncertainty. One possible reason for discrepancy is
that two different techniques were used to measure the material-phase concentrations. Those
measured before the chamber experiment were based on composite samples taken over a larger
and different piece of the same VF. The post-chamber measurements were based on a series of
ten thin slivers taken over a range of depths from a single point of the exposed VF. Measured
material-phase concentrations of phenol in VF show greater variability than the other VOC
concentration measurements (10, 11). This suggests that phenol is less uniformly distributed in
VF than other residual VOCs or that phenol, unlike the alkane hydrocarbons, may be a
degradation product of another chemical contained in the VF rather than a manufacturing

residual.

Table 5. Mass balance summary

Measured in Measured in Measured  Measured in
material-phase material-phase material-phase gas-phase
Compound pre-chamber”  post-chamber® loss effluent”  Difference

(Lg) () () (Hg) (ng)
n-pentadecane, N 2770 + 40 2540+ 150 240 240 + 20 0
n-pentadecane, R 2770 + 40 2210+ 130 560 420 + 30 140
n-tetradecane, N 2530+ 40 2320+ 200 200 270 + 20 70
n-tetradecane, R 2530+ 40 1920+ 160 600 470 £ 40 130
phenol, N 18,600 + 900 16,400 + 400 2200 1800 = 120 400
phenol, R 18,600 + 900 13,900 + 300 4800 2500 £+ 160 2300

N - normal exposure

R - reverse exposure

* mean and standard deviation

® uncertainty based on prior work in which ~25 pairs of co-located samples were collected and
analyzed using identical methods and materials.
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Independent Measurement of Model Parameters.

The initial material-phase concentration profiles of the four target compounds are shown
in Figure 19. The error bars express uncertainty based on the coefficient of variation estimated
from concentrations measured in three replicate slivers taken from the VF surface. Although the
initial concentrations of n-tetradecane, n-pentadecane, and phenol are all relatively uniform, the
TMPD-MIB concentration varied strongly with depth and could not be used in model validation
because Equation 5 requires a uniform initial concentration. Values of the model parameters (Co,
K, and D) for n-pentadecane, n-tetradecane, and phenol are summarized in Table 6. In related
work (13) the K and D values of these three compounds were shown to be independent of

concentration as required for the model.
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Figure 19. Measured initial material-phase concentration profiles

Sink Effect.

Values for the stainless steel chamber surface/air partition coefficient, K, are also shown in
Table 6. These were obtained by plotting the data collected according to Equation 11 (as shown
in Figure 20) and then calculating K from the slope of the graph and the known values of V, Q,

41



and A;. The plotted data follow linear relationships, supporting the assumption of a rapidly
reversible linear adsorption isotherm. In all cases, the magnitude of K Ay is greater than the
magnitude of V, indicating that adsorption is measureable. However, the sink effect made less
than 1% difference in concentrations predicted by the model and was therefore not considered

significant in this experimental system.

Table 6. Model parameters Co, K, D, and K for selected VOCs
Cy* K* D? K,
Compound (Mg m'3) ) (m?s™ (m)

n-pentadecane 4.3 +0.9 x 107 420,000 + 40,000 6.7+1.1x10""  0.13
n-tetradecane 4.4 + 0.4 x 10’ 120,000 + 1000 124+0.1x10"  0.043
Phenol 20+04x108 120,000 + 3000 1.2+0.1x10"%  0.065

? mean and standard deviation
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Figure 20. Plot to determine stainless steel chamber surface/air partition coefficients, K
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Validation of Model.

Figures 21, 22, and 23 show predicted gas-phase concentrations compared to measured
concentrations of n-pentadecane, n-tetradecane, and phenol for the normal and reverse exposure
VF chamber experiments. Although the model predicts gas-phase VOC concentrations very well
for the reverse exposure scenario, it tends to over-predict for early times and slightly under-
predict at longer times. A possible cause of the over-prediction is that D and K were measured at
26° C while chamber tests were conducted at 23° C. It has been shown that for VOCs in
polymers, D increases with temperature while K and decreases with temperature. The model
predicts relatively higher gas-phase concentrations as D grows larger and K grows smaller. In
addition, as previously mentioned, the mass balance for phenol in the reverse exposure

experiment indicates lower than expected gas-phase concentrations.

100
4 Measured, normal exposure
1 v Measured, reverse exposure
s | —— Model

Gas-Phase Concentration (g m™)

600 800
Time (hr)

Figure 21. Predicted and measured gas-phase n-pentadecane concentration
The VOC concentrations from normal exposure VF may be lower than predicted due to

different mass transfer properties at the top surface. The steep concentration gradient of TMPD-

MIB in the VF (Figure 19) suggests that the surface may have been modified during
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manufacturing. The functionality of the flooring material would presumably be improved by the

presence of a low-permeability surface layer.
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Figure 22. Predicted and measured gas-phase n-tetradecane concentration
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Figure 23. Predicted and measured gas-phase phenol concentration
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Figures 24, 25, and 26 show the measured material-phase concentrations of n-
pentadecane, n-tetradecane, and phenol after 722 hours of chamber exposure. The model
predicts the material-phase concentrations well, but consistent with the existence of a top surface
diffusion barrier, under-predicts the concentrations in normal exposure VF after chamber testing.
Implications for Source Characterization. The good model predictions are very encouraging
because the model is based entirely on fundamental mass transfer mechanisms and the model
parameters were measured using procedures that were completely independent of the chamber
test. This suggests that relatively homogeneous diffusion-controlled building materials can be
characterized in a way that is more direct than the traditional chamber study. In addition, the
model presented here can also be used to evaluate the impact that indoor materials have on

indoor contaminants when acting as a VOC sink (14, 15).
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Figure 24. Predicted and measured post-chamber material-phase n-pentadecane concentration

The source characterization process would be greatly facilitated if the values of K and D
could be predicted, as opposed to being measured each time a new contaminant is identified.
Although not explored in this paper, the limited results shown in Table 6 suggest that D and K
tend to correlate with molecular weight and vapor pressure, respectively, as previously suggested
(13). If such correlation equations can be deduced for the typical diffusion-controlled materials
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used in buildings, then all that would be required is the identification and measurement of the
initial concentration of individual VOCs in the material-phase. Once the VOCs have been
identified and quantified (i.e., Cy is determined), values for D and K could be obtained from the

correlation equations and used to predict the emission rates without further effort (3).
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Figure 25. Predicted and measured post-chamber material-phase n-tetradecane concentration

Future work in this area includes assessing the uniformity of characteristics K, D, and C,
within a particular material and across different specimens and brands of building materials.
Quantifying the temperature dependency of K and D is also necessary to maximize the utility of
the model. Extending this work to other homogenous building materials is needed to further
validate the overall strategy. In addition, construction and validation of similar models for non-
uniform initial concentrations and multiple-layer building materials would extend the usefulness

of the approach.
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Figure 26. Predicted and measured post-chamber material-phase phenol concentration
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