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ABSTRACT

A mathematical model is developed to describe the emission characteristics of VOCs from homogeneous
wet coating materials deposited on impermeable substrates. The model considers mass transfer in the
material and in air, boundary layer resistance and the change in the coating thickness with time due to
emission of VOC. Key features of the model are incorporation of concentration dependent VOC diffusion
coefficients predicted from a physical model and nonlinear equilibrium isotherm at the coating/air inter-
face. The model is applied to predict emission characteristics of MMA from acrylic based surface coatings.
In an attempt to investigate the influences of equilibrium isotherm type and diffusion formalism on the
predictions, simulations are performed with either constant or concentration dependent diffusivities and
linear or nonlinear equilibrium isotherms. The lowest MMA concentration in air is predicted by incorpo-
rating the concentration dependent diffusivity and nonlinear equilibrium isotherm. The results suggest
that assuming the diffusivity of MMA constant or equilibrium isotherm linear may lead to wrong conclu-
sions about the emission rates from wet coatings. The model is general, fully predictive and can be used to
predict emission rates of different VOCs from different coating materials if diffusion and thermodynamic
parameters are available.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Interior coating materials have been recognized as a major
source of volatile organic compounds (VOCs) in buildings. VOCs can
cause adverse effects on human health such as headache, tiredness,
eye, nose, or throat irritations, dry cough and dizziness [1]. In order
to control the VOC emission, thus, to prevent indoor air pollution
problems, it is essential to study the emission characteristics. Cur-
rently, the characterization of VOC emission from coating materials
is done either directly or indirectly. Although, direct measurements
provide realistic results, they are usually costly, time-consuming
and cannot provide insight into the mechanisms of the emission
process. Indirect characterization of VOC emission is based on pre-
dictions from mathematical models.

Numerous models have been developed in the literature to
describe VOC emissions from coating materials. These models can
be categorized into two groups as empirical and physical models.
The first- and second-order decay models [2-6] are all empirical in
nature. In these models, the initial emission rate of the material and
decay rate constants are determined experimentally. Even though
the empirical models were used to correlate the emission data, they
cannot provide information on the emission rates under different
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environmental conditions or for different coating materials. The
physical models are developed based on the VOC-mass transfer
principle. Two main mechanisms contribute to the VOC emission
from the coating materials: the diffusion of VOC in the material as
a result of concentration and/or temperature gradient and interfa-
cial mass transfer due to evaporation of VOC from the surface as a
result of interaction with air. In some of the earlier physical mod-
els, VOC emission was assumed to be governed by external mass
transfer effects [7-10] and they were only successful in predict-
ing the short-term emissions. Experimental studies have indicated
that VOC emission is mainly controlled by internal diffusion espe-
cially at later stages of emission when material becomes dry. In a
few diffusion models, external convective mass transfer resistance
was neglected and only internal diffusion within the material was
taken into account [11,12]. More complete models were developed
by taking into account combined effects of internal and external
mass transfer resistances [13-28]. In these models, the material is
treated as a homogenous medium that can be characterized by an
effective diffusion coefficient. Thus, the mass transfer through the
material is described by Fick’s second law. The initial concentra-
tion of VOC was assumed to be either constant [13-22,24,25,28] or
nonuniform [23,26,27]. To predict the concentration of VOCs in air,
macroscopic mass balances were generally used [16-21,23-28], on
the other hand, in a few studies, two- or three-dimensional momen-
tum and mass transfer equations were solved [13-15,22]. Most of
these models assume that equilibrium relationship is linear and the
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diffusivity of VOCin the coating material is constant. Although these
assumptions may be suitable to predict the emission rates from
dry materials, they cannot be generalized and may cause obvious
errors under certain conditions. In the case of wet coating materi-
als, the initial concentration of VOC in the material is high, thus,
the dependence of VOC diffusion coefficient on VOC concentra-
tion cannot be ignored and equilibrium relationship deviates from
linearity. In a model developed by Yang et al. [13,15,22] for sim-
ulating VOC emissions from wet coating materials, the diffusion
was considered a thermally activated process and the temperature
dependence of the diffusivity was described by Arhenius equation.
To describe the concentration dependency, a third power empir-
ical equation was used. The empirical nature of the equation and
infinitely small diffusivity predictions at very low VOC concentra-
tions limit the general applicability of the model. Haghighat and
Huang [19] used a second-order empirical equation to simulate
both the wet and dry phases of the wet materials. This diffusion
model does not predict infinitely small diffusivities, however, the
empirical factors in the model confine its relevancy. Both in the
models of Yang et al. [13,15,22] and Haghighat and Huang [19],
Henry’s law was used as an equilibrium relationship although this
thermodynamic expression is valid at low concentrations.

In this study, a comprehensive emission model has been devel-
oped to predict VOC emissions from wet coating materials. The
model takes into account mass transfer in the material and in air,
boundary layer resistance and the change in the coating thick-
ness with time due to emission of VOC. Different from the models
in the literature, a physically reliable expression to predict VOC
diffusivity as a function of concentration and nonlinear equilib-
rium relationship were incorporated in the model. The model
was applied to simulate methyl methacrylate emission from an
acrylic coating in which methylmethacrylate (MMA) butylacrylate
(BA) copolymer was used as a resin. Based upon model predic-
tions, the applicability of linear equilibrium isotherm or constant
diffusivity approximations was discussed. In addition, the influ-
ences of initial VOC concentration, coating thickness, air velocity,
air temperature and air exchange rate on the emission rates
were investigated and 8 h time averaged air concentrations were
predicted.

2. Theory

The schematic drawing of a wet coating material applied to a
substrate is shown in Fig. 1. The coating material is assumed to be
homogeneous and has a uniform initial VOC concentration while
the substrate is considered to be impermeable to VOC in the coat-
ing material. In addition, there is no chemical reaction between the
coating material and VOC, mass transfer in the coating material is
one dimensional, driven only by concentration difference and dif-
fusion of VOC is Fickian type. When the coating material is exposed
to air which is well mixed then, VOC will evaporate from the film
surface and temperature gradient in the coating material due to
evaporation is assumed to be negligible. To describe equilibrium
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Fig. 1. Schematic representation of model geometry.
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at material-air interface, nonlinear sorption isotherm was adopted
and the coating material was treated as a pseudobinary system.

Under these assumptions, the transient VOC-mass transfer in
the coating material is described by the following equation:

opy 0 001
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where p; and D represent the concentration and diffusion coeffi-

cient of VOC in the coating. An expression for the possible decrease

in the thickness of the coating material, X, due to evaporation is

obtained by applying jump mass balance at the coating-air inter-
face.

where N=2 for a binary system and the summation term in
this case corresponds to volume fraction of the component 1

(N =230 00 = 01‘71)
required for the solution of Egs. (1) and (2) are as follows:

. Initial and boundary conditions

t=0 p1(0,%)=p10 (3)
9 dx
X=X(t) - (D;X]) — 1o = KPS 1y~ Py) (5)

InEqs. (2)-(5) V; and p;q correspond to specific volume and ini-
tial concentration of VOCin the coating while kf is the mass transfer
coefficient of VOC in the gas phase and Pf‘mt and be represent the
partial pressure of VOC at the coating/air interface and in the bulk
phase, respectively.

The change in VOC concentration in air, Cg, can be expressed as

follows:

dC .
VT;I =m; — QG (6)

The rate of emission of VOC, 11, is defined by the following
equation.

e = kSA(PY i — PY,) (7)
and the relationship between the concentration of VOC in air, Cg,

and P, is given by ideal gas law.
PS, = C4RT (8)

InEgs. (6)-(8), V,A and Q denote the volume of the room, surface
area of the coating and air exchange rate, respectively.

In two previous studies, the concentration dependence of VOC
diffusivity was described by either second- or third-order polyno-
mials [13,19]. Empiric nature of these expressions limits their use
for different materials. In this study, a physical model based on
Vrentas and Duda free volume theory was used [29,30]. Accord-
ing to this theory, the self-diffusion coefficient of the solvent, D4, is
expressed as follows:

E
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In Eq. (9), Do, E, w; denote the preexponential constant, activa-
tion energy and weight fraction of component i (1:VOC 2:coating),
respectively. The parameter groups Ki1/y and Ky — Ty are free
volume parameters of the penetrant while the groups Ky,/y and
Ky, — Ty are free volume parameters of the polymer. In addition,
Vi* is the specific critical hole free volume of component i and the
parameter £ is defined as the ratio of the penetrant to polymer
jumping units involved in a diffusive step. Duda et al. [31] proposed
following relationship to couple the self-diffusion coefficients to
mutual diffusion coefficient, D.

D=D;Q (10)

where thermodynamic factor Q is defined as follows in terms of
weight fractions, w1 and w; and chemical potential (141) gradient:

_ @195 (O
- RT <3w1>ﬂ> a

To describe thermodynamic equilibrium at the coating-air
interface, Flory Huggins theory was used [32]. According to this
theory, the activity of the VOC in vapor phase, ay, is related to its
volume fraction in the coating material, ¢4, by:

G
PYine 1 -1
psat " RT

Ing; =1In =Ing; + @2 + x¢3 (12)
where Pi“‘ is the vapor pressure of VOC and y represents Flory
Huggins interaction parameter. At low concentrations, the Flory
Huggins theory approaches to Henry’s law, which relates the VOC
concentration at the coating-air interface, ,of ine tO that in air, pfb,
linearly through a partition coefficient, K. ’

plc,int:Kpfb (13)
An equation which describes the partition coefficient in terms

of Flory Huggins interaction parameter is obtained by applying the
limit that ¢1 — 0 [33].

RT

K = —
P‘lgatM1 Vi exp(l + X)

(14)

where M is the molecular weight of the VOC. The final form of the
mutual diffusion coefficient depends on the thermodynamic theory
used to define thermodynamic factor Q. If Flory Huggins theory
is used, then Q is obtained as follows by evaluating the chemical
potential gradient from Eq. (12).

Q= ¢3(1-2x¢1) (15)

In the case of Henry’s law, the chemical potential expression
and the thermodynamic factors are defined by Eqs. (16) and (17),
respectively.

1 — ug 1 @1RT
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Q=g (17)

The relationship between the concentration, p1, and the volume
fraction of the VOC, ¢4, is given by the following equation.

p1=pV; (18)

(16)

3. Numerical solution of the model equations and
evaluation of model parameters

Model equations shown in Eqgs. (1)-(8) are nonlinear, coupled
partial and ordinary differential equations. To solve these equations
numerically, they were first discretized using the finite difference
approximation with a variable grid size. To facilitate numerical
treatment of the moving boundary, a coordinate transformation

Table 1
Input parameters used in the simulations.

Parameter Value
Ki11/y (cm?/gK) 0.00262
K2y (cm3/gK) 0.00013
Ka1 — Tg1 (K) -120.2
Kz — T2 (K) -81.2
Uz (cm?[g) 0.871
Vs (cm?[g) 0.83
Dz (cm?/s) 458 x 10-6
£ 0.298
E (cal/mol) 0
X 0.55
¥y (cm3/g) 1.067
V5 (cm3[g) 0.934
V(m3) 27
A(m?) 9
P (Pa)

23°C 4417

27°C 5468

30°C 6387

was used, and, to reduce the stiffness of the equations, they were
dimensionalized and updated according to the coordinate trans-
formation [34]. Resulting algebraic equations were solved using an
IMSL routine called DNEQNF.

In a previous study conducted in our group, diffusion coeffi-
cients and sorption isotherm of MMA in methyl methacrylate-butyl
acrylate copolymer (MMA-BA) have been measured [35] and the
data were correlated well with the Vrentas and Duda free volume
theory and Flory Huggins theory, respectively. The free volume
parameters and the Flory Huggins interaction parameter required
in Egs. (9)-(12) were obtained from this study and they are listed in
Table 1. The mass transfer coefficient of MMA in air was calculated
from a correlation proposed by Haghighat and Zhang [36]. The sat-
urated vapor pressure and the physical properties of MMA were
obtained from Daubert and Danner [37] and they are also listed in
Table 1.

4. Results and discussion

The emission characteristics of VOCs from the coatings are
significantly influenced by the kinetic and thermodynamic param-
eters. Fig. 2 shows the equilibrium isotherms of MMA predicted
from the Flory Huggins theory and Henry’s law, respectively. At
low concentrations, two theories produce similar results up to

1.0

0.84

0.6

0.4+

Henry's Law
-------- Flory Huggins Theory

Activity of MMA

0.24

0.0 T T T
0.0 0.2 0.4 0.6 0.8

Volume Fraction of MMA

Fig. 2. The equilibrium isotherms of MMA in the acrylic coating predicted from
Henry’s law and Flory Huggins theory.
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Fig. 3. The change of diffusivity of MMA in the acrylic coating with respect to its
concentration.

a volume fraction of about 0.05, on the other hand, significant
deviations occur at higher volume fractions. Similar observation
has been reported by Tiffonnet et al. [38]. They have measured
that the sorption isotherms of acetone on chipboard and gypsum
board are nonlinear. The literature on the sorption studies indi-
cate that the choice of the equilibrium isotherm depends not only
on the penetrant concentration but also on the glass transition
temperature of the polymer. Henry’s law can be used for low pen-
etrant concentrations in rubbery polymers, on the other hand, for
glassy polymers, the sorption isotherm becomes nonlinear even at
relatively low penetrant concentrations [39-42]. These results cer-
tainly suggest that predicting VOC emission rates from wet coating
materials where the initial VOC contents are high should be based
upon a nonlinear equilibrium isotherm. The diffusivity of MMA was
predicted by a combination of self-diffusion coefficient and ther-
modynamic factor and Fig. 3 illustrates that it is sensitive to the
equilibrium relationship used for calculating the thermodynamic
factor especially at high concentrations. It is noted that that as the
volume fraction of MMA drops from 0.2 to 0.02, the diffusivity of
MMA decreases by a factor of 30 and 20 when the thermodynamic
factor is predicted from Henry’'s law and the Flory Huggins the-
ory, respectively. Such a drastic change in the diffusivity at room
temperature can be attributed to the glass transition temperature
of the coating (32°C) close to room temperature. According to
Vrentas Duda free volume theory used in this study, the concen-
tration dependence of the mutual diffusion coefficient is greatest
near Tg. For polymeric materials with glass transition tempera-
ture much lower than the room temperature, the concentration
dependence of VOC diffusivity is usually negligible. This is due
to fact that at room temperature, the material has sufficient free
volume and the decrease in the VOC amount in the coating due
to its desorption does not significantly change its diffusion rate.
Based on these arguments, it can concluded that the concentra-
tion dependence of VOC diffusivity in polymeric surface coating
materials should be taken into account when there is a big change
in the concentration of VOC during total emission period, which
is the case for wet coatings and when the glass transition tem-
perature of the coating material is around room temperature and
higher. In the literature Yang et al. [13,15,22] and Haghighat and
Huang [19] used second- and third-order empirical equations to
describe concentration dependence of VOC diffusivities. Different
from these approaches, the diffusion model used in this study has
a physical background and can be applied to any VOC-coating sys-
tem if its parameters are available. Part of the parameters in the
diffusion theory {K11/y, Ki2/v, K21 — Tg1, Koy — Ty, \71*, \7;} can be

determined from pure-component viscosity data as a function of
temperature, or molar volumes of the pure components at 0K,
and the others {D,, E, &} are regressed from the diffusivity data
collected for the system of interest. The Flory Huggins interac-
tion parameter, y, can be determined from equilibrium sorption
isotherm using Eq. (12). The procedure for calculating these param-
eters is described in detail by Zielinski and Duda [43]. In addition
to its physical basis, Vrentas Duda free volume theory is reliable
and can be able to explain the observations in the literature. For
example, Cox et al. [44] have reported that the emission rate of n-
pentadecane from vinyl flooring is almost constant at temperatures
below the glass transition temperature of the vinyl flooring (49 °C),
however, increased by 430% as the temperature is increased from
35°C to 75°C. According to Vrentas Duda free volume theory, at
T < Ty polymer chains do not have enough mobility to attain equilib-
rium configuration, thus, extra hole free volume becomes trapped
within the polymer. As the polymer goes from glassy to rubbery
state, the chain relaxation occurs at a faster rate and trapped hole
free volume becomes available which significantly enhances the
rate of migration of small molecules.

In order to investigate the influences of equilibrium isotherm
type and diffusivity expression on the predictions of MMA concen-
tration in air, simulations have been performed for four different
cases as shown in Fig. 4a and b: In cases 1 and 2, the diffusiv-
ity is concentration dependent and the equilibrium isotherm is
described by Flory Huggins theory (nonlinear) and Henry’'s law
(linear), respectively while in cases 3 and 4, the diffusivity is con-
sidered constant and nonlinear and linear equilibrium isotherms
are utilized, respectively. It is evident from Fig. 4a and b that the
predictions from all cases overlap with each other at very low initial
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Fig. 4. The effects of diffusivity and equilibrium isotherm expressions on the pre-
dictions of MMA concentrations in air.
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Fig. 5. The effect of the coating thickness on the concentration of MMA in air.

MMA content (100 ppm) which corresponds to the typical amount
in dry materials, however, deviations occur at high concentrations
(0.2 g/cm?3). Simulation results obtained for an initial MMA con-
centration of 0.2 g/cm3 have shown that assuming diffusivity of
MMA constant leads to predict higher MMA concentrations in air
due to lower mass transfer resistance in the coating, thus, higher
emission rates. In addition, the use of a linear rather than a non-
linear equilibrium isotherm raises MMA level in air since in this
case the diffusivity of MMA and its equilibrium concentration at
the coating surface are predicted higher. To examine the effects of
environmental conditions on the emission of MMA from wet acrylic
coating, a series of simulations have been conducted. In the simu-
lations, all parameters are kept the same as those of the reference
case except for the parameter investigated and the diffusivities and
equilibrium surface concentrations are predicted from the Vrentas
Duda free volume theory and Flory Huggins thermodynamic the-
ory, respectively. The input data and the parameters used in the
simulations are listed in Tables 1 and 2, respectively. Fig. 5 shows
the influence of coating thickness on the MMA concentrations in
air. At short times, the coating thickness has no influence on MMA
levels in air while at longer periods, the MMA concentrations in air
increase with the increased coating thickness due to presence of
more MMA in the thicker coating. These predictions are in agree-
ment with those reported by Yang et al. [15]. Their results indicate
that emission rates from all wet coatings are approximately the
same during the first hour after that the thicker coatings were found
to have higher emission rates compared with the thinner coatings.
The MMA concentration in air depends on its initial amount in the
coating. Fig. 6 shows that increasing the initial MMA concentra-
tion from 0.1 g/cm3 to 0.2 g/cm? raises maximum MMA level in
the air by a factor of 4. The predictions obtained by Yang et al.

Table 2
List of parameters changed in the simulations.

P 6
= 14x10
&)
2 12x10° 4
A
=] 3
=] 6| — pp=0.1 glem’
g 10x10 - py0.15 glem®
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= 6x107°
=
g ”
£ 4x10°
(5]
£ ©
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Time (h)

Fig. 6. The effect of initial concentration of MMA in the coating on its concentration
in air.
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Fig. 7. The effect of air exchange rate on the concentration of MMA in air.

[14] also indicated that the VOC concentration in the chamber air
depends linearly on the initial VOC content in the coating. To con-
trol the VOCs level in indoor air, the air exchange rate can be varied.
Fig. 7 shows that the concentration of MMA in air increases very
rapidly when the air exchange rate is zero, while a maximum in
MMA concentration is followed by a decrease at high air exchange
rates. Similar to the predictions of Cheng et al. [18], the MMA con-
centration in the bulk air decreases when air is exchanged more
frequently. In addition to air exchange rates, the air velocities can
also be changed with the ventilation strategy in the buildings. As
opposed to the significant effect of the air exchange rate on the
emission of MMA, the results in Fig. 8 show that the air velocity

Code of simulated case  Air exchange rate (h=')  Air velocity (m/s)

Air temperature (°C)

Initial concentration of MMA (g/cm?®) Initial coating thickness (cm)

C1 0.5 0.1 23
Cc2 0.5 0.05 23
c3 03 015 23
Cc4 0.5 0.1 27
C5 0.5 0.1 30
C6 0.5 0.1 23
c7 0.5 0.1 23
C8 0.25 0.1 23
c9 0. 0.1 23
C10 0.5 0.1 23
C11 0.5 0.1 23
C12 0.5 0.1 23

0.2
0.2
0.2
0.2
0.2

o
-
_ WO s e e
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Fig. 8. The effect of air velocity on the concentration of MMA in air.

does not have any influence on the MMA accumulation in air. This
is anindication of diffusion controlled emission of MMA even at the
lowest air velocity investigated. Negligible effect of the air velocity
on the emission rate of VOCs has also been reported by Yang et al.
[15] for a similar velocity range used in this study. The influence
of air temperature on the MMA levels in air is illustrated in Fig. 9.
The results indicate that the increase in air temperature from 23 °C
to 30°C does not lead to significant difference in the predictions of
MMA concentrations in air. These predictions are consistent with
the conclusions of Yang et al. [15]. It can be noted from Figs. 5-9
that initially MMA accumulates very fast in air, however, at longer
emission periods, MMA level in air changes slowly since the inter-
nal diffusion limitation increases with the lower diffusivity of MMA
in the coating.

The effect of VOC levels inside the buildings on human health
is usually evaluated in terms of 8 h exposure, therefore, 8-h time
weighted average concentrations, Cy;,, were evaluated based on the
following equation:

_ 1 [t=8h
Cair = 8 / Cair(t)dt (19)
t=0

It is evident from Fig. 10 that the average MMA concentrations
predicted using different expressions for diffusion and equilibrium
isotherms differ from each other and the difference in the predicted
values becomes more significant with the increased initial MMA
contentin the coating. This result suggests thatincorporating a non-
linear equilibrium isotherm and the concentration dependence of
the MMA diffusivities are critical to predict reliable emission rates
from the wet coating. Fig. 11 shows that 8-h time weighted average
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4x10°4

2x10°4

Concentration of MMA in air (g!cm“)
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Fig. 9. The effect of air temperature on the concentration of MMA in air.
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Fig. 10. 8-h time weighted average concentration of MMA in air predicted by uti-
lizing different diffusivity and equilibrium relationships.
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Fig. 11. The effects of the air velocity, air temperature and air exchange rate on 8-h
time weighted average concentration of MMA in air.

concentrations of MMA are insensitive to both air velocity and tem-
perature since at these levels of temperature and airflow, the rate of
emission is mainly controlled by the diffusion of MMA in the coating
rather than the external conditions. On the other hand, the results
in Fig. 11 indicate that MMA levels in indoor air can be reduced
dramatically by exchanging the air more frequently. As expected,
the average MMA concentration in air increases proportionally
with increased initial concentration in the coating, however, the
coating thickness does not have a significant influence on the 8 h

S~ o0
= E 70/
o2
& £ 504
T o
40
is
b= Yo 1 I == = = = = = I IR | W W
= ®
[
z e 20
e 8
E ]
E§
£% o0
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Initial MMA concentration Initial coating thickness
(gfem’) (em)

Fig. 12. The effects of the initial concentration of MMA and the initial coating thick-
ness on 8-h time weighted average concentration of MMA in air.
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time weighted average concentration of MMA as demonstrated in
Fig. 12.

5. Conclusion

A mathematical model has been developed to predict the
rate of VOC emission from wet coating materials and applied to
MMA/acrylic coating system. The model takes into account both
internal and external mass transfer resistances along with possible
moving boundary effects due to emission. Two distinct features
of the model are concentration dependent VOC diffusivities in
the coating and nonlinear equilibrium relationship which were
described by Vrentas-Duda free volume theory and Flory Huggins
theory, respectively.

The predictions have shown that the diffusivity of MMA
decreases by almost two orders of magnitude as initially wet coat-
ing becomes dry. In addition, significant deviation occurs from
linear equilibrium isotherm during the initial stages of emis-
sion when the MMA concentration in the coating is high. By
utilizing constant diffusivity approximation or linear equilibrium
isotherm or both, the emission rate of MMA from the coating,
hence, MMA levels in air are predicted higher. The results suggest
that such approximations are not valid for wet coating materi-
als with the glass transition temperatures close to or higher than
the room temperature and may lead to a wrong conclusion about
the total emission time of the VOCs or wrong decisions on the
design of ventilation system, etc. The emission of MMA is dom-
inantly controlled by internal diffusion especially at later stages
since the diffusivity of MMA within the coating becomes very
small.

The model establishes a framework to quantitatively evaluate
the effects of room conditions such as air velocity, air exchange
rate and temperature on the emission rates. It can also be utilized
to test the emission characteristics of various coating materials
once the free volume parameters required to predict diffusivity
and Flory Huggins interaction parameter of VOCs in the coating
material are known. Such an approach could significantly reduce
the need of measurements in environmental chambers which
are usually expensive and time-consuming. The main intent of
this study is to discuss the validity of the constant diffusivity
and linear equilibrium relationship approximations so that their
practical utility can be reconsidered by the research community.
Further studies are certainly needed to evaluate the predictive
ability of the proposed model through VOC measurements col-
lected in real indoor environment or in small environmental
chambers.
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