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ABSTRACT
Humans spend 64% - 94% of their time indoors; therefore, indoor air quality is very important for potential exposure to
volatile organic compounds (VOC). The source of VOC in the subsurface may come from accidental or intentional releases, leaking landfills or leaking underground and above-ground storage tanks. Once these contaminants are present
near or beneath buildings, they may move as a vapour through soil gas and enter the building. A large number of vapour intrusion (VI) algorithms have been published in peer-reviewed publications that link indoor VOC concentrations
to the contamination of soils. These models typically include phase partitioning calculations of VOC based on Henry’s
law to estimate the concentration of a particular contaminant in soil gas. This paper presents the results from a series
of laboratory experiments concerning the use of the Henry’s Law constant for the calculation of toluene concentrations
in equilibrium between ground water and soil air. A series of column experiments were conducted with various toluene
concentrations in artificial (ground) water to contrast the predicted and observed (soil) air concentrations. The experiments which exclude soil material show a toluene fugacity behaviour roughly in line with Henry’s law whereas the
experiments which include soil material result in equilibrium soil concentrations which were around one order-of-magnitude lower than was expected from a Henry Law-based estimation. It is concluded that for toluene inclusion of Henry’s Law in VI algorithms does not provide an adequate description of volatilisation in soils and may lead to
an overestimation of health risk. Instead, a model based on a simple description of the relevant intermolecular interactions could be explored.
Keywords: Henry Law Coefficient, Equilibrium Partitioning, Ground Water, Soil Air, Toluene, Algorithm

1. Introduction
During the last two decades, soil and ground water
contaminated with volatile organic compounds (VOCs)
have received increased attention because of their potential to migrate to indoor air and cause human health
problems [1-3]. Humans spend on average 80% of their
time indoors, ranging from 64% to 94%; therefore,
indoor air quality is very important for potential exposure to VOCs [4-6]. Swartjes [7] demonstrated that the
variation in exposure through indoor air inhalation is
comparable to variations in the concentration in indoor
air. This suggests that the parameters controlling the
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variation in the concentration in indoor air, resulting in
VOC migration into indoor air (i.e. ‘vapour intrusion’),
also control variations in exposure through indoor air
inhalation. ‘Vapour intrusion’ (VI) refers to the transport of VOC vapours from ground water or soil into
buildings. The source of organic vapours in the subsurface can come from accidental or intentional releases [8,9], leaking landfills [10], leaking underground
and above-ground storage tanks [11] or related to dry
cleaning facilities [12,13]. Once VOCs are introduced
into the subsurface, a complex series of fate and transport mechanisms act, potentially moving them away
from the source area. The distribution of VOCs in soil
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depends on; the VOC concentration in the soil, soil
particle distribution (soil type), soil porosity, pore water content, soil gas content, and organic carbon fraction, and is also controlled by the physical-chemical
properties of the VOC [14]. Once VOC are present
near or beneath buildings, they may move as a vapour
through soil gas and enter into the building.
A large number of VI algorithms have been published
in peer-reviewed publications which link indoor VOC
concentrations, caused by VI, to the contamination of
soils with VOC [15,16]. These models are used by the
competent authorities and/or consultancies for contaminated land management (i.e. in deriving soil
screening values and/or for site-specific human health
risk assessment). These models typically include
transport and phase partitioning calculations of VOCs
to estimate the concentration of a particular contaminant in soil gas from its concentration in any other
phase (i.e. ground water, bulk soil or non-aqueous
phase liquid).
Most current VI models rely on a common set of
partitioning and transport relationships, including
Henry’s Law to estimate water to air partitioning, the
Millington [17] (or similar) approximation to estimate
effective diffusion coefficients, Darcy’s Law to describe vapour flow into the building, soil gas velocities
to estimate advective velocities using a foundation
crack area, and a steady-state mass balance.
Under most environmental conditions, molecular
diffusion in natural systems moves the compound away
from locations of higher concentration towards locations of lower concentrations [18]. In a typical scenario,
organic vapours above a contaminated water table
(high concentration) diffuse towards the surface (lower
concentration). The well-known relation describing the
diffusion of a compound is Fick’s First Law [2,19,20]:
C
J g   Deff  sa
(1)
z
where J g is the mass flux [g/m²·s], Deff is the effective diffusion coefficient of the compound in the gas
phase [m²/s], and Csa is the contaminant vapour
concentration gradient in soil air [µg/L], z is the
distance over which diffusion occurs.
In porous media, the effective diffusion coefficient
depends on the total and water-filled porosities of the
medium [21], and can be estimated by formulations
such as that provided by Millington and Quirk [22].
 10/3
D  10/3
Deff  Da a 2  w w 2
(2)
H T
T
where Da is the free-air diffusion coefficient [L2/T],
Dw the aqueous diffusion coefficient [L2/T],  a the
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soil air filled porosity [volume vapour/total volume],
T the soil total porosity [volume pores/total volume],
 w the soil water-filled porosity [volume water/total
volume], and H the dimensionless Henry’s Law
Constant [molar concentration in gas/molar concentration in water].
Finally, Henry’s Law relates the equilibrium concentrations in water and air as:
(3)
Csa  H  Cgw
where Csa is the contaminant vapour concentration in
soil air (µg/L), H is the Henry’s Law constant for the
contaminant (molar concentration in gas / molar concentration in water) and Cgw the concentration of the
contaminant in ground water (µg/L).
The environmental fate of volatile organic pollutants
strongly depends on their partitioning between the gas
phase and water phases as shown in (3).
Several authors have however questioned the use of
Henry’s Law for calculating soil gas concentrations of
volatile substances [23-35].
Results are presented from a series of laboratory investigation into the use of Henry’s Law coefficient for
the calculation of toluene concentrations in equilibrium
between (ground) water and (soil) air.

2. Materials and Methods
2.1. Observations and Predictions
A series of controlled column experiments were conducted to compare observed and predicted soil air concentrations for different ground water concentrations.
The results contribute to the verification of model algorithms that depend on the partitioning between the (soil)
gas phase and (ground) water phases by applying the
Henry Law constant. Therefore, the premise of the experiment was to compare measured soil air concentrations at equilibrium with the calculated soil air concentrations that apply for a gas in equilibrium.

2.2. Physico-Chemical Properties of Toluene
The experiments were conducted by using the chemical
toluene with the following physico-chemical properties:
molecular mass 92 g/mol, solubility 515 mg/l (mol/m3), vapour pressure 2940 Pa, Henry Law constant 531 Pa·m³/mol,
logKow 2.69 and diffusion in air 0.0265 m²/h [36]. Where
applicable, physico-chemical properties are reported at
20℃. Toluene was selected as it is considered to be a
volatile contaminant that is frequently found in the soil,
and in additional has a relative low toxicity.
According to (3), the Henry Law constant determines
the equilibrium concentration between (ground) water
and (soil) air. Different Henry Law constants for toluene
JEP
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were collected from previously published material at 20℃
[37]. All obtained Henry Law constants were used as
input for the calculation of a range of (soil) air concentrations. Mackay [37] reported 23 different Henry Law
constants for toluene that rang from 518 Pa·m³/mol to
825 Pa·m³/mol with a mean of 656 Pa·m³/mol. Henry
Law constants were only included in Mackay after the
measuring method of the Henry Law constant was verified and appropriate.

2.3. Column Experiments
2.3.1. Setup
Figure 1 provides a schematic diagram of the experimental set-up. The column was made out of inert glass
and the top and bottom plate out of stainless steel. The
high-density polyethylene sealing rings prevented leakage of water or soil air and were non-permeable for VOC.
A septum was inserted to allow samples to be taken from
the soil air, and air just above the soil surface, without
disturbing the equilibrium air concentration in the column.
2.3.2 Procedure
For a series of ground water concentrations, duplicate
experiments were conducted and all used the same level
(volume) of soil and ground water in both columns (Figure 1(a)). The duplicate experiments were used to estimate variability as a result of the column setup and sampling and to verify that the results are consistent.
As the Henry Law constant (3) applies to the equilibrium partitioning between (ground) water and (soil) air,
another series of experiments was conducted without soil
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material in both columns (Figure 1(b)) to determine the
effect of the soil matrix on the vapour equilibrium concentration. It is assumed that the experiments with and
without soil result in similar (soil) air concentrations, as
this assumption forms the basis for the implementation of
the Henry Law constant in most current VI models.
The room temperature where the column experiments
were conducted was kept constant at 20℃ (± 1℃) and
measured during the full length of the experiments.
The characteristics of the soil were determined by applying several techniques. The soil bulk density and porosity were derived from gravitational measurement of
Kopecký’s ring (100 cm3) [38] filled with the soil. This
resulted in a soil bulk density of 1758 kg/m³, total porosity 0.34, water filled porosity 0.06 and air filled porosity
of 0.28. The sieve analysis procedure, or gradation test, is
used to assess the particle size distribution, also called
gradation, of a granular material, and allows the determination of the soil type. The procedure is described in
[39]. Figure 2 reveals that most of the soil particles had a
diameter between 300µm and 850 µm which results according to the soil classification scheme [40] in a very
coarse sand.
The organic matter content was obtained by first drying 30 gram of soil at 110℃ for 8 hours after which 10
gram of dried soil was put in a container and heated up
till 500℃ [41]. The weight before and after glowing
represents the organic matter content. This procedure
resulted in an organic matter content of 0.21% which was
considered to be very low as a natural soil contains

Figure 1. Schematic diagram of the experimental column set-up with soil A and without soil B.
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Figure 2. Granular measurements.

around 1% - 2% organic matter. It is therefore not expected that adsorption of toluene to organic matter will
influence significantly the experiments.
The mineral composition of the water used to create the
toluene contaminated ground water was measured according
to ATM standards and resulted in a pH 6, calcium 4.5 mg/l,
chloride 5 mg/l, potassium 0.5 mg/l, magnesium 1.3 mg/l,
sodium 3 mg/l, nitrate 1.9 mg/l, silicate 7 mg/l, sulphate 7
mg/l, and hydrogen carbonate 15 mg/l.
Each experiment started with packing two identical
columns with homogeneous mixed soil material up to a
predefined level. A known volume of standard water was
then spiked with a concentration of toluene, mixed until
it was homogeneously distributed, and flushed into both
soil columns until it reached the preset level at the ceramic filter (Figure 1(a)). The volume of water was the
same for all experiments conducted. A water sample was
taken, by using a needle and syringe, while the contaminated (ground) water was flushed into the column and
analysed for the toluene concentration. After reaching
equilibrium between ground water and soil air, an air
sample was taken. Following the experiments, the water
flowed into a collector, the columns were cleaned to remove any remaining residue, and the soil material in both
columns was replaced with clean soil.
2.3.3 Verification
Several trail experiments were performed to derive a
standard procedure on how to pack the column, take air
samples, flush the water into the column and clean the
column to below detectable concentrations. Hereto, a
series of verification experiments were conducted for
various ground water concentrations to derive the time
needed to reach equilibrium in the columns and to determine the stability of the concentration in the column over
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a longer period of time. Figure 3 shows the result from
one of the verification experiments (in duplicate) for a
ground water concentration of 1000 µg/l. Air samples
were taken in two hours intervals to derive the minimum
time needed for toluene to reach equilibrium in the column.
From experiments with various concentrations, it was
concluded that a minimum of eight hours was needed
before ground water and soil air were in equilibrium and
samples could be taken. The results, as shown in Figure
3, indicate that between 8 and 26 hours after flushing
contaminated ground water in the columns the average
toluene air concentration in the first column was 121 µg/l
with a standard variation of 5.4 µg/l and for the second
column 124 µg/l with a standard deviation of 10.6 µg/l.
The concentration in the columns at equilibrium was
considered to be sufficiently stable and air samples in the
experiments were taken after 10 hours.
Further verification was performed to determine
whether the concentration in the soil air at equilibrium
differs from the concentration in the air just above the
soil (Figure 1(a)). Therefore, an experiment, also in duplicate, was conducted during which the concentration in
the soil air and column air just above the soil were simultaneously sampled for around 14 hours and concentrations compared. The results, as shown in Figure 4,
revealed that after equilibrium is reached the difference
for all measurements varied on average 2.8 µg/l with a
standard deviation of 2.2 µg/l, which was considered to
be low in view of the analytical variability of 10%, which
is also indicated in Figure 4.
The findings in Figure 4 show that both sampling
points result in similar air concentrations and that the
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Figure 3. Difference between the concentration of toluene in the soil air and the air just above the soil. Whiskers indicate an
analytical variability of 10%.

Figure 4. Time needed for toluene to reach equilibrium for a ground water concentration of 1000 µg/l. The grey area indicates where equilibrium occurs.

concentration from both sampling points could be considered to be within each other’s analytical variability.
The air just above the soil is expected to be less influenced by heterogeneity in the soil air and is therefore
selected for sampling.
In addition a two-tailed t-test was applied to determine
if the air concentrations differ. The t-test resulted in a F (t
stat) 1.14, p-value 0.29 and t critical of 2.44 and an 
of 0.05 (95% confidential level). The conclusion was that
the null hypothesis (H0 = the means do not differ) was
accepted. Therefore we can say, with a 95% confidential
level, that the average air concentration in the soil is the
same as the air concentration just above the soil.

2.4. Analytical Procedure
2.4.1 Setup
To sample both columns a syringe’s needle was inserted
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in the septum and 10 ml of air from the column air was
extracted. For the analysis, a three module pre-concentrator was connected with a GCMS. Samples taken were
directly injected into the pre-concentrator.
The column has a capillary of 60 meters by 320 µm by
1 µm nominal. The oven had an initial temperature of 35°C
with a ramp of 5°C/minute until 150°C is reached, followed by a quick cryo-cooling to 55°C. The analytical
procedure applied to collect and analyse the samples is
described in detail in [42].
The detection limit for toluene was 0.06 µg/m³. The
variation in measured concentrations is around 10% and
this variation is indicated where relevant in the measured
air concentrations. During the analysis the ambient air
vapours pressure and temperature were kept constant,
regularly measured and recorded (20°C ± 1°C).
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2.4.2 Calibration
Different reference air concentrations for toluene were
injected into the GCMS pre-concentrator and further
analysed to verify the analytical equipment and to create
a calibration line. The calibration line (Figure 5) was
then used to derive concentrations of toluene for the injected air samples.

2.4. Calculation of the Soil Air Concentration
Observed column (soil) air concentrations were compared to predicted concentrations. Air concentrations
were calculated by using (1) to (3). For each measured
ground water concentration a range of predicted air concentrations were calculated by using the minimum, average and maximum reported Henry Law constant (see
Figure 6).

3. Results
Figure 6 below displays the data obtained from a series
of duplicate experiments for which soil material was included or excluded from the experiment. For each experiment (in the two columns), the toluene ground water
concentration was measured in addition to the air concentrations at equilibrium (10 hours after flushing in the
ground water).
Comparison of results indicates that a linear increase
in air concentration is observed as a result of increasing

ground water concentrations. The experiments which
exclude soil show a fugacity which is roughly in line
with Henry’s Law whereas the experiments which include soil result in around one order-of-magnitude lower
air toluene concentrations after reaching equilibrium than
was expected on the basis of Henry’s law.

4. Discussion
This study adds to the argument that partitioning VOCs
on the basis of Henry’s Law, as included in current VI
algorithms, does not always provide an adequate description of experimental data. This is in line with findings
from [34] and [43]. A main contribution to divergence
form Henry’s law might come from a rate-limiting mass
transfer from ground water to soil gas [44,45]. As the
present study only regards toluene, additional research
into the partitioning of other VOCs is needed to test the
more general adequacy of current VI algorithms for volatile organic compounds. Equally important is the assumption that the soil and groundwater properties were
considered to be constant. Under slightly different conditions, for example different volumes of soil and groundwater, the results may have varied.
For toluene the present study indicates that current use
of Henry’s law in VI algorithms may lead to an overestimation of toluene concentrations in soil gas, which in
turn might give rise to an overestimate of potential health

Figure 5. Calibration line deriving the peak surface area for various known toluene concentrations.
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Figure 6. Observed and predicted concentrations in the column air for different ground water concentrations measured after
10 hours. Data is provided for air concentrations with and without soil material present in the columns. The dotted line indicates the average (mean) predicted air concentrations based on the Henry Law constants with the grey area representing the
variation. Whiskers indicate the 10% variation in the measured air concentration.

risk of toluene intrusion into buildings. While this might
be acceptable for screening level assessments, which
should be conservative [16,44-46], this is not acceptable
for estimates of real life risks. The latter should rather be
estimated on the basis of direct measurements of toluene
concentrations in indoor air and actual soil, water and
soil gaseous phase contamination. The findings presented
also indicate the need to improve current VI algorithms.
Such improvement might be based on a simple description of the relevant intermolecular interactions could as
described by [34].

could be explored.
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