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a b s t r a c t
In this study we performed batch experiments to investigate the dissolution kinetics of trichloroethylene (TCE)
and toluene vapors in water at room temperature and atmospheric pressure. The batch systems consisted of a
water reservoir and a connected headspace, the latter containing a small glass cylinder ﬁlled with pure volatile
organic compound (VOC). Results showed that air phase concentrations of both TCE and toluene increased relatively quickly to their maximum values and then became constant. We considered subsequent dissolution into
both stirred and unstirred water reservoirs. Results of the stirred experiments showed a quick increase in the
VOC concentrations with time up to their solubility limit in water. VOC vapor dissolution was found to be independent of pH. In contrast, salinity had a signiﬁcant effect on the solubility of TCE and toluene vapors. VOC evaporation and vapor dissolution in the stirred water reservoirs followed ﬁrst-order rate processes. Observed data
could be described well using both simpliﬁed analytical solutions, which decoupled the VOC dynamics in the
air and water phases, as well as using more complete coupled solutions. However, the estimated evaporation
(ke) and dissolution (kd) rate constants differed by up to 70% between the coupled and uncoupled formulations.
We also numerically investigated the effects of ﬂuid withdrawal from the small water reservoir due to sampling.
While decoupling the VOC air and water phase mass transfer processes produced unreliable estimates of kd, the
effects of ﬂuid withdrawal on the estimated rate constants were found to be less important. The unstirred experiments showed a much slower increase in the dissolved VOC concentrations versus time. Molecular diffusion of
the VOCs within the aqueous phase became then the limiting factor for mass transfer from air to water. Fluid
withdrawal during sampling likely caused some minor convection within the reservoir, which was simulated
by increasing the apparent liquid diffusion coefﬁcient.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
Possible contamination of soil and groundwater by volatile organic
compounds (VOCs) is a major environmental concern at many sites currently or formerly occupied by large-scale chemical industries or smallscale users such as dry cleaners or gasoline stations (Han et al., 2016;
Rivett et al., 2011; Schubert et al., 2011). VOCs frequently contaminate
soil and groundwater and pose a potential threat to human health
when migrating upward through the unsaturated soil to indoor air
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(Berscheid et al., 2010; Han et al., 2016; Mahmoodlu et al., 2013;
Rivett et al., 2011).
Mass transfer of VOCs across air-water interfaces is a key process affecting the fate of VOCs in the environment, including their volatilization and partitioning into atmospheric water (Aumont et al., 2000;
Boris et al., 2014; Ervens and Volkamer, 2010), as well as VOC removal
from the unsaturated zone using various remediation techniques
(Mahmoodlu et al., 2015; Schwarzenbach et al., 2003; Yap et al.,
2012). Understanding the main factors affecting the dissolution of
VOC into the water phase during their migration through the unsaturated zone is critical to optimizing subsurface remediation practices, as
well as for developing predictive models of VOC reactive transport.
VOCs are generally hydrophobic and only slightly soluble in water
(Görgényi et al., 2005; Peng et al., 2003). This can be a major hindrance
to successful implementation of soil treatment technologies, which
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often target the dissolved mass of VOCs in the water phase. Low VOC
dissolution rates lead to low conversion rates and hence longer
treatment times and higher remediation costs (Chawla et al., 2001).
Having accurate data about VOC dissolution processes into water
under different conditions is for these reasons essential to foresee the
potential of enhanced soil and groundwater remediation techniques
(Yap et al., 2012).
The effects of selected chemical properties of the water phase, most
notably salinity, on mass transfer of residual VOCs in the subsurface
have been widely studied. Several studies have shown that salinity
can decrease the solubility of VOC in water (Endo et al., 2012;
Falabella and Teja, 2008; Görgényi et al., 2005; Schwarzenbach et al.,
2003; USEPA, 1991). The presence of dissolved electrolytes, in particular
small ions, increases the structuring of aqueous phases and thus the cohesive energy in the water phase (Bowen and Yousef, 2003; Endo et al.,
2012). Salinity can also cause a shift in the equilibrium partitioning of
neutral organic solutes toward non-aqueous phases. This effect is sometimes referred to as the salting-out effect (Endo et al., 2012). The literature shows that all gasoline components are salted out by sodium
chloride such that they become less soluble in saline solutions than in
pure water (e.g., Falabella and Teja, 2008). This can lower the removal
efﬁciency of remediation methods. Furthermore, as a result of saltingout effects, Henry's constants of VOCs in saline water decrease. Several
soil and groundwater remediation methods for removing VOC vapors,
such as air stripping and soil vapor extraction, depend on having reliable
estimates of Henry's constant (Falabella and Teja, 2008; Vane and
Giroux, 2000). This requires knowledge of the partitioning behavior of
VOCs between the air and water phases.
Current literature lacks information about the dissolution kinetics of
VOC vapors into water and the different factors that may affect VOC
partitioning between the air and water phases. Moreover, many or
most reactive transport models assume that mass transfer across airwater interfaces is an equilibrium process governed by Henry's law.
This assumption does not always hold. For example, Sleep and Sykes
(1989) reported that at many sites where VOC vapors were present as
an immiscible phase, VOC concentrations in the water phase were not
consistent with equilibrium concentrations. Hence, it remains unclear
how kinetic processes and other factors such as molecular diffusion of
VOCs do affect the mass transfer of VOC vapors across air-water
interfaces. To address this problem, we performed a series of batch experiments to more closely investigate VOC vapor dissolution and subsequent diffusion into the liquid phase. Speciﬁc objectives of our study
were to (1) estimate the kinetics of VOC vapor dissolution (TCE and toluene in this study) into a stirred water reservoir, (2) investigate the effect of chemical properties of the water phase such as pH and especially
salinity on VOC vapor dissolution in water, (3) evaluate the effect of molecular diffusion in water on VOC mass transfer across the air-water interface, and (4) numerically simulate VOC vapor dissolution and
transport within the aqueous phase.
2. Materials and methods
2.1. Experimental setup and procedure
The chemicals used in this study were pure TCE and toluene (obtained from Sigma-Aldrich and Merck, respectively), and mercury chloride
(HgCl2) of 99.5% purity (Sigma-Aldrich). Fig. 1 shows a schematic of
our experimental setup. The system consisted of a glass cylinder (column) of 5.0 cm length and 4.0 cm internal diameter, together with a
very small glass cylinder hanging in the middle of the larger container.
The larger cylinder had three ports capped by stainless steel lids. We
ﬁrst introduced 24.5 ml deionized (DI) water into the column via the
lower water sampling port which was located 0.8 cm from the bottom
of the column. Next, 0.5 ml mercury chloride of 10 mg l−1 was added
to the water pool to suppress any microorganism activity within the
setup, thus eliminating possible biodegradation processes during the

Fig. 1. Schematic view of the experimental setup. LH is the height of headspace, LW the
height of water reservoir, and D is the inner diameter of container.

experiments. Water inside the column was subsequently mixed thoroughly using a magnetic stirring bar (SCILOGEX PTFE, with pivot ring,
25 × 7.9 mm) and a magnetic stirrer (IKA, Germany) to obtain a homogenous solution of DI water and the mercury chloride. We next introduced 2.0 ml of pure phase VOC into the small hanging glass cylinder
in the headspace (Fig. 1), after which the top of the column was capped
immediately with a vapor-tight stainless steel lid.
Several batch experiments were conducted to determine the evaporation rate constants (ke) of TCE and toluene from the small hanging
VOC container into the headspace, and the dissolution rate constant
(kd) describing subsequent dissolution kinetics of the VOC vapors
from the headspace into the water phase. For the stirred experiments
we used the magnetic stirrer to eliminate any VOC diffusion gradients
within the water phase, thus ensuring uniform concentrations within
the water reservoir. Precautions were taken not to disturb the airwater interface. We also performed batch experiments without stirring
the water phase to evaluate the effect of VOC diffusion within the water
phase on mass transfer, and hence the dissolution rate. To investigate
the effects of salinity on VOC dissolution, an experiment was conducted
(while again stirring) using seawater with a salinity of 0.6 M. Additional
experiments for each compound were performed with a pH buffer to
determine the effect of pH on the dissolution kinetics of the two VOC vapors in water. The buffer solution was prepared using HCl and NaOH of
1 M. We assumed that the temperature and pressure inside the batches
were constant and remained at room temperature (21 ± 1 °C) and atmospheric pressure, respectively. In all experiments, the volume of
VOC liquid was large enough so that it did not deplete during the full duration of the experiments. All experiments were carried out in duplicate
(Exp. 1 and 2 in this study represent the two replicates of the VOC
experiments).
2.2. Sampling and measurements
We measured VOC concentrations of both the gas and water phases
during the stirred and unstirred experiments. Gas samples of 1.5 ml
were periodically taken from the headspace of the column using a
2.5 ml gas-tight syringe (SGE Analytical Science, Australia). To avoid a
drop in air pressure due to sampling, the same volume of air (1.5 ml)
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governing equations for the experiments with the stirred and unstirred
water reservoirs, as well as provide several exact and approximate
analytical and numerical solutions that were for optimal analysis of
the data.
3.1. Governing equations for the stirred experiments
The governing equations for the VOC concentrations in the headspace and the water reservoir (Mahmoodlu et al., 2014, 2015;
Schwarzenbach et al., 2003; Yoshii et al., 2012) can be written as:
Fig. 2. Observed concentrations of TCE and toluene in the air phase.

was simultaneously injected into the upper part of the column through
a separate port (Fig. 1). The VOC gas samples were injected into 10-ml
transparent glass vials, which were sealed with a magnetic cap and
hard septum (Magnetic Bitemall; Grace Alltech). We periodically also
took aqueous samples of 1.5 ml each via the water sampling port
using a 2.5 ml gas-tight syringe. We then injected simultaneously the
same volume of air (1.5 ml) into the headspace through the separate injection port, again to avoid any air pressure changes. The aqueous samples were inserted into 10-ml transparent glass vials and sealed with a
magnetic cap and hard septum.
Sampling vials were immediately placed into the tray of a gas chromatograph (GC). Gas samples of 2.0 ml were taken from each vial with
an autosampler using the headspace syringe of the GC. Samples were
next injected into the GC. The GC (Agilent 6850) we used was equipped
with a ﬂame ionization detector. Separation was done on an Agilent HP1 capillary column (stationery phase: 100% dimethylpolysiloxane,
length: 30 m, ID: 0.32 mm, ﬁlm thickness: 0.25 μm). A temperature programmed run was used to analyze the samples. VOC concentrations
were determined using a headspace method as employed in previous
studies (e.g. Almeida and Boas, 2004; Przyjazny and Kokosa, 2002;
Sieg et al., 2008; Snow, 2002). The limits of quantiﬁcation were calculated by using a signal-to-noise ratio of 10:1 (Kubinec et al., 2005).
3. Processes and governing mass transfer equations
As shown in Fig. 1, our experimental setup contained three domains.
The ﬁrst domain consisted of a water pool (reservoir) at the bottom of
the column. The second domain comprised the air space above the
water reservoir. The third domain was a pool of the particular VOC inside a small hanging glass container in the middle of air space. From
the moment the pure VOC was placed in the hanging glass container,
the following processes took place in the column: (1) evaporation of
the VOC from the small liquid pool into the closed air space, (2) diffusion of VOC vapor within the air space, and (3) dissolution of VOC
vapor into the water reservoir. We assumed that the air pressure and
temperature did not change during the experiments. Our analysis also
assumed that diffusion in air was fast enough so that a uniform concentration in the headspace could be assumed. We describe separately the

Va

 a

a

dC
e
d C
¼ Aap k C amax −C a −Aaw k
−C w
dt
Hc

ð1Þ

Vw

 a

w
dC
d C
¼ Aaw k
−C w
dt
Hc

ð2Þ

where Ca and Cw are the VOC concentrations of the head air space and
the water reservoir, respectively [ML−3], t is time [T], C amax is the maximum headspace concentration, corresponding to the VOC vapor pressure [MT−1], Va and Vw are the volumes of the headspace and stirred
water reservoir, respectively [L3], ke denotes the apparent rate coefﬁcient for evaporation from the VOC pool into the headspace [LT− 1],
Aap is the surface area of the pure VOC reservoir in the internal cylinder
of the headspace [L2], Aaw is the surface area of the air-water interface
between the headspace and the water reservoir [L2], and kd is rate coefﬁcient for VOC dissolution into the stirred water phase [LT−1].
As mentioned above, we assumed that the headspace is a wellmixed reservoir throughout which the evaporated VOCs are distributed
instantaneously and uniformly. This assumption can be made in view of
the relatively large diffusion coefﬁcients of VOCs in free air (about
5 × 10−4 cm2 min− 1) and the small volume of the headspace (less
than 40 cm3). Since diffusion within the water phase was eliminated
by stirring, VOC concentrations can be assumed to be uniform also
within the water reservoir. Eqs. (1) and (2) further assume that
both VOC evaporation into the headspace and subsequent dissolution
into the water reservoir can be modeled as linear kinetic processes
(Schwarzenbach et al., 2003; Yoshii et al., 2012). They were solved
subject to zero initial concentrations in both the headspace and water
reservoir. Below we present both approximate and exact solutions of
the model for a stirred reservoir, as well as a more comprehensive formulation and numerical solution for an unstirred reservoir, in which
case diffusive transport is considered from the air-water interface into
the liquid phase. We further provide an analysis of the possible effects
of ﬂuid withdraw during sampling on the results.
3.2. Approximate solution for the stirred experiments
Our experimental results (Fig. 2) showed that VOC concentrations in
the headspace reached their maximum values (C amax ) relatively quickly
(mostly within 50 min), whereas mass transfer across the air-water interface took place over much longer time periods before equilibrium

Fig. 3. Observed and predicted concentrations of TCE and toluene in unstirred water. Experimental (symbols) and simulation (lines) results for TCE and toluene evaluated at the sampling
location x = L(t) − 0.8. Exp. 1 and 2 represent two replications of the VOC experiments. Mod. 1 and 2 represent numerical results for VOC dissolution in water. Mod. 1 used known values of
the VOC molecular diffusion coefﬁcient in water (Table 1), whereas Mod. 2 used diffusion coefﬁcients that were increased by a factor of three.
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was reached within the water reservoir. One can take advantage of this
by decoupling Eq. (2) from Eq. (1) to produce a separate independent
equation for Cw of the form (Mahmoodlu et al., 2014, 2015;
Schwarzenbach et al., 2003; Yoshii et al., 2012)
dC
d
w
¼ Aaw k C w
max −C
dt
w

Vw

ð3Þ

where
w
a
Cw
max ¼ S ¼ C max =H c

ð4Þ

Eq. (3) can be solved readily to give
d

C w ðt Þ
Aaw k t
¼ 1− exp −
Vw
Sw

!
ð5aÞ

or equivalently
 w

d
S −C w ðt Þ
Aaw k t
ln
¼−
w
w
V
S

ð5bÞ

Eq. (5b) shows that the dissolution rate coefﬁcient (kd) can be
estimated immediately from the slope of a straight line between
ln[(Sw − Cw)/Sw] versus t.

Table 1
Experimental conditions and input parameters for the VOC simulations.
Parameters

VOC

Value

Reference

Length of column (cm)
Internal diameter of column (cm)
Initial volume of water in column, Vw
(cm3)
Initial volume of air in column, Va (cm3)
Air-water surface area, Aaw (cm2)
Length of VOC container (cm)
Internal diameter of VOC container (cm)
Initial volume of VOC pool in container,
Vp (cm3)
Air-VOC pool surface, Aap (cm2)
Henry's Law constant for water at 20 °C,
Hc (–)
Henry's Law constant for sea water at
20 °C (–)
VOC solubility in seawater

–
–
–

5.0
4.0
25.0

–
–
–

–
–
–
–
–

37.8
12.56
2.0
1.5
2.0

–
–
–
–
–

–
TCE
Toluene
TCE
Toluene
TCE
Toluene
TCE
Toluene
TCE
Toluene
TCE

1.767
0.42
0.358
0.28
0.19
8.5 × 10−4
3.4 × 10−4
4.93 × 10−4
1.71 × 10−4
1.15 × 10−3
4.79 × 10−4
4.74

–
–
–
–
–
–
–
–
–
–
–
Estivill et al.
(2007)
Hers et al.
(2000)
Lewis et al.
(2009)
Hers et al.
(2000)

Maximum VOC concentration in air, C amax
(g cm−3)
Maximum VOC concentration in water,
−3
)
Cw
max (g cm
Molecular diffusion coefﬁcient in air, Da
(cm2 min−1)

Toluene 5.22
Molecular diffusion coefﬁcient in water,
Dw (cm2 min−1)

5.4 × 10−4

Toluene 5.1 × 10−4

3.3. Exact solution for the stirred experiments
While approximate, the above solution should provide a useful description of the VOC dissolution process. More precise solutions are possible by directly solving Eqs. (1) and (2) simultaneously subject to zero
initial concentrations for Ca and Cw. We obtained the following exact solutions for the coupled set of equations:




C ðt Þ
ða2 þ a3 Þ
ða1 −a3 Þ
ða3 −a2 Þ
ða1 þ a3 Þ
¼ 1−
exp −
t −
exp −
t
a
2a3
2a4
2a3
2a4
C max
a

ð6Þ




C w ðt Þ
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t
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−
t
2a3
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2a4
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ð7Þ
where

 d
e
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ð8aÞ


 d
e
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ð8bÞ
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e
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Aap Hc V w k þ Aaw H c V a þ V w k −4Aap Aaw H 2c V a V w k k ð8cÞ
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a4 ¼ Hc V a V w

TCE

ð8dÞ

example, in several experiments 1.5-ml sampling ﬂuid was withdrawn
at various times, leading to following expression for Vw(t)
8
25:0
>
>
>
> 23:5
>
>
>
>
< 22:0
V w ðt Þ ¼ 20:5
>
>
19:0
>
>
>
>
>
17:5
>
:
16:0

0≤t ≤5
5bt ≤10
10bt ≤20
20bt ≤40
40bt ≤60
60bt ≤90
tN90

ð9Þ

where Vw(t) is given in ml and t in mins. Fluid sampling hence took
place at times t = 5, 10, 20, 40, 60 and 90 mins from the water sampling
port located 0.8 cm from the bottom of cylinder. As a ﬁrst approximation we hence simply employed Eq. (5a) again but now accounting for
ﬂuid phase sampling by considering Vw as functions of time as given
by Eq. (9), consistent with the invoked sampling protocols, i.e.,
d

C w ðt Þ
Aaw k t
w ¼ 1− exp −
V w ðt Þ
S

!
ð10Þ

The accuracy of the decoupled Eqs. (5a), (5b) and (10) for estimating
kd was tested by comparing results with complete coupled exact and

Eqs. (6) to (7) will be used to verify the appropriateness of
decoupling Eqs. (1) and (2) and using the independent Eq. (5b) for estimating the rate coefﬁcient kd from semi-logarithmic plots of the VOC
ﬂuid concentration versus time.
3.4. Effects of ﬂuid withdrawal during sampling
Repeated sampling from the relatively small volume of the water
reservoir caused the water level to decrease slowly but appreciably during the experiments. We investigated the signiﬁcance of these ﬂuid
withdrawals by adjusting the above solutions for the withdrawals. An
approximate way would be to simply adjust the values of Vw as a function of time in Eqs. (5a) and (5b) to correct for the sampling. For

Fig. 4. Effect of stirring speed (rpm) on the dissolution rate of TCE into water (rpm
indicates the number of revolutions per minute).
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Fig. 5. Salinity effects on the dissolution and solubility of TCE and toluene in stirred water.

numerical solutions of Eqs. (1) and (2) subject to constant and timevarying values of Va and Vw values. We note that the removed sampling
ﬂuid always contained some dissolved VOCs, which hence constituted a
small sink in the governing mass balance equation. This removal of VOC
is actually accounted for automatically in the governing equation for the
VOC ﬂuid reservoir, given by Eq. (2), by keeping Vw(t) outside of the
time derivative.

Eq. (13) may be used to account for increased air phase VOC concentrations during the early part of the experiments. For the fully decoupled
scenario without considering mass transfer across the air-water interface, the value of μ then follows from the exact solution of Eq. (1), without the last (third) term, to give μ = Apke / Va.
At the lower boundary L(t) of the ﬁnite experimental setup we further have a no-ﬂux boundary condition given by

3.5. Governing equations for the unstirred experiments

∂C w ðx ¼ Lðt Þ; t Þ
¼0
∂x

The rate of VOC diffusion into the water reservoir was followed by
taking small samples from the sampling port located 0.8 cm above the
bottom of the water reservoir. The resulting problem can be approximated as one-dimensional diffusion problem. Similarly to the stirred
experiments, the water level (L) of the liquid reservoir during the
unstirred experiments decreased signiﬁcantly: from about 2.0 cm at
t = 0 to about 1.5 cm at t = 4000 min. To account for the ﬂuid withdrawal, the resulting diffusion problem was modeled as a moving
boundary value problem using the equation
2

∂C w ðx; t Þ
∂ C ðx; t Þ
¼ Dw
∂t
∂x2

0 ≤x≤Lðt Þ

ð11Þ

where x is distance from the water level downwards, Dw
A is the molecular diffusion coefﬁcient of the VOC in water, and L(t) is the length
(height) of the liquid reservoir, being initially at L0 = L(0), but slowly
decreasing as a function of time. The height of the reservoir could be described in the same form as Eq. (9), except for different sampling times
(up to about 4500 min as shown in Fig. 3).
Eq. (11) was solved subject to a zero initial concentration, i.e.,
w

C ðx; t ¼ 0Þ ¼ 0 0≤x ≤Lðt Þ

ð12Þ

ð14Þ

Since solute is withdrawn at the same time as the value of L(t) is
changed, the local concentration in the reservoir at the sampling point
should change little or not at all, provided convective mixing due to
ﬂuid withdrawal is minimized during sampling. Since sampling took
place from inside the water reservoir (roughly from the middle of the
reservoir), the local concentrations immediately above and below the
sampling point would become brieﬂy discontinuous after ﬂuid withdrawal. If the sampling had been conducted at the very bottom of the
liquid reservoir, no such discontinuity would have occurred. Our modeling approach hence assumes that the slow withdrawal of ﬂuid due to
sampling will not affect the concentration distribution within the
water reservoir, with the lower boundary slowly moving upward.
The resulting diffusion problem with a moving boundary condition
is described by Eqs. (11) through (14), with L(t) given by Eq. (9) or a
similar discontinuous equation versus time. The problem can be
redeﬁned into an equivalent set of equations with a ﬁxed boundary condition using a change of variable as follows:
ξ¼

x
Lðt Þ

ð15Þ

leading to the set of equations
Since the VOC concentration in the air phase reached its equilibrium
value relatively quickly, the simplest boundary condition at the airwater surface (x = 0) is a Dirichlet type condition of the form


μt
C w ðx ¼ 0; t Þ ¼ C w
max 1−e

ð13Þ

which relates the boundary ﬂuid concentration to the air phase VOC
concentration using Henry's law (Eq. (4)). The exponential term in

2

∂C w ðξ; t Þ
Dw ∂ C w ðx; t Þ
ξ dLðt Þ ∂C w ðx; t Þ
þ
¼ 2A
2
Lðt Þ dt
∂t
∂ξ
L ðt Þ
∂ξ

ð16Þ

C w ðξ; t ¼ 0Þ ¼ 0

ð17Þ



μt
C w ðξ ¼ 0; t Þ ¼ C w
0 1−e

ð18Þ

Fig. 6. Plots of Vw/Aaw ln[(Sw −Cw)/Sw] vs. time corresponding to Eqs. (5a) and (5b) assuming constant values of Va and Vw.
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Table 2
Estimated dissolution rate coefﬁcients (kd) for the stirred experiments without (AD) and
with (AD-W) accounting for ﬂuid withdrawal during sampling, and estimated evaporation (ke) and dissolution (kd) rate coefﬁcients for the coupled models for the unstirred experiments without (EC) and with (NC-W) ﬂuid withdrawal.
Model Description

VOC

kd
ke
(cm min−1) (cm min−1)

AD

TCE
Toluene
TCE
Toluene
TCE
Toluene
TCE
Toluene

–
–
–
–
5.7
5.2
6.0
5.5

AD-W
EC
NC-W

Approximate decoupled solution,
Eqs. (5a) and (5b)
Approximate decoupled solution
with ﬂuid withdrawal; Eq. (10)
Exact coupled solution, Eqs. (6)
and (7)
Numerical coupled solution with
ﬂuid withdrawal; Section 3.3

∂C w
0 ðξ ¼ 1; t Þ
¼0
∂ξ

0.074
0.060
0.055
0.044
0.121
0.086
0.069
0.055

stirrer eliminate VOC diffusion within the water phase. Fig. 4 depicts
normalized concentrations of TCE as a function of time for different stirring speeds. The results show that stirring the water reservoir caused a
quick increase in the TCE concentrations. The data in Fig. 4 show that an
increase in the stirring speed from 100 to 300 rmp had minimal effect
on the TCE concentration distributions in the water reservoir.
4.2. Salinity and pH effects on the dissolution of VOC vapors in water

ð19Þ

No exact analytical solutions exist for the resulting moving boundary
diffusion problem given by Eqs. (16) through (19), sometimes referred
to as a Stefan problem (Stefan, 1889) in the heat transfer and diffusion literature (Ockendon and Hodgkings, 1975; Crank, 1984; Tarzia, 2000). We
solved the moving boundary problem numerically using the NDSolve
subroutine from the Mathematica Software (Wolfram, 2009).
4. Results and discussion
4.1. VOC concentration in the air phase and water phases
Fig. 2 depicts the normalized concentration (Ca/C amax ) of the two
VOCs as a function of time, where Ca denotes the observed concentration of the target compound in air at a given time and C amax is the maximum concentration of the target compound in air (corresponding to its
vapor pressure). Results show that the air phase concentrations of both
TCE and toluene increased relatively quickly to their maximum values
and then remained constant. The evaporation rates of TCE and toluene
were very similar, leading to almost identical concentration distributions versus time. This is because both the vapor pressures and diffusion
coefﬁcients of TCE and toluene in air are very similar (Table 1).
Fig. 3 shows normalized concentrations (Cw/C w
max ) of TCE and toluene in the unstirred water as a function of time, where Cw denotes the
observed VOC concentration in the water phase and C w
max is the maximum concentration of the VOC in water (=Sw: solubility). The data indicate that the dissolution rate of TCE vapor into water is slightly faster
as compared to toluene vapor. The results in Fig. 3 for the unstirred experiments show a signiﬁcant difference between the dissolution rate in
water as compared to the evaporation rates into air (Fig. 2). Molecular
diffusion within the water reservoir away from the air-water interface
clearly acted as a barrier for effective mass transfer from the air phase
into the water phase. To investigate this effect, we used a magnetic

Dissolved salts in the water phase can have an important effect on
the partitioning behavior of VOCs between the air and water phases.
Fig. 5 shows normalized concentrations of TCE and toluene as a function
of time for both DI water and seawater. The normalized concentrations
in Fig. 5 were plotted relative to the solubility VOC concentrations of DI
water. Results indicate that salinity has a signiﬁcant effect on especially
the solubility (Sw) of TCE, which decreased by about 30% for seawater as
compared to DI water. This is in line with previous studies (e.g.,
Schwarzenbach et al., 2003) showing that at moderate salt concentrations typical for seawater (~0.5 M), salinity will affect the aqueous solubility by a factor of between less than 1.5 for small and/or polar
compounds to about 3 for large, nonpolar compounds. Our experiments
further showed relatively small effects on the rates of mass transfer of
TCE and toluene across the air-water interfaces (see also Supplemental
Fig. 1s). The rate of mass transfer into seawater for TCE was slightly
higher than for Toluene. Our ﬁndings are consistent with a previous
study by Ramus et al. (2012) showing that moderate salinities (≤1 M)
will have relatively small effects on the mass transfer of VOCs across
air-water interfaces. We further estimated Henry's constants of TCE
and toluene dissolving in seawater. Henry's constants of both TCE and
toluene decreased to 69% and 70%, respectively, of the values for DI
water.
Fig. 2s (Supplementary Material) depicts normalized concentrations
(Cw/Sw) of TCE and toluene as a function of time for various pH values (2,
7, and 12) of the water reservoir. Results show that dissolution of VOC
vapors into water is essentially independent of pH. Hence, pH cannot
be a limiting factor for the dissolution kinetics of these two VOCs. However, we note that the literature shows that the solubility of the chlorinated solvents (e.g., TCE) is considerably increased by biosurfactants at
pH values less than 7 (Albino and Nambi, 2009).
4.3. Approximate kinetic analysis of the stirred experiments
We ﬁrst analyzed the data using the approximate decoupled analytical solution (referred to as AD) given by Eqs. (5a) and (5b) to estimate
the dissolution (kd) rate coefﬁcient of the two VOCs. Fig. 6 shows plots of
w
w
ln[(C w
max − C )/C max ] vs. time for both TCE and toluene dissolution into
water, consistent with Eq. (5b). Results conﬁrm that dissolution followed a ﬁrst-order rate process. Values of the coefﬁcient of determination
(R2) of the semi-log regressions obtained for TCE and toluene were in
most or all cases equal to 0.98 or higher. The corresponding dissolution
rate constants (kd) are given in Table 2. Results indicate that the

Fig. 7. Plots of Vw(t)/Aaw ln[(Sw −Cw)/Sw] vs. time corresponding to Eqs. (5a) and (5b) assuming time-variable values of Va(t) and Vw(t).
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Fig. 8. Observed and calculated normalized air (Ca) and water phase (Cw) concentrations of TEC and toluene as obtained with the exact coupled solution (ECS) given by Eqs. (6) and (7).

dissolution rate constant (kd) for TCE was slightly larger as compared to
the value for toluene.
The results in Fig. 6 were obtained using the approximate decoupled
analytical solutions neglecting the effect of withdrawal of ﬂuid due to
sampling. Fig. 7 gives similar results when ﬂuid withdrawal is taken
into account (AD-W). The regressions in Fig. 7 are very similar to
those in Fig. 6, except that the ﬁtted kd values are about 25% smaller.
These small differences in the rate constants were expected since the
volume of the water reservoir (Vw) slowly decreased, thus requiring a
slightly slower rate of dissolution to reach similar concentrations in
the water reservoir. We will show in the following section that the differences are actually relatively small and probably can be neglected in
experiments where the reductions in liquid volume are less than
about 20 to 40% of the original volume (in our stirred experiments the
volume of the water reservoir decreased from 25 ml to 16 ml).

4.4. Full analytic solution of the stirred experiments
The results in Figs. 6 and 7 were obtained assuming the fully
decoupled analytical solution (AD and AD-W) for the VOC concentrations of the water phases as given by Eqs. (5a) and (10), respectively.
Fig. 8 shows the ﬁtted solutions using the exact analytical solution
(EC) assuming coupled air and water phases, i.e., using Eqs. (6) and
(7) for Ca(t) and Cw(t), respectively. A sequential iterative ﬁtting process
was used in which ke was ﬁtted ﬁrst to the Ca data, followed by ﬁtting kd
to the Cw data using the ﬁtted value of ke as a known parameter. The ke
ﬁtting processes continued by using the ﬁtted value of kd, etc., until convergence was reached where the optimized ke and kd values did not
change anymore. R2 values of the separate Ca(t) and Cw(t) optimizations
where 0.999 and 0.997, respectively for TCE, and 0.999 and 0.998 for

toluene, thus reﬂecting very close matches with the data as shown
also by the close ﬁts of the TCE and toluene data in Fig. 8.
Fitted values of the rate coefﬁcients using the complete coupled
exact solution are listed in Table 2. Values of kd for the coupled solutions
for TCE and toluene were about 60% higher than those estimated with
the decoupled solutions. These results are important in that they indicate that decoupling the air- and water-phase solutions can lead to signiﬁcantly different (lower) values of the dissolution rate coefﬁcients.
Accounting for the effects of ﬂuid withdrawal also affected the estimates
of kd, but they were less dramatic then those caused by decoupling the
air and water phase VOC solutions (Table 2).
The differences between the various formulations are further demonstrated in Fig. 9, which shows results obtained with the different models
using the ke and kd values estimated with the coupled exact solution.
The plots include the approximate decoupled analytical solutions without
(AD) and with (AD-W) sampling ﬂuid withdrawal, the exact coupled analytical solution (EC) without ﬂuid withdrawal, and the numerical
coupled solution with ﬂuid withdrawal (NC-W). The plots indicate that
decoupling the air phase and ﬂuid phase solutions (e.g., AD versus EC)
leads to inaccurate results, while the effects of ﬂuid withdrawal are far
less signiﬁcant (e.g., AD versus AD-W). Still, the withdrawal of ﬂuid
from the water reservoir does have a noticeable effect on the calculated
VOC distributions in the water reservoir. Our results hence suggest that
sample withdrawal should be limited as much as possible relative to the
available total amount of water in the experimental setup.
Also, one interesting result of the modeling analysis is that the calculated decoupled (AD-W) distributions with ﬂuid withdrawal are not
continuous versus time due to discontinuity in the water volumes versus time as given by Eqs. (9) and (10). These discontinuities, however,
are relatively small and barely visible on the AD-W plots in Fig. 9, and
as such probably can be ignored in the analyses of many or most

Fig. 9. Plots of calculated normalized VOC air phase (Ca) and water phase (Cw) distributions versus time using different models for the stirred TCE and toluene experiments. The models
used were the approximate decoupled analytical solutions without (AD) and with (AD-W) ﬂuid withdrawal, the exact coupled analytical solution (EC) without ﬂuid withdrawal, and the
numerical coupled solution (NC-W) with ﬂuid withdrawal.
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experiments. Please note, however, that no discontinuities occur in the
coupled numerical solutions for the case with ﬂuid withdrawal (NC-W).
4.5. Analysis of the unstirred experiments
Finally, Fig. 3 gave results for the unstirred VOC dissolution/diffusion
experiments. Included in the ﬁgure are predictions obtained with the
moving boundary numerical solution in Section 3.4. The numerical results were obtained assuming that VOC concentrations in the headspace
remained constant in time at their maximum values corresponding to
their vapor pressures (i.e., Camax). This approach restricts the analysis
to only the water reservoir, and thus allowed us to ﬁx the coefﬁcient μ
in Eq. (13) at zero. Values of the various parameters used in the calculations are given in Table 1.
The plots in Fig. 3 show observed and calculated TCE and toluene
concentration values at the sampling point 0.8 cm from the bottom,
i.e., at x = L(t) − 0.8. As indicated by the plots, simulation results
using known values of the VOC molecular diffusion coefﬁcients (Dw)
in water showed signiﬁcant discrepancies with the experimental data
(Mod. 1 in Fig. 3). However, when we used in our simulations effective
VOC molecular diffusion coefﬁcients that were three times the known
values (3 × Dw), relatively good agreement resulted with the observed
data (Mod. 2). We believe that the withdrawal of water during sampling, even if done very carefully, may have caused some minor convection of the ﬂuid within the reservoir. Even if extremely small, these
effects macroscopically will quickly overshadow pure liquid diffusion
within the water reservoir. Rather than using a reservoir ﬁlled with
water, perhaps experiments with a saturated porous medium in the reservoir (e.g., with very coarse sand or glass beads) could have minimized
these type of ﬂuid convection processes due to sampling.

Results for the undisturbed (unstirred) water reservoir showed a
very slow rise of the VOC concentrations in the water phase with
time. A signiﬁcant difference existed between the dissolution rate of
VOC vapors into the undisturbed water and the VOC evaporation rates
in air above the reservoir. Simulations of VOC transport in undisturbed
water using a moving boundary value model that accounted for ﬂuid
withdrawal showed a signiﬁcant discrepancy between experimental
data and simulation results when know values for the VOC molecular
diffusion coefﬁcients (Dw) were used. An artiﬁcial increase in the VOC
molecular diffusion (3 × Dw) could satisfactorily simulate the experimental data, presumably because of some convection in the water reservoir caused by the sampling process
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