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Abstract 

An experimental method for the determination of the internal diffusion coeflicient (D) and partition coefficient (ke) of volatile 
organic compounds (VOes) is developed for dry building materials (such as carpet, vinyl flooring. plywood, etc.). The method is 
used to determine D and k0 for four VOCs (toluene, non:rne. decane, and undecane ) through the backing material of a carpet 

specimen, for four voes (ethylbenzene, nonane, decane, and undecane) through a floor tile specimen, and three voes 

(cyclohexene, ethylbenzene. and decanc) through a plywood specimen. It was found that the values of diffusion coefllcients for a 
given material are inversely proportional to the molecular weights of the voes. whereas the value of the partition coefficients 
are proportional to the varour pressures of the voes. The measured diffusion and partition coefficients are useful for predicting 
the emission rates of VOCs from building materials. Crown Copyright -� 1999 Published by Elsevier Science Ltd. All rights 
resen·ed. 

I. Introduction 

A wide variety of dry materials (e.g. carpet, vinyl, 
plywood. wall papers. etc.) are used to construct and 
furnish residential and commercial buildings. It is im
portant to understand and determine the voe emis
sion characteristics of these materials in order to 
evaluate their impact on the indoor air quality. With 
the growing awareness of the problems associated with 
indoor air quality, there is now a strong impetus for 
manufacturing, and selecting building materials with 
low voe emissions. Success in both manufacturing 
and choosing environmentally conscious building ma

terials will be greatly facilitated by the availability o f  
mathematical models for predicting the emission rates 
of voes from these materials. 

*Cot-responding author. Tel.: + 1-613-993-9538; fox: + 1-613-954-
3733. 

1:;-111ail addr<'ss: jianshun.zhanglu nrc.ca (J .S. Zhang) 

Emission rates of voes from dry materials are pri
marily controlled by the diffusion within the material 
(i.e. internal diffusion) [1-3]. The diffusion process in 
its simplest form. may be described by: 

(I) 

Where. D is the diffusion coefficient of a voe in the 
material; C is the concentration in the material; x is 
the spatial coordinate (assuming 1-D diffusion). 

In order to apply the diffusion model for predicting 
the voe emission rates, it is necessary to know the 
diffusion coefficient (D ). However, data on the diffu
sion coefficients for building materials are very limited. 
A previous method for determining the diffusion coeffi
cients used the concentration data obtained from a 
dynamic chamber test for voe emissions [4]. The 
method requires the knowledge of the initial concen
tration within the region of interest. Mathematically, 
the initial concentration may be treated as an ad-
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Nomenclature 

A 
Bpi 
c 

Co 

c 

Co 

D 

IAQ 
ke 

area of the specimen (m2) 
boiling point of the compound (°C) 
concentration of the compound within the 

• 
( / 1) specimen mgmr 

initial concentration of the compound in 
the specimen {mg/m'); 
concentration of the compound in the 
chamber air (mgrm3) 
initial concentration of the compound in 
the chamber air (rng/m3) 
diffusion coefficient of the compound within 
the specimen (m2 /s) 
indoor air quality 
equilibrium partition coeflkient between the 
specimen and the air (dimensionless) 

ditional parameter to be estimated from the concen
tration data. This will increase the number of par
ameters to be estimated in a single least-square 
regression analysis, which may result in a large esti
mation error due to inter-dependency of the par
ameters in the regression analysis process. This work is 
aimed at developing a novel method to determine the 
diffusion coefficients more accurately. The partition 
coefficients for voes at the solid.'gas interface can 
also be determined by the method (it is a coefficient 
used to describe the relationship between the concen
tration in the gas phase and the concentration in the 
solid phase). 

2. Theory 

An experiment will be described later in this paper 
in which the diffusion rate through a test specimen is 
observed by measuring concentrations on the two sides 
of the sample. Initially, the diffusing species is only in 
one compartment, and an impermeable membrane pre
vents this material from contacting the test sample. 
The thickness of a test specimen (e.g. a carpet backing 
material). separating the two compartments (Fig. I) 
will be designated as /. The concentration in one com
partment (of volume V2) at the beginning of the exper
iment is c0; after time t from the time the membrane is 
broken, its value decreases to c2(1) due to diffusion 
through the test specimen. Meanwhile, the concen
tration in the second compartment (of volume Vi) 
rises from the zero initial value to c1 (I). The gas mix
ture in both compartments is stirred so that the con
centration is uniform in each compartment. 

The concentration of the diffusing substance at time 
t in the test specimen at a point whose distance is x 

L 

Afir 
p 

r 
R H  
I 
S, s 
!I 

v 
voe 
x 

thickness of the specimen under investi
gation (m) 
molecular weight of the compound 
Laplace-Carson transformation operator 
first positive root of the characteristic 
equation [Eq. (18)] 
slope of the straight line (r = -q1 D/ L 2) 
relative humidity 
time (s) 
transformation of C and c respectively 
intercept of the straight line 
(u = Ln(crc 1 )/co) 
volume of the chamber air {m3) 
Volatile Organic Compound 
linear distance (m) 

from the top surface is designated as C(x, t ) . A is the 
total frontal area of the specimen exposed to the dif
fusing species and D is the diffusion coefficient of the 
specific compound under study. 

On the assumption that the voe concentration on 
the specimen (carpet backing) surface is proportional 
to the concentration of the compound in contact with 
this surface (ke is the equilibrium partition coefficient), 
the process can be described by Eq. (I) subject to the 
following boundary and initial conditions: 

Boundary conditions 

At x = 0 C = keel 

Initial condition 

(2a) 

(2b) 

(2c) 

The concentration in the low and high concentration 
compartments can be expressed by Eqs. (3) and (4), re
spectively, 

(3) 

C2 =Co -(DA/V2)J1 
(a�) dt 

O B.\ x=I 
(4) 

Since the surface chemistry phenomena is extremely 
important in the case of gas/solid interfaces, it is cru
cial to select a suitable model so that the adsorption at 
the solid surface will be accounted for [namely the 
boundary condition Eqs. {2a) and (2b)]. Atoms at the 
surface of a solid exert an attractive force normal to 



-- - -

' , .. 
i' , . • . - _ •. ,; .,. .. --- -y - - - --

. � - . 

A. Boda/al et al./ Building a11d Em·iro11me111 35 (2000) 101-110 103 
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Low concentration chamber 
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V 2,c, High concentration chamber 

Fig. I. Diffusionmetric apparatus. 

the surface plane. Consequently. the concentration of 
adsorbed gas at a gas/solid interface exceeds that in the 
gas phase [5,6]. The excess concentration at the surface 
is caused by adsorption; the solid is the adsorbent and 
the gas the adsorbate. For isothermal conditions at at
mospheric pressure, equilibrium relations between the 
concentration of the adsorbate molecules in the air
phase 'c', and the sorbed-phase ·c identified as 
adsorption isotherms may be represented functionally 
as C =.fs(c ), where f is a function that is unique for 
each species/solid system. Linear, Langmuir, BET, 
Freundlich, and Polanyi DR are the most common 
isotherm models which may be used to describe the 
adsorption proce- [5]. For the sorption of trace con
centration air-pollutants on building materials, the 
Langmuir model or its low-concentration asymptote. 
the Linear model is a reasonable first candidate [5]. 
Therefore, in this study the linear isotherm model 
(C=k0c) was used to describe the near surface concen
tration [i.e. the boundary conditions Eqs. (2a) and 
(2b)] where, k0 is the equilibrium partition coetlicient. 
An important assumption is that the concentration at 
the surface (i.e. x =I) increased from 0 to kcc2 within 
an infinitely small period of time. In other words, the 
equilibrium between the surface concentration and the 
gas phase concentration occurred instantaneously (at 
least relative to the time scale of any measurement 
taken). The instantaneous equilibrium assumption 
( C = k"c) has been used previously by many other in-

vestigators. For example, Little et al. [4,7] used this 
a· um pt ion \\"hen they tudicd the emi sion from car
pets in the full scale chamber. Simi lar as, umpti011s 
were also ac\ pkd by hang ct al. (c] and Tichenor et 
al. [9]. 

qs. (I) to (4) can be ol ed by means of the 
L·1ph e-Carson Tran formation. If we let S s1, s2 be 
the Laph1ce-Car on Tran forms of concentrations C, 
c1, c2• respectively we may write; 

S(x.p) = /{ C(x.t)] = p J: C(x,t) exp{-pt] dt 

s1(p) = l{ct(t)) = pJ� c1(t) exp{-pt} dt 

s2(p) = /{c2(t)] = p ('.)() c2(t) exp{-pt] dt Jo 

(5) 

(6) 

(7) 

When this transform is used with Eq. (1), an ordinary 
differential equation results, as given by Eq. (8). 

d�S 
D-� = p(S- C(x,0)) 

dx-
(8) 

Similarly, Eqs. (3) and (4) are transformed to take the 
following forms. 
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(9) 

and 

(10) 

Upon imposing the initial condition [Eq. (2c)]. the sol
ution of the ordinary differential equation [Eq. (8)] has 
the form: 

S = i.1 sinh[x(p/D)0·5] + i.2 cosh[x(p/D)0·5] (11) 

Evaluating the integration constants i.1 and i.2 with 
boundary conditions [Eqs. (2a) and (2b )], yields: 

and 

( ) ('l.1 cos(q) - q . in(q)ko s2 q = , ('.Y.1'l.1/q- - l)q sin(q) + (:z1 +'l.2) cos(q) 

where: 

and 

( 12) 

(13) 

(l 3a) 

If Vi and V2 are equal, the sum (:x1 +1X2) in the numer
at�r f the characteri tic equation tan(q) = (:x1 + "/.:)/ 
(cr-:-t1:x_). can be repluced by 2'.Y. and the product 'l.(t.2 

can b� replaced by '.Y. �. 

The inverse transformation of Eqs. (12) and (13) 
according to the generalized Heaviside Theorem [I OJ 
yields the relationships for measurable quantities c1 
and c2. 

(c - c1) x 

- . . = I:4:xlcd + :xc2 + :xwl 
(O i=I 

exp{-q�Dt/P} (14) 

Where q; are the positive roots of the characteristic 
equation; 

2:xqi tan(q) = , , (er; - ?:-) 
(I 5) 

The infinite series (14) converges rapidly, so that for 
sufficiently large t only the first term q1 is significant. 
That is: 

4'l. exp{-c1iD1} 
'Fi + 'l.(2 + 'l. (2 (I 6a) 

Taking the natural log of both sides of the above 
equation (Eq. ( l 6a)] yields: 

I (cz - ci) 1 { 4:1. } qT D n - n - - t co - 'IT+ '.Y.(2 + :1.) f2 
(I 6b) 

Hence, from Eq. (16b). the dependence of Lnf(c2-c1),' 
c0} on t approaches a straight line. as t increases with 
the slope: 

-q�D r=-f-

That intersects the Ln[(c2-c1)/c0} axis at: 

u = In {-,--4-1.--} 
(/j +-:t.(2+7.) 

( 17) 

(18) 

On solving Eqs. ( 15), (17) and ( 18), the auxiliary par
ameters, q1 and the quantities D and :x can be com
puted from experimentally determined values r and 11. 

The partition coefficient ke can then be determined by 
Eq. (13a) where :.-1 = :.-2=:.-. 

3. Experimental set-up and procedure 

The experimental set-up consists of two identical 
chambers of 50 I in volume, each having its own 
sampling port. As shown in Fig. I, a test specimen 
separates the two chambers, and the voe compound 
(or voes mixture) under investigation is introduced 
into the high concentration chamber. Gas samples are 
collected from the sampling port of each chamber by 
drawing the gas through a commercially available 
sorption tube for collecting voes. The sorption tube 
is 4 mm inside diameter and 229 mm long with three 
layers of sorbents: glass beads, 150 mg of Tenex TM 
of 25 to 35 mesh. and 150 mg of 25 to 35 mesh. The 
choice of a proper sampling volume is important 
because a large sampling volume would create a press
ure difference between the two chambers. and the 
assumption of pure diffusion would no longer be valid. 
while on the other hand a high sampling volume is 
desired for measuring low concentrations. For this 
study a sampling volume of 3 to 4 ml was found to be 
suitable. Gas samples collected by the adsorbent tubes 
were analyzed by a thermal desorption GC/FID system 
to determine the voe concentrations Ill both 
chambers. 

All the components of the experimental set up were 
fabricated from electro-polished stain less steel. To 
insure good gas mixing, each chamber was equipped 
with a small DC fan. The whole test facility was 
located in a room with a constant temperature 
(23 ±I 0C). 
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4. Test material and specimen preparation 

Samples of plywood, vinyl floor tile, and a residen
tial carpet were tested. As indicated by its label, the 
carpet contained nylon fibers and a secondary backing 
consisting of a coarse polypropylene mesh bonded to 
the primary backing with styrene-butadiene rubber 
(SBR) latex adhesive. The plywood belonged to the 
G 1 S (Good One Side) group (i.e. ·sanded, best 
appearance one side only, and may contain neat wood 
patches, inlays or synthetic patching material'). This 
kind of plywood is used where the appearance on one 
side is important such as in the case of furniture, cabi
net doors, partitions, shelving, and concrete formwork. 
The floor tile tested was vinyl based. 

The materials were cut in to circular specimens 
(60 mm in diameter), and placed on a glass substrate 
in an environmentally controlled room with a clean air 
supply for a minimum of 8 weeks before testing. Air 
conditions were maintained at 23 ± I =c and 
50% ± 5% RH. This allowed voes remaining in the 
specimens to be minimal and the materials to be in 
equilibrium with the test condition. Special attention 
was paid to the sealing of the specimen edges. As 
shown in Fig. 1, Teflon gaskets are used for sealing 
the edges. 

5. Evaluation of the test facility 

5.1. Air mixing and relocity /eve/ 11"ithi11 the t11·0 
chambers 

A number of preliminary tests were conducted for 
the purpose of refining the experimental procedures 
and determining the most suitable initial concentration 
and sampling volume. The main points of concern 
were the homogeneity of the concentration inside the 
two chambers and the repeatability of the test data. 
To simplify the analysis of the test results, it is con
venient to assume that the extracted air sample is 
representative of the air throughout the test chambers. 
In other words, it is assumed that the VOes are homo
geneously distributed throughout the air volume of the 
two chambers. The first objective of the preliminary 
cxpcri men ts was therefore to provide for the interior 
air movement to achieve a close approach to hom
ogeneity. As stated earlier. an interior air circulation 
fan was introduced in both chambers to ensure com
plete air mixing. The air velocity inside the two 
chambers were measured at different locations (bot
tom. middle and I cm above the specimen surface) to 
insure proper air circulation (mixing level). The vel
ocity inside the two chambers was measured by using 
thermal anemometer. The measured velocities at bot-

tom, middle and I cm above the specimen were 0.55, 
0.25 and 0.6 m/s, respectively. 

If we define the convective resistance to mass trans
fer as Rgas' where Rgas is the ratio of the boundary 
layer thickness (b) divided by the diffusivity of the 
compound in the air (Dair), and the Rsolid as the resist
ance to mass transfer within the solid (diffusive resist
ance), where Rsolid is the ratio of the specimen 
thickness (L ) divided by the diffusivity of the com
pound within the specimen (Dsolid), the order of mag
nitude of both mass transfer resistances can be 
estimated. For example, for ethybenzene within the 
plywood, the values of R�"'' and Rsolid \:ere 0.9o5 hr, 
m and 4.09 x 104 hr. m ( <t ·suming turbulent now with 
0.6 m/s velocity above the specimen surface) respect
ively. Therefore, for the compounds tested in this 
study, the order of magnitude of the convective resist
ance ( Rgas) is negligible comparing to the diffusive 
mass transfer resistance (R,01;d). 

5.2. Air-tightness of the test facility 

Air leakage is one of the most serious sources of 
error in the diffusion measurement. Many precautions 
were made to eliminate air leakage in the test facility. 
This included: balancing the pressure of both chambers 
with the ambient pressure (i.e. the pressure in the high 
concentration chamber, the pressure in the low concen
tration chamber, and the ambient pressure are equal), 
taping the specimen.1stainless steel interface with more 
than one layer of Teflon tape (namely, four Teflon gas
kets were used, two above and two underneath the 
specimen), and fastening the test specimen to the speci
men holder by 12 bolts. The air tightness of the two 
chambers at 5 Pa pressure difference across the 
chamber walls was about 0.08 I/min, and was con
sidered negligible under the zero pressure difference 
during the diffusion measurements conducted. 

5.3. The impact of possible sink effect 

Some consideration was also given to the problem 
of adsorption of volatiles voes on the walls of the 
test chambers (the sink effect), and its impact on the 
measured parameters. Previous sink studies showed 
that the sink strength of an empty stainless steel 
chamber [9, 15] is very small, and thus, can be neg
lected for compounds investigated in this study. 

6. Solution procedure 

The following procedure was used: 

I. From the straight line part of the plot Ln{(c2-c1)/ 
('o} vs t determined from experiments, the quantities 
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a 
Fig. 2. q1 vs :x. 

r and 11 (the slope and the negative intercept) were 
calculated by the least-square regression method. 

2. The rciot q of the characteristic equation [Eq. ( 15)] 
\\'as first computed by using the Bisection method 
[11] for sekcted values of :< as shown in Fig. 2 
(Note: until now the correct values of :< and q were 
unknown). 

3. From Eq. (18), q1 values were calculated and 
plotted against :< for a given 11 (Fig. 2 illustrates 
curves for a range of 11 values). 

4. The values q1 and :< corresponding to the intercept 
between Eq. (15) and Eq. (18) for the experimen
tally determined u are the correct q1 and 'Y. values. 

5. Finally, the diffusion (D) and partition (kJ coelli
cients were calculated using Eqs. ( 17) and ( l 3a), re
spectively. 

7. Results and discussion 

The experimental results for selected compounds are 
shown in Figs. 3, 4 and 5 for carpet, plyv. ood and the 
floor tile. respectively. The linearity shown by the 

measured Ln(c2-c1),'c0 vs time confirmed the validity 
of the approximation in Eq. ( l 6a). The parameter 
values (D and k,J for each compound are given in 
Tables I, 2 and 3, respectively. Diffusion and partition 
coefficients for voes depend on the chemical and 
physical properties of the compound such as the mol-

ecular weight. vapour pressure, polarity. etc. Schwope 

et al. [ 12] correlated diffusion coefficients for a wide 

range of voes in six polymers as a function of mol

ecular weight. showing that diffusivity increases with 

the inverse of the molecular weight. As shown in 

Tables l, 2 and 3 and Fig. 6 the range of measured 

values of 'D" for carpet is 4.3 x 10-11 to 2.8 x 10-12 

m1/s for the compounds with molecular weights vary

ing between 92 to 157. For the plywood, the range of 
measured values of 'D" was l.55 x 10-10 to 

1.28 x 10-11 m2/S for the compounds with molecular 

weight varying between 84 to 143. For the floor tile. 

the range of measured values of 'D" was from 

l.6 x 10-11 to 8.55 x 10-13 m1/s, for the compounds 

with molecular ·weight varying between 1 16 to 156. 

The largest molecule has the smallest diffusion coeffi

cient, which is true for all three materials tested. The 

partition coefficient (ke) is expected to increase as the 

vapour pressure of the compound decreases. As shown 

in Tables L 2 and 3 and Fig. 7. Undecane has the low

est vapour pressure, and the measured value of 'k�' is 

indeed the largest. Based on the measured data, re

lationships between D vs !,'MW and between k" vs l;P 

were shown in Figs. 6 and 7 respectively. It should be 

noted that the trends are shown only to illustrate the 

relationship between D vs I/MW and between ke vs I. 
P. More data are necessary to obtain more accurate 

correlations. Park et al. [ 13] measured the diffusion 

and partition coefficients for a range of voes in the 
Styrene-Butadiene Rubber (SBR) (which is the main 
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5 10 15 20 

• Toluane y = -0.0092x - O 4364 

R2 = 0.9989 

• Nonane y = -0.007Sx - 0.6605 

R2 = 0.9964 

.a. Decane y = -0,0217x - 0.1966 

R2 = 0 99 

x Undecane y = -0.032Bx - 0.1952 

R2 = 0.9992 

25 30 35 40 45 

-1.8 �-------------------------------' 
x: Time (h) 

component of the carpet backing material), and found 
values of 'D' ctrying between 2.3 x 10-12 to 
1.0 x 10-12 n/!s, and ke varying between 200 to 28000 
for molecular weights varying from 72 to 166. Also 
Little et al. [4] studied the emission from carpet in the 
full scale chamber, and fit the data to a mass transfer 

-0.8. 

-1 

• Cyclohexene Y = -0.003Gx - 0.0195 

R2 = 0.9907 

• Ethylbenzene y = -0.0042x · 0.1016 

R2 = 0.9922 

.a. Decane y = -0.0052x - O 4176 

R2 = 0.9736 

based model. They calculated the diffusion, and par
tition coefficient for the voes with molecular weight 
varying from 30 to 158, obtaining 'D' ranging from 
0.5 x 10-- I� lo 1.0 x 10-11 m::, s, and the value of 'ke' 
varying from 1400 to 170.000. These values are close 
to those obtained from thi · experimental study. 

·1.2 ..__ _________________________ ___ ___, 

x: Tlme(h) 

Fig. 4. Ln(c�-c1)/c0 vs lime. 

ff,;;.:1" ·c-1· ·;.. . • •• 
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Table I 
Parameters for the carpet backing material 

Compound name Molec·ular \\eight 

Toluene 92.14 

Nonane 128.26 

Decane 142.29 

Undecane 156.J I 

Table 2 

Parameters for the plywood 

Compound name Molecular weight 

Cyclohexane 84 
Ethybenzene 116.25 

Decane 142.29 

Table 3 
Parameters for the floor tile 

Compound name Molecular weight 

Ethybenzene 116.25 
Nonane 128.26 
Decane 142.29 
Undecune 156.J l 

150 200 .,�(\ 300 

• Ethylbenzene y = -0.0034x - 0.0643 

R2 = 0.9979 

• Nonane y = -0.0035x - 0.0756 

R2 = 0.9998 

£ Decane y = -0.0027x · O 4573 

R2 = 0.9952 

• Undecane y = -0.0021 x - 0. 7953 

R2 = 0.9927 

x: Time (h) 

Fig. 5. Ln(c2-ci) c0 vs time. 

Vapour pressure (mm-Hg) at 2.1 C Diffusion codlicient · o· (1112 s) 

25.64 
3.93 

l.25 

0.35 

Vapour pressure (mm-Hg) at 23 C 

35.6 

8.58 

l.25 

Vapour pressure (mm-Hg) at 23 C 

8.58 

3.93 

1.25 

0.35 

4.31 x 10-11 

2.83 x 10-11 

5.42 x 10-12 

2.79 x 10-12 

Diffusion coefficient • D' (m2 s) 

l.55 x 10-10 

4.04 x 10-11 

1.28 x 10-11 

Diffusion coefficient "D" (m2 s) 

1.6 x I 0-11 

1.48 x 10-11 

1.09 x 10-12 

8.55 x 10-13 

3 0 

Panition coellicienl ·k, · 

6171 

6216 

14.617 

24,255 

Partition coefficient ·k,.' 

348 

1636 

6948 

Partition coeflkient ·k,.' 

1920 

2142 

13,045 

26.647 
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As mentioned above, emission from dry materials is 
mainly controlled by diffusion within the source. The 
resulting mass transfer model usually contains three 
mass transfer parameters (3.4, 7]: 

I .  diffLJsion coefficient within the source 'D': 
2. initial concentrations of voes in the source ·co·: 
3. partition coefficient 'ke'· 

The experimental method developed in this study will 
give D and ke. C0 can be determined by conducting a 
static chamber test (headspace test). In the headspace 
test, a specimen is placed in an air-tight chamber 
under a pre-specified condition (e.g. 23'C, 50% RH) 
for a period of time that is sufficient for reaching the 

equilibrium between the specimen and the air in the 
chamber. The air concentration (Cpace) in the chamber 
is measured (i.e. the heads pace concentration) [ 14]. C0 
is determined by C0 =kc Cspace· This will facilitate the 
prediction of the emission rates without the need of a 
dynamic chamber test. 

8. Summary and conclusions 

A new experimental method for the determination 
of diffusion and partition coefficients of voes is devel
oped for dry building materials based on the solution 
of Fick's law equation of diffusion with appropriate 

boundary conditions. Using the new experimental 
method developed, the diffusion and partition coeffi
cients were determined for three building materials 
including carpet, plywood and vinyl tile. It was found 
that, for all three materials tested, the voes with the 
largest molecular weight had the smallest diffusion 
coefficient, and the voes with lowest vapour pressure 
had the largest partition coefficient. 
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