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Abstract

Full-scale residential house tests were conducted to evaluate
the effects of organic emissions from a wood finishing product
— wood stain — on indoor air quality (IAQ). The test house
concentrations of three alkane species, nonane, decane, and
undecane, were measured as a function of time after the
application of the wood stain. It was found that the test
house concentrations can be stmulated by an integrated 1AQ
model which takes into considerarion source, sink and venti-
lation effects. The alkane emissions were controlled by an
evaporation-like process. Data analysis indicared that there
were significant sink effects in the test house. Different sink
strengths were estimated by the model for the three alkane
species. An inverse relationship between the test house sink
strength and the alkane volarility was found.
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Introduction

The emission patterns of organic compounds from
a wood stain have been characterized by Tichenor
and Guo (1991) and Chang and Guo (1992a) based
on chamber testing data. Normally, the majority
(more than 95%) of the organics were emitted when
the wood stain applied was still relatively wet. The
organic emissions were controlled by an evapor-
ation-like process which made the emission rate
rather high. When the wood stain became relatively
dry, the organics were emitted at an extremely low
rate. For practical purposes, the dry-phase organic
emissions can be neglected without significant ef-
fects on the total emissions.

To further evaluate the impact of wood stain
emissions on the quality of indoor air, research has
shown that sinks (i.e., surfaces that adsorb and re-
emit indoor pollutants) play an important role in
determining indoor pollutant concentrations (Berg-
lund et al., 1988). To take into account the interac-
tions between sources and sinks, an integrated IAQ
model which includes emission rate, sink effect, and
ventilation characteristics 1s required. This paper
presents the development and application of an inte-
grated TAQ model which was used to simulate the
IAQ profiles (time/concentration curves) of three
alkane species — nonane, decane, and undecane —
emitted from a wood stain. The model results were
validated by experimental data generated in a full-
scale TAQ test house.

Test Facility

The IAQ test house (sce Figure 1 for floor plan) is
an unfurnished, single story, wood frame residential
house with a central heating and air-conditioning
(HAC) system. The HAC fan was operated con-
tinuously during the testing to ensure good mixing
of indoor air and uniform distribution of alkane con-
centrations. Natural gas was the fuel used for central
heating, hot water, and cooking. The volume of the
house (V) was estimated to be 305 m®. The total
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interior surface area (A,) that could function as a
sink was determined to be 402 m?.

The wood stain, purchased from a local store,
was applied to a wood (oak) floor near the kitchen
(Figure 1). The floor was stained, using a clean
brush on an area (A) of 6 m? (2.44 x 2.44 m). Only
one coating was applied. The stain and the brush
were weighed before and after the application. The
amount of the stain applied to the floor was esti-
mated to be 52.3 g/m? based on the weight differ-
ences. After application, the wood stain and the
brush were removed from the house immediately.

Air samples were taken in the corner bedroom.
The samples were collected on Tenax/charcoal sor-
bent tubes at the center of the corner bedroom, 160
cm above the floor, using a P41.C sampling pump.
The pump was calibrated prior to the test, and the
sampling flow was set at 1 //min. The sampling
tubes were then thermally desorbed and analyzed
by a gas chromatograph equipped with a flame ioni-
zation detector.

The temperature inside the house was controlled
at 22.2°C (72°F). The house air exchange rate was
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Fig. 1 |1AQ test house.
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Fig. 2 Comparison of test house nonane data with predicitons
of IAQ models.
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Fig. 3 Comparison of test house decane data with predictions
of IAQ models.
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Fig. 4 Comparison of test house undecane data with predictions
of IAQ models.

measured, using carbon monoxide (CO) as a tracer
gas. CO was released into the house near the return
air vent and monitored by a continuous CO monitor
(Thermo Electron Model 48) in two locations (see
Figure 1). The average air exchange rate (N) during
the wood stain experiment was estimated to be 0.25
air change per hour (ach).

Experimental Data

The results of the test house experiments are pre-
sented in Figures 2, 3, and 4 for nonane, decane,
and undecane, respectively. The test house organic
concentrations are plotted against time on a semi-
logarithmic scale. Figures 2 to 4 show that the con-
centrations of the three compounds basically fol-
lowed the same trend. The concentration of cach
species first increased rapidly, reached a peak within
a few hours, and then declined at a moderate rate
for the rest of the test. After 70 h of the test, the
concentration of each organic compound was still
well above the background level. (The background
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levels of nonane, decane, and undecane in the test
house were estimated to be 0.0034, 0.0031, and
0.0008 mg/m?, respectively.)

integrated IAQ Model

Source Model

The emission model developed based on the
chamber testing of the wood stain (Tichenor and
Guo, 1991) was adopted as the source model:

R=Rge™ (1)

Where, R =Total emission rate, mg/m?*/h
R, = Initial emission rate, mg/m*/h
e =Natural log base
k =Emission rate decay constant, h !
t =Time, h

The source model represented by Equation 1 im-
plies that only the wet-phase organic emissions were
significant during the test period, and the dry-phase
emissions were negligible.

Sink Model

A first order reversible model (Tichenor et al., 1990
and 1991) was adopted as the sink model for the
test house. This model assumes that the sorption
and desorption rates by the sinks are directly pro-
portional to the gas-phase and the sink surface or-
ganic concentrations, respectively.

Sorption rate = K,C (2)
Desorption rate = K,M (3)

Where, K, = Sorption rate constant, m/h
C =Gas-phasc  organic concentration,
mg/m’
K, =Desorption rate constant, h !
M =S8ink surface organic concentration,
mg/m?
At equilibrium, the sorption rate equals the desorp-
tion rate to give the relationship:

Ka Cc = Knd (4)

Where, C, = Gas-phase organic concentration in
equilibrium with M,, mg/m’

M, = Sink surface organic concentration in
equilibrium with C,, mg/m?

IAQ Model

Assuming the indoor air was well mixed and the
alkane concentrations were uniformly distributed,
an integrated IAQ model is developed by test house
mass balance based on the source and the sink
models:

VdC/dt = —NVC+ARe “—AK,C+AKM (5
dM/di= =K,C-KM (6)
with initial conditions:

att=0,C=0,and M =0

Data Analysis

The values of the four parameters, R, k, K, and
K, in Equations 5 and 6 can be estimated for each
of the three organic compounds tested by using the
TIAQ model to analyze the test house concentration
data shown in Figures 2 to 4.

According to the source model, A(R,/k) repre-
sents the total quantities of the organic species emit-
ted (Guo et al., 1990). Therefore,

A(R,/K) = (Total emission) = NV([Cdt) )

The concentration/time integration, (j'(ldt), is the
area under the test house concentration curves, as
shown in Figures 2 to 4, being linearly extrapolated
to background levels. The total emissions of nonane,
decane, and undecane estimated by integration and
Equation 7 are listed in Table 1.

With the initial condition of C=0 and M =0 at
t=0, Equation 5 can be reduced to:

dC/dt|,., = AR,/V 8)

Therefore, the values of R, can be estimated by
taking the slope of the concentration curves at t=

Table 1 Volues of IAQ model porameters estimated by analysis
of the test house data

Nonane Decane Undecane
Total emission, mg 2222 4814 1616
R, mg/m*/h 1973 1887 181
k,h™! 0.89 0.39 0.11
Relative k 2.28 1.0 0.28
K,m/h 0.15 0.19 0.15
Kish'! 0.09 0.081 0.024
K, m 1.67 2.35 6.25
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0, (dC/dt|, ). When the values of R, are known,
the corresponding values of k can be calculated by
Equation 7. The estimated values of R, and k for
nonane, decane, and undecane are listed in Table
1.

Substituting the values of R, and k into Equation
5, the values of K, and K, can be estimated by using
a non-linear regression curve fit routine, im-
plemented on a microcomputer, to fit the concen-
tration curves shown in Figures 2 to 4 to the IAQ
model represented by Equations 5 and 6. The non-
linear regression values of K, and K, for the three
organic compounds tested are listed in Table 1.

Sink Effects

A comparison between the predictions of the inte-
grated JTAQ model (solid curves) and the test house
data (open squares) is shown in Figures 2 to 4. Also
shown (dotted curves) are the predictions by the
IAQ model without consideration of the sink effects
(ie., K,=K,;=0).

It is seen that, if there were no sink effects, the test
house alkane concentrations should have declined
rapidly after the peak. The nonane and decane con-
centrations should have decreased to the background
levels within 50 and 60 h, respectively. The undecane
concentration should have decreased to less than 0.01
mg/m?® within 70 h. However, considerably higher
concentrations were measured in the test house. The
data shown in Figures 2 and 3 indicate that the test
house nonane and decane concentrations at hour 80
were both well above (more than one order of magni-
tude) the background levels. Figure 4 also shows that
the undecane concentration at hour 80 was still
greater than 0.1 mg/m’.

It is apparent from comparisons between model
predictions and test house data that the high alkane
concentrations toward the end of the test were
caused by the sink effects. As shown in Figures 2
to 4, during the first few hours of the experiment,
the alkanes emitted from the wood stain were sorbed
by the sinks which made the test house concen-
trations slightly lower than the no-sink model pre-
dictions (dotted curves). However, when the test
house concentrations decreased, the sorbed alkanes
slowly re-emitted from the sinks and caused the test
house nonane, decane, and undecane concentrations
to be higher than the no-sink model predictions.

The sink strength of the test house interior sur-
faces can be characterized by a factor K, defined as:

K. =K,/Kq = M./C, 9

K. can be seen as the equilibrium capacity of the
sink surfaces toward the organic compound. In
other words, K, indicates the quantity (mg/m?) of
the chemical compound sorbed by the test house
interior surfaces in equilibrium with each unit (1
mg/m?) of gas-phase concentration.

The values of test house K, toward nonane, deca-
ne, and undecane, calculated based on the wood
stain data, are listed at the bottom of Table 1. Figure
5 shows a comparison of estimated K, with vapor
pressure (Chang and Guo, 1992a; Weast, 1973) of
the corresponding alkane species. Figure 5 indicates
that there is an inverse relationship between the sink
strength and the volatility. The more volatile the
organic compound, the weaker the sink strength.
This trend is also supported by the two literature

10
Undecane
Fut
51
3 — Decane
A
£ F O Nonane
E vy
Q
1 Octane
o]
A Wood Stain
(71 T
| O Floor Wax (Chang and Guo, 1992h)
03 L 1 1 1 ! )
500 1,000 2,000 5,000 10,000 20,000

Vapor Pressure, ppm
Fig. 5 Comparison of K, with vapor pressure at 22.2°C [72°F.

Chamber  Test
I Data House A
Fa A Nonane
* Trimethylbenzene A
i ] B Decane
2 @ @ Undecane
ol
2
E *
1+ I
®
0 | L
0 1 2 3

Relative Vapor Pressure

Fig. 6 Comparison of chamber [Chang and Guo, 19920} and
test house relative kwith relative vapor pressure at 22.2°C (72°F1.



Chang and Guo: Modeling of Alkane Emissions from a Wood Stain 39

data points (represented by circles) generated from
a previous test with floor wax (Chang and Guo,
1992b).

Source Characteristics - Comparison
with Chamber Results

The source model represented by Equation 1 was
adopted based on the assumption that the dry-phase
organic emissions were negligible and the dominant
emissions were from the wood stain while it was
still relatively wet. Chang and Guo (1992a) analyzed
chamber test results and concluded that, under such
conditions, the organic emissions were controlled
by an evaporation-like process. In addition, there
should be an almost one-to-one relationship be-
tween the relative value of k and the relative vapor
pressure as illustrated by Figure 6. In Figure 6, the
relative k was defined as the ratios of k between the
alkane species by using the corresponding values of
decane as the common denominator (Chang and
Guo, 1992a). For example, the relative k of nonane
and undecane was calculated as K.ne/Kaeeane and
Kyndecane! Kaecnes  TeSpectively. The relative vapor
pressure was defined similarly. The values of rela-
tive k obtained from the test house data are listed
in Table 1 for nonane, decane, and undecane.
Figure 6 shows a comparison of the relative k
obtained from test house and previous chamber
tests (Chang and Guo, 1992a) with the relative va-
por pressure (Weast, 1973) of the three alkane spe-
cies tested. There is good agreement between the
test house and chamber relative k. Both test house
and chamber relative k’s exhibit an almost one-to-
one relationship with respect to relative vapor press-
ure. The good agreement between the test house
and chamber data confirms that the evaporation-
like mechanisms were controlling the wood stain
organic emissions during the test house experiment.

Conclusions

The indoor air concentrations of nonane, decane,
and undecane, emitted from a wood stain, were
measured in an IAQ test house. The time/concen-
tration curves of the three alkane species in the test
house can be simulated by an integrated IAQ model
which takes into account the interactions between
source emissions and sink effects.

Comparison with previous chamber data con-
firmed that the wood stain alkane emissions during
the test house experiment were controlled by an
evaporation-like process. A one-to-one relationship
existed between the vapor pressure and the emission
rate constant which made the alkane emission rate
increase proportionally with the increase of vapor
pressure.

Significant sink effects were found in the test
house for the three alkane species. The IAQ model
indicated that, without sinks, the test house alkane
concentrations should have decreased rapidly within
5 h after the wood stain was applied. However, the
sinks in the test house caused prolonged high alkane
concentrations in the indoor air. Especially in the
period between 30 and 80 h after the wood stain
application, the indoor air alkane concentrations
were several orders of magnitude higher than those
without sinks.

Data analysis also indicated that there seemed to
be an inverse relationship between the sink strength
of the test house and the vapor pressure of alkane
species. The highest sink strength was found with
undecane which has the lowest vapor pressure
among the alkane species tested.
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