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Measurement and Estimation of Henry’s Law Constants of
Chlorinated Ethylenes in Aqueous Surfactant Solutions

Tsutomu Shimotori and William A. Arnold*

253

Department of Civil Engineering, University of Minnesota, 500 Pillsbury Dr. SE, Minneapolis, Minnesota 55455

Henry's law constants of tetrachloroethylene, trichloroethylene, cis-dichloroethylene, and trans-dichlo-
roethylene in air—aqueous surfactant systems were experimentally determined by the equilibrium
partitioning in closed systems method. Polyoxyethylene (10) octylphenol, sodium dodecyl sulfate, and
cetyltrimethylammonium bromide were used as surfactants. The effects of temperature and surfactant
concentration were investigated, and the results demonstrated that the Henry's law constants increased
as temperature was increased and decreased as surfactant concentration was increased. The decrease in
the Henry's law constants became obvious above the critical micelle concentration. The effect of surfactant
addition on the Henry's law constant was larger for the more hydrophobic species. The micelle—water
partitioning coefficients (Kny) for the chlorinated ethylene-surfactant pairs were estimated from the
Henry's law constants. The values of K, estimated from the Henry's law constants at high surfactant
concentrations had a small standard error. On the basis of the experimental data, equations to estimate
Henry's law constants in air—aqueous surfactant systems as a function of temperature and surfactant
concentration were constructed. All of the equations estimated the experimental data with R? values

above 0.96.

Introduction

Contamination of groundwater and sediments by chlo-
rinated ethylenes is recognized as a serious environmental
problem.> 2 Used in dry-cleaning and degreasing opera-
tions, these chemicals are commonly found in the environ-
ment as a result of spillage or poor disposal practices. These
compounds are known to cause health problems such as
liver and kidney disorders and are suspected carcinogens.?
They are listed as priority pollutants, and the Safe Drink-
ing Water Act set maximum contaminant levels of 5 ug-L ™!
for tetrachloroethylene and trichloroethylene.# Moreover,
once released into the environment, chlorinated ethylenes
persist in the subsurface via formation of dense nonaqueous
phase liquid pools at the bottom of aquifers because of their
low aqueous solubility and high density.2%6 The dense
nonaqueous phase liquid pools dissolve slowly and thus
continually contaminate passing groundwater.

Pump and treat systems and soil vapor extraction are
the most common remediation options to remove the
contaminants from saturated and unsaturated zones,
respectively. It has been demonstrated that these technolo-
gies alone are often impracticable because of the com-
pounds’ low aqueous solubility or strong binding to the
s0il.278 To facilitate solubilization and mobilization of dense
nonaqueous phase liquid pools, surfactant2°-19 or alcohol
flushing?1020-23 and heating the subsurface with electrical
current?* or hot fluid?®> have been proposed. Among these,
surfactant flushing is currently drawing the attention of
many investigators.

The solubility of hydrophobic compounds dramatically
increases when the surfactant concentration exceeds the
critical micelle concentration.?6-3! Above the critical micelle
concentration, surfactants form aggregates of molecules,
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micelles. In micelles, aggregated surfactant molecules
direct their hydrophobic tail inward and hydrophilic head
outward.1130 Thus, the interior regions of micelles provide
a hydrophobic environment into which chlorinated ethyl-
enes preferentially partition, resulting in an increase in
the solubility of the chlorinated ethylenes in the solution
phase. The partitioning of a solute between the interior and
exterior of micelles is governed by the micelle—water
partitioning coefficient, Knw.2” 3 The addition of surfactant
also affects gas-solution partitioning, thus changing the
Henry’s law constant.

These changes in partitioning of contaminants may
greatly influence the efficiency of contaminant removal by
the subsurface flushing. Knowledge about Ky, therefore,
is important in saturated zones, whereas both Ky, and
Henry’s law constants are important in unsaturated zones.
After the aqueous surfactant solution is used for flushing,
it must be pumped up and treated above ground to remove
the contaminants (secondary treatment) so that the water
containing the surfactant can be discharged or recycled.
The recycle of the used surfactant solutions is important
to lower the cost of remediation.3® The techniques to
separate the contaminants from the aqueous surfactant
solution include liquid—liquid extraction,343% steam strip-
ping,3 air stripping,3® vacuum stripping,®” and pervapo-
ration.383° The latter four techniques employ principles of
gas—solution partitioning, and the Henry’s law constant,
therefore, is an important design parameter. Increasing the
temperature of the solution may enhance the efficiency of
subsurface flushing and the secondary treatment. Thus,
information regarding K, and Henry’s law constants over
a wide range of temperatures is useful.

Although many studies have been performed to deter-
mine the Henry’s law constants of chlorinated ethylenes,
most are limited to the air—water system and narrow
temperature ranges.*°~44 Only recently, Vane and Giroux*®
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extensively studied the effect of surfactants on the Henry’s
law constants of tetrachloroethylene and trichloroethylene.
On the basis of the recognition that additional investiga-
tions are needed on this topic, this work provides experi-
mentally determined Henry's law constants of chlorinated
ethylenes in air—aqueous surfactant systems and esti-
mated K, values from the Henry's law constants. This
study focused on four chlorinated ethylenes (tetrachloro-
ethylene, trichloroethylene, cis-dichloroethylene, trans-
dichloroethylene), a wider range of temperatures (2 to 70)
°C, and a larger range of surfactant concentrations (up to
200 times of the critical micelle concentration) than previ-
ously studied. In addition, regression equations for predict-
ing Henry's law constants at a given temperature and
surfactant concentration were developed.

Theory

Definition of the Henry's Law Constant and the
Micelle—Water Partitioning Coefficient. The conven-
tional Henry's law constant is defined for the air—water
system

H=

Cair ( mol-L "t in air ) )

Cuater mol-L ' in water
where C,ir and Cyaer are the solute concentration in the
air and the water phase, respectively. The Henry's law
constant in an air-aqueous surfactant system is defined as
follows:

H _ Car mol-L " in air ) 5

= — Cair (
app Csoln Cex + Cmic moI-L_l in solution

Cson is the solute concentration in the solution phase. Note
that Csn is @ sum of the solute’'s extramicellar phase
concentration (Ce) and micellar phase concentration (Cpc).
These three concentrations refer to the same solution
volume. An extramicellar phase is defined as a solution
environment outside of the micelles. This definition of
Henry's law constant is often regarded as the “apparent”
Henry's law constant. For simplicity, both “apparent”
Henry’s law constants and conventional Henry's law con-
stants are called Henry's law constants in this work unless
a special emphasis is needed to distinguish the two
definitions. Experimentally determined Henry’s law con-
stants in this study are all expressed in the form of
eq 2.

It is reasonable to assume that the ratio C,/Cex iS
constant and equal to the conventional Henry's law con-
stant regardless of the total surfactant concentration

C. .1 7Lin ai
air _ 4 mol_ll__ in alr_ 3)
Cex mol-L ~ in solution

The support for this assumption comes from our finding
that surfactant addition below the critical micelle concen-
tration does not affect the Henry's law constant. Note that
the surfactant concentration in an extramicellar phase does
not exceed the critical micelle concentration at any total
surfactant concentration. Surfactant addition beyond the
critical micelle concentration increases Cpc in eq 2 because
the number of micelles increases, whereas the ratio C;,/
Cex remains constant. Thus, the Henry's law constant is
expected to decrease with increasing surfactant concentra-
tion above the critical micelle concentration.

Table 1. Critical Micelle Concentration Values for the
Three Surfactants Used in This Study?

Triton X-100 SDS CTAB
t/°C 10°3mol-L* gL' 10°%mol-L™* gLt 103mol-L~t gLt
10 8.67 2.50
15 0.330 0.0826 8.43 2.43
20 8.25 2.38
25 0.323 0.0809 8.16 2.35 0.920 0.335
30 8.23 2.37
35 0.303 0.0759 8.39 2.42 1.020 0.372
40 8.60 2.48
45 0.280 0.0701 8.86 2.56 1.155 0.421
50 9.18 2.65
55 0.290 0.0726 9.61 2.77 1.320 0.481
60 10.16 2.93

65 0.300 0.0751 10.91 3:15
75 0.312 0.0781
85 0.338 0.0846

2 Values are from ref 46.

The micelle-water partitioning coefficient, K, is often
defined as a ratio of a mole fraction of solute in micelles to
that in the extramicellar phase?’ 32

K = mole fraction of solute in micelles _
mw H H H -
mole fraction of solute in extramicelar phase

| |
N f]?ic N rsﬁic
N?;ic-i_anOiIc NrSTf\ic (4)
I = I
N & N &

N +NS+NZ NY
where N is the number of moles. The subscripts mic and
ex represent the micellar and extramicellar phases, re-
spectively, and the superscripts sol, sf, and w designate
the solute, surfactant, and water molecules, respectively.
The micelle—water partitioning coefficient is expected to
be independent of the surfactant concentration because it
is normalized by the number of surfactant molecules.

Estimation of Micelle—Water Partitioning Coef-
ficients. Incorporating eqs 2 and 3 into eq 4 and subse-
quent mathematical manipulation gives the following
relationship between Happ, H, and Kpy, (See the Supporting
Information for details):

ML(—H - 1)
= L
m S-— SCMC

( mole fraction of solute in micelles
mole fraction of solute in extramicellar phase

K

Q)

where M, is the molar concentration of water = 55.5
mol-L~1, S is the total surfactant concentration in mol-L~1,
and Scwic is the critical micelle concentration in mol-L~1.
The effect of temperature on the volume of water, which
is at most 2%, was not considered for M_ and S. In this
study, Kmw values were estimated via eq 5. Experimentally
determined Henry’'s law constants were smoothed via
regression using a van't Hoff-type equation before being
used in eq 5 in order to remove scatter in the values and
allow estimation of Ky, over a continuous temperature
range (see the Supporting Information for details). Critical
micelle concentrations used in this study were obtained
from a database*® and are summarized in Table 1.
Equation to Estimate Henry’s Law Constants. It is
desirable to have a single equation which estimates the
Henry's law constant for a given chlorinated ethylene—
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surfactant pair, temperature, and surfactant concentration.
A simple transformation of eq 5 results in the following
equation:

= H [ mol-L%in air
P Kwl(S — Seme) N 1\moI-L_l in solution
ML

In this equation, H, Ky, and Scuc are independent of the

surfactant concentration but depend on temperature (T

[K]). This implies that Happ will be a single function of T

and S if the three terms are expressed as a function of T.

By assuming a van't Hoff-type behavior for the temperature

dependence of H,*” Kiuw,*® and Scumce,*® the following equa-

tion results:

Ai+(B1/T)+Cy In T

H = e
app eA2+(leT +CoIn T (S _ eA3+(B3/T)+c3 In T)

M,

+1

mol - L™t in air
mol - L% in solution

where A;, By, Cy, Az, By, Cy, Az, B3, and C3 are regression
constants. To obtain these constants, H, K, and Scuc
were regressed independently. Each regression gave three
constants, and the obtained constants were incorporated
into eq 7 (see the Supporting Information for details). This
equation itself, therefore, is not a regression equation.

Experimental Section

Chemicals. All chemicals described below were used as
received. Aqueous solutions with different concentrations
of polyoxyethylene (10) octylphenol (Triton X-100; 100%,
LabChem Inc.), sodium dodecyl sulfate (SDS; 99%, Sigma),
and cetyltrimethylammonium bromide (CTAB; 99%, Ald-
rich) were prepared with Milli-Q (Millipore) water. The
surfactant concentrations investigated were (0.13, 0.65,
1.30, 6.50, 13.0, and 26.0) g-L~* for Triton X-100, (2.38,
4.76, 11.9, 23.8, and 47.6) g-L~* for SDS, and (0.36, 0.72,
1.81, 3.61, and 7.22) g-L~1 for CTAB. Sahoo et al.18 injected
0.4 g-L~1 of Triton X-100 into groundwater in a surfactant
enhanced remediation field experiment and observed con-
centrations near 0.1 g-L~! from monitoring wells. In this
study, a range of concentrations including values both
below and above the critical micelle concentration was
tested so that the results may help in further developing
surfactant based remediation techniques. A methanol
(HPLC grade, Pharmco) spiking solution containing tet-
rachloroethylene (Spectro grade, Kodak), trichloroethylene
(A. C. S. grade, Fisher), cis-dichloroethylene (97%, Aldrich),
and trans-dichloroethylene (98%, Aldrich) was prepared.
The concentration of each chlorinated ethylene in the
spiking solution was 80 mmol-L"1.

Experimantal Procedures. In this study, the equilib-
rium partitioning in closed systems method*474° was used
to determine the Henry's law constants. For each experi-
mental condition (i.e., a specific surfactant, surfactant
concentration, and temperature combination), five head-
space vials (21.6 mL average volume; Chromocol) with
different volumes (2, 4, 6, 8, and 10) mL of the surfactant
solution were prepared. Each vial was spiked with 5 uL of
the spiking solution, and the vial was quickly sealed with
a Teflon faced butyl rubber septum and an aluminum
crimp cap (Chromtech). The syringe was weighed before
and after the injection to determine the mass of the spike
solution injected. Concentrations of the chlorinated ethyl-

enes varied from (40 to 200) umol-L~* each depending on
the surfactant solution volume. This concentration range
is dilute enough to use eq 2 instead of an activity ratio.®
The methanol introduced by the spike has been shown to
have no effect on the measured Henry's law constant.*!
Although a mixture of the four chlorinated ethylenes was
used, experiments using only trichloroethylene confirmed
that the measured Henry's law constants of trichloroeth-
ylene are the same whether the mixed spike or single
component spike was used.

To allow complete equilibration at the desired temper-
atures, at least 30 min were allowed between the prepara-
tion and the sampling of the vials. Vane and Giroux*®
reported that 15 min were sufficient to achieve equilibrium
of chlorinated ethylenes in air—aqueous surfactant sys-
tems. The vials were left at ambient temperature (~22 °C)
for the experiments at room temperatures, and they were
cooled in a refrigerator with a water bath for the experi-
ments at refrigerated temperatures (~2 °C). In these
experiments, the vials were shaken intermittently by hand.
Henry's law constants in SDS and CTAB solutions were
not measured at refrigerated temperatures because these
surfactants crystallized at temperatures below about 10 °C.
For the experiments at (40.0, 50.0, 60.0, and 70.0) °C, the
vials were shaken in a constant-temperature incubation
chamber by a programmed headspace autosampler (HS2000,
ThermoQuest).

After the equilibration at the desired temperature, 200
uL of the headspace gas was withdrawn from the vial with
a syringe and analyzed by a gas chromatograph (TraceGC,
ThermoQuest) with a GS-GasPro column (J&W Scientific),
an FID detector, and a split/splitless injector. For the
experiments at (40.0 to 70.0) °C, samples were automati-
cally withdrawn and injected by the autosampler after the
incubation period. The autosampler syringe was heated to
the incubation temperature. For the experiments at re-
frigerated and room temperatures, sampling and injection
were performed manually.

Results and Discussions

Henry’s Law Constants. Table 2 lists the experimen-
tally determined Henry’s law constants for tetrachloroet-
hylene, trichloroethylene, cis-dichloroethylene, and trans-
dichloroethylene in Triton X-100, SDS, and CTAB aqueous
solutions. A comparison between Henry's law constants
determined in this work and those reported by Vane and
Giroux* (Table 3) shows that these values are similar.

In the error analysis of the Henry's law constants, 95%
confidence limits based on replicates were determined by
the Student’s t-method. The relative errors of the Henry's
law constants are larger at the refrigerated temperatures
and at 70.0 °C. This is true for all of the chlorinated
ethylene—surfactant pairs and consistent with the results
of other investigators.4:45:47

Overall, Henry's law constants increase with increasing
temperature and decrease with increasing surfactant
concentration. Near or below the critical micelle concentra-
tion of each surfactant (0.13 g-L~* for Triton X-100, 2.38
g-L~t for SDS, and 0.36 g-L~! for CTAB), Henry's law
constants are not statistically different from those for
water. These observations are common to all four chlori-
nated ethylenes.

Figure 1 shows the ratio of “apparent” Henry's law
constants to conventional Henry’s law constants in aqueous
SDS solutions at 40 °C. It is clear that the more hydro-
phobic solutes are more susceptible to the surfactant
addition. For example, at the highest surfactant concentra-
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Table 2. Henry’s Law Constants for Chlorinated Ethylenes in Aqueous Surfactant Solutions

surfactant conc

Happ

t/°C gLt na tetrachloroethylene trichloroethylene cis-dichloroethylene trans-dichloroethylene
Triton X-100
2.8 0.13 6 0.27 + 0.02° 0.16 + 0.00 0.09 £ 0.01 0.17 £ 0.02
24.0 10 0.70 £ 0.03 0.39 + 0.02 0.16 + 0.02 0.38 £ 0.02
40.0 10 1.40 +£0.07 0.76 £ 0.03 0.29 £ 0.01 0.70 £ 0.03
50.0 10 1.93 +0.36 1.02 £0.13 0.37 + 0.04 0.91+0.11
60.0 10 2.42 +0.50 1.31+£0.20 0.48 + 0.04 1.13+0.15
70.0 20 3.88+0.75 1.85+0.20 0.63 + 0.04 158 +£0.23
2.3 0.65 16 0.21 +£0.03 0.14 +0.03 0.07 + 0.02 0.15 + 0.02
22.8 10 0.58 + 0.06 0.34 +£0.04 0.14 + 0.02 0.34 +£0.04
40.0 10 1.23+0.12 0.73 +£0.05 0.28 £ 0.03 0.68 + 0.03
50.0 6 1.63+0.16 0.98 + 0.08 0.37 £ 0.00 0.89 + 0.02
60.0 10 2.01 +£0.13 1.26 +0.10 0.47 £ 0.02 1.11 + 0.09
70.0 6 2.87 +£1.17 1.64 +0.44 0.59 + 0.08 1.43 +0.33
2.3 1.30 10 0.16 + 0.01 0.13 +0.02 0.07 £ 0.01 0.14 +£0.01
22.8 10 0.42 £ 0.05 0.31 + 0.05 0.13 £ 0.02 0.33+0.04
40.0 10 0.89 +0.15 0.64 + 0.09 0.26 + 0.04 0.64 +0.10
50.0 10 1.19+0.12 0.87 +0.08 0.35 £ 0.02 0.83 £ 0.07
60.0 16 1.64 +0.11 1.15 + 0.06 0.46 + 0.02 1.07 + 0.04
70.0 9 1.89 +0.28 1.34+£0.18 0.54 +0.09 1.27 +0.09
2.2 6.50 6 0.08 + 0.04 0.09 + 0.04 0.06 £ 0.01 0.13 +£0.08
23.8 6 0.18 + 0.06 0.23 +0.07 0.12 £ 0.02 0.32 £ 0.06
40.0 10 0.36 + 0.07 0.43 +0.08 0.24 £ 0.06 0.61+0.11
50.0 10 0.47 £ 0.00 0.55 + 0.00 0.30 £ 0.00 0.74 £ 0.01
60.0 10 0.63 £+ 0.02 0.72 +£0.01 0.39 £ 0.02 0.94 + 0.02
70.0 6 0.68 £ 0.15 0.85 + 0.05 0.47 £0.03 1.08 + 0.06
2.3 13.0 9 0.05 + 0.02 0.07 £ 0.02 0.05 + 0.02 0.12 +0.03
22.7 10 0.10 +0.01 0.15+0.01 0.10 +0.01 0.27 +0.02
40.0 10 0.18 + 0.02 0.27 +0.02 0.18 + 0.03 0.46 + 0.05
50.0 10 0.27 £ 0.02 0.37 £ 0.03 0.25 + 0.02 0.62 + 0.05
60.0 10 0.36 £+ 0.02 0.48 £ 0.01 0.31+0.01 0.77 +£0.02
70.0 6 0.41 £+ 0.06 0.58 + 0.04 0.39 £ 0.09 0.92 + 0.09
1.9 26.0 6 0.02 +£0.01 0.04 + 0.02 0.03 +£0.01 0.09 + 0.04
22.0 6 0.07 £+ 0.02 0.10 + 0.02 0.08 + 0.02 0.22 +0.03
40.0 10 0.11 + 0.02 0.19 + 0.04 0.15 + 0.03 0.38 + 0.06
50.0 10 0.14 + 0.02 0.22 +0.03 0.18 £ 0.03 0.47 £ 0.06
60.0 10 0.18 + 0.05 0.30 + 0.08 0.24 £ 0.15 0.63+0.24
70.0 6 0.21 + 0.09 0.35+ 0.07 0.32 £ 0.07 0.70 £ 0.12
SDS
22.1 2.38 10 0.55 +0.09 0.35+ 0.06 0.15 £+ 0.03 0.37 £ 0.06
40.0 10 1.18 +£0.13 0.71 + 0.05 0.28 + 0.01 0.68 + 0.04
50.0 10 1.94+0.14 1.08 £0.18 0.39 + 0.07 0.94 +0.10
60.0 6 243 +0.51 1.33+0.17 0.49 + 0.04 116 +£0.14
70.0 10 3.54+1.08 1.74 £ 0.45 0.59 + 0.06 1.45+0.28
24.5 4.76 6 0.30 + 0.03 0.27 +£0.02 0.13+0.01 0.33+£0.03
40.0 10 0.73 £0.12 0.61 +0.10 0.27 +£0.04 0.66 + 0.10
50.0 10 1.14 +0.26 0.87 +£0.16 0.37 £ 0.05 0.89 + 0.20
60.0 10 1.64 +0.17 1.16 +0.10 0.47 £ 0.04 1.11 +0.08
70.0 10 2.27 +£0.45 1.50 +0.18 0.58 +0.03 1.36 +0.13
20.2 11.9 10 0.07 £+ 0.02 0.12 + 0.02 0.09 + 0.02 0.23 +£0.03
40.0 10 0.27 £ 0.04 0.34 + 0.06 0.22 £ 0.05 0.51 + 0.09
50.0 10 0.41 +0.08 0.51+0.12 0.30 £ 0.07 0.72 £0.12
60.0 10 0.61 + 0.09 0.71+0.12 0.39 £+ 0.07 0.96 +0.15
70.0 13 0.84 + 0.07 0.90 + 0.09 0.51 +£0.05 1.04 +0.07
21.9 23.8 6 0.05 + 0.03 0.09 + 0.03 0.08 £ 0.03 0.21 £+ 0.05
40.0 10 0.12 £ 0.03 0.19 + 0.04 0.16 £ 0.04 0.39 + 0.06
50.0 10 0.18 £ 0.01 0.27 £ 0.01 0.21 +£0.01 0.50 + 0.03
60.0 10 0.26 + 0.04 0.37 £ 0.05 0.27 £ 0.04 0.64 + 0.07
70.0 6 0.40 £ 0.22 0.52 +£0.19 0.35+0.14 0.85+0.13
22.0 47.6 6 0.02 £0.01 0.05 + 0.02 0.06 + 0.03 0.15+0.03
40.0 10 0.06 + 0.01 0.11 +0.02 0.11 +£0.01 0.27 +0.03
50.0 10 0.09 £ 0.01 0.16 £ 0.01 0.15 4+ 0.01 0.36 + 0.02
60.0 6 0.13 £ 0.02 0.21 +0.03 0.18 +0.02 0.43 +0.12
70.0 6 0.18 + 0.09 0.30+0.13 0.26 £ 0.11 0.57 + 0.04
CTAB
225 0.36 10 0.63 + 0.06 0.37 £ 0.03 0.15+0.01 0.36 +0.03
40.0 10 148 +0.21 0.79 + 0.07 0.30 + 0.02 0.72 £ 0.05
50.0 6 1.73+0.38 0.96 + 0.07 0.36 + 0.09 0.88 +£0.04
60.0 6 2.61 +0.26 1.37 £0.10 0.51 +0.03 1.18 £ 0.11
70.0 6 3.56 +£1.23 1.76 + 0.46 0.61+0.11 1.52 + 0.46
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Table 2. (Continued)

surfactant conc

Happ

t/°C gLt na tetrachloroethylene trichloroethylene cis-dichloroethylene trans-dichloroethylene
CTAB
20.3 0.72 10 0.49 £ 0.04 0.32 +£0.02 0.13 £ 0.02 0.34 +£0.02
40.0 10 1.20+£0.12 0.73 £ 0.04 0.27 £0.01 0.68 +0.03
50.0 10 1.59 £+ 0.09 0.94 +0.04 0.35+0.02 0.86 + 0.04
60.0 10 2.19 +0.47 1.23+0.18 0.46 + 0.04 1.09 +£0.14
70.0 6 3.124+0.75 1.66 + 0.29 0.59 +0.11 1.41+0.20
20.0 1.81 6 0.37 £0.16 0.30 + 0.09 0.13 £ 0.05 0.33 +£0.09
40.0 10 0.69 + 0.07 0.56 + 0.06 0.25+0.03 0.64 + 0.06
50.0 6 1.15+0.20 0.86 + 0.15 0.35+0.06 0.84 +£0.10
60.0 10 1.65+0.21 1.15+0.11 0.46 +0.03 1.06 £0.11
70.0 6 2.12+0.79 1.40 +0.49 0.53 +£0.23 1.32 +0.46
20.5 3.61 6 0.17 £ 0.03 0.20 + 0.02 0.11 +£0.01 0.29 + 0.04
40.0 10 0.44 +0.04 0.46 + 0.04 0.23 +0.02 0.59 + 0.05
50.0 10 0.66 + 0.06 0.64 + 0.05 0.31+0.03 0.78 + 0.06
60.0 10 0.97 £ 0.10 0.88 + 0.08 0.41 +0.03 1.01 +0.10
70.0 6 1.34 +£0.27 1.09 +0.29 0.50 +£0.13 1.18 £0.17
21.9 7.22 6 0.12 £ 0.02 0.16 + 0.03 0.11 +0.03 0.29 + 0.07
40.0 10 0.27 £ 0.02 0.35+0.03 0.21 + 0.02 0.55 + 0.04
50.0 6 0.40 £+ 0.02 0.49 +0.03 0.29 + 0.02 0.74 £ 0.05
60.0 10 0.59 + 0.06 0.68 + 0.07 0.38 £ 0.05 0.94 +£0.12
70.0 6 0.81 + 0.07 0.89 + 0.06 0.46 +0.03 1.15 4+ 0.05
water

1.8 0 10 0.22 +£0.04 0.14 +0.03 0.09 +0.03 0.16 £ 0.03
21.6 10 0.64 + 0.09 0.35 + 0.05 0.14 + 0.02 0.34 + 0.05
40.0 10 1.33+0.13 0.74 + 0.05 0.29 +0.01 0.69 + 0.05
50.0 10 1.77 £ 0.26 1.00 £+ 0.08 0.37 £ 0.02 0.89 + 0.06
60.0 10 2.52 +0.62 1.31+0.24 0.48 + 0.08( 1.14 +0.20
70.0 12 4.16 +£0.79 2.01+0.34 0.67 £0.15 1.67 +0.28

a Data shown here are average values, and n represents the number of Henry’s law constant values averaged. ° Errors for Henry’s law
constants represent 95% confidence limits based on the Student’s t-method.
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Figure 1. Decrease of Henry's law constants by surfactant
addition for the four chlorinated ethylenes studied. The experi-
mental temperature is 40 °C, and SDS is used as the surfactant.
The symbols represent: tetrachloroethylene, @; trichloroethylene,
O; cis-dichloroethylene, v; and trans-dichloroethylene, v. Data
points for each compound are connected by solid lines. The vertical
dashed line shows the critical micelle concentration of SDS at 40
°C.

tion (47.6 g-L™1), the ratio is 0.05, 0.16, and 0.40 for
tetrachloroethylene, trichloroethylene, and the dichloroet-
hylenes, respectively.

Estimated Micelle—Water Partitioning Coefficients.
Figure 2 displays estimated (via eq 5) values of Ky, for
trichloroethylene in (a) Triton X-100, (b) SDS, and (c) CTAB
aqueous solutions as a function of surfactant concentration.

Theoretically, Ky, should be independent of the surfactant
concentration, but the estimated values at low surfactant
concentrations are scattered. This is due to error that
results from applying eq 5 when S is close to the critical
micelle concentration. The values of K., are stable at
higher surfactant concentrations. It is reasonable, there-
fore, to exclusively use Henry's law constants at surfactant
concentrations significantly larger than critical micelle
concentration for the estimation of K.

Table 4 summarizes estimated values of K, for all
chlorinated ethylene—surfactant pairs as a function of
temperature. For the reason mentioned above, the values
of Kmw in the table are based on averages over (6.50 to 26.0)
g-L~t for Triton X-100, (11.9 to 47.6) g-L~! for SDS, and
(1.81 to 7.22) g-L~1 for CTAB. The temperature effect varies
for each solute—surfactant pair. The decreasing trend for
tetrachloroethylene/SDS and trichloroethylene/SDS sys-
tems with increasing temperature is consistent with the
observations of Vane and Giroux.*®> Comparing the four
chlorinated ethylenes, Kn,, follows the order tetrachloro-
ethylene > trichloroethylene > cis-dichloroethylene ~
trans-dichloroethylene for all surfactants. This trend is
consistent with the order of hydrophobicity of these com-
pounds, and thus, surfactants have larger solubilization
effects on the more hydrophobic compounds.

To assess the errors associated with K, the standard
errors of H and Happ, were initially calculated based on the
van't Hoff-type equation, and error propagation was
applied to eq 5 to estimate the standard error associated
with Kn. Reflecting the error of the Henry's law constants,
the relative error of K, is also large at refrigerated
temperatures and 70 °C. Errors are within £10% of the
Kmw Values in 76% of the cases.

A comparison between values of Ky, in this work and
those reported by other investigators is shown in Table 5.
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Table 3. Comparison of Henry’s Law Constants

surfactant conc Happ
t/°C g-L?! this work Vane and Giroux*®
Triton X-100/Tetrachloroethylene
21.6 0 0.64 + 0.09
24.0 0.13 0.70 £ 0.03
40.0 0.13 1.40 + 0.07
0.3 1.221 +0.0132
0.6 1.045 + 0.024
0.65 1.23+0.12
1.30 0.89 +0.15
6.0 0.325 + 0.006
6.50 0.36 £ 0.07
10.5 0.218 + 0.008
13.0 0.18 +£ 0.02
15.0 0.141 £+ 0.008
26.0 0.11 + 0.02
SDS/Tetrachloroethylene
40.0 4.76 0.73+£0.12
5.0 0.565 + 0.008
10.0 0.263 + 0.003
11.9 0.27 £ 0.04
20.0 0.101 + 0.003
23.8 0.12 +£0.03
50.0 4.76 1.14 +0.26
5.0 0.868 + 0.038
10.0 0.382 + 0.008
11.9 0.41 +£0.08
20.0 0.174 + 0.004
23.8 0.18 £ 0.01
60.0 4.76 1.64 +0.17
5.0 1.339 + 0.020
10.0 0.627 +0.018
11.9 0.61 + 0.09
20.0 0.281 + 0.022
23.8 0.26 £ 0.04
SDS/Trichloroethylene
40.0 4.76 0.61 +0.10
5.0 0.497 £+ 0.010
10.0 0.324 + 0.004
11.9 0.34 £ 0.06
20.0 0.171 + 0.003
23.8 0.19 + 0.04
50.0 4.76 0.87 £0.16
5.0 0.695 + 0.031
10.0 0.445 + 0.011
11.9 0.51+£0.12
20.0 0.262 + 0.005
23.8 0.27 £0.01
60.0 4.76 1.16 +£0.10
5.0 0.977 £ 0.014
10.0 0.674 + 0.022
11.9 0.71 £0.12
20.0 0.391 + 0.028
23.8 0.37 £ 0.05

a Uncertainties for Henry's law constants from Vane and Giroux
were reported as 68% confidence limits.

Overall, values of Ky, are comparable, except for Triton
X-100/tetrachloroethylene at 17.0 °C compared with West.3!
Considering that Ky, for Triton X-100/tetrachloroethylene
at 40.0 °C determined in this work is comparable to the
value of Vane and Giroux,*> and the error associated with
Kmw at 17.0 °C in this work is less than +5%, it is likely
that our value is accurate.

Equations for the Estimation of Henry’s Law Con-
stants. The nine parameters for eq 7 determined by the
regression of H, Knw, and Scuc are provided in Table 6.
The R2 values are at least 0.96, and the estimated values
are within +£10% of the experimental values in 83% of the
cases. An illustrated comparison between the estimated
(via eq 7) values and the corresponding experimental
values of Henry’s law constants for the four chlorinated

7 '“(‘
(@

0 5 10 15 20
Surfactant conc. / g'L”

(b)

10°K,,,,
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0 T T T T
0 10 20 30 40 50

Surfactant conc. / g-L’l
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0 2 4 6 8
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Figure 2. Micelle—water partitioning coefficients (Kmw) of trichlo-
roethylene in (a) Triton X-100, (b) SDS, and (c) CTAB aqueous
solutions estimated (via eq 5) at different surfactant concentra-
tions. Different symbols represent different temperatures: 2.0 °C,
v; 10.0 °C, v; 20.0 °C, O; 30.0 °C, @; 40.0 °C, A; 50.0 °C, a; 60.0
°C, O; and 70.0 °C, M. Data points for each temperature are
connected by solid lines. Error bars for 20.0 °C data are shown.
The vertical dashed line represents the critical micelle concentra-
tion of each surfactant at 25 °C.
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Table 4. Micelle—Water Partitioning Coefficients

103K mw
t/°C tetrachloroethylene trichloroethylene cis-dichloroethylene trans-dichloroethylene
Triton X-100

2.02 14.80 + 0.90° 4.60 +£0.36 3.73+0.59 1.64 +£0.23
10.0 14.52 + 0.64 447 £0.31 2.86 £ 0.26 1.44 +0.18
20.0 14.57 + 0.50 4.41 +£0.29 2.13+0.09 1.29 +0.16
30.0 15.02 + 0.45 4.45 +0.28 1.68 £ 0.11 1.21 +0.15
40.0 15.88 + 0.39 457 +£0.27 1.42 £0.13 1.21+0.14
50.0 17.18 + 0.36 4.77 £0.27 1.30 £ 0.12 1.27 +£0.14
60.0 18.99 + 0.53 5.04 + 0.29 1.30 £+ 0.09 1.39 +£0.15
70.0 21.46 +£1.00 5.39 + 0.36 1.41+0.10 1.56 +0.19

SDS
20.0 12.49 + 0.55 2.87 +0.08 1.11 + 0.06 0.78 + 0.05
30.0 9.25+0.25 2.38 £ 0.05 0.78 £ 0.03 0.65 £ 0.03
40.0 7.55 £+ 0.16 2.08 £ 0.03 0.60 + 0.02 0.57 +0.02
50.0 6.75+0.14 1.92 +£0.03 0.52 +£0.02 0.54 +0.02
60.0 6.56 £ 0.18 1.87 £ 0.05 0.52 £ 0.02 0.54 +£0.03
70.0 6.89 + 0.31 1.91 +£0.08 0.59 + 0.04 0.59 + 0.05
CTAB

20.0 13.58 +1.32 4.56 + 0.55 3.92 +£0.24 1.43+0.18
30.0 12.99 £ 0.75 421 +0.34 253 +0.16 1.13+0.14
40.0 12.18 + 0.48 3.86 £ 0.28 1.64 +£0.14 0.98 £0.10
50.0 11.20 +£0.45 3.49+£0.24 1.12 £0.12 0.96 £ 0.08
60.0 10.10 + 0.59 3.10+£0.28 0.87 £0.13 1.05+0.15
70.0 8.92 £ 0.89 2.69 £ 0.51 0.87 £ 0.25 1.27 +0.30

a Kmw €an be estimated using eq 5 at temperatures where Henry’s law constants have not been measured experimentally. ® Uncertainties
for Ky are standard errors based on the linear regression and an error propagation method.5!

Table 5. Comparison of Micelle—Water Partitioning Coefficients

103K mw
surfactant/chlorinated ethylene t/°C this work Vane and Giroux*® (adjusted) West3!

Triton X-100/tetrachloroethylene 17.0 14.51 + 0.69 29.51

40.0 15.88 + 0.39 17.93 £ 1.442b
Triton X-100/trichloroethylene 17.0 4.07 £ 0.30 3.09
Triton X-100/cis-dichloroethylene 17.0 2.14 £0.32 0.96¢
Triton X-100/trans-dichloroethylene 17.0 1.15+4+0.18
SDS/tetrachloroethylene 30.0 9.25 £ 0.25 11.43 +4.89

40.0 7.55+0.16 9.16 £+ 1.67

50.0 6.75+0.14 7.55 + 1.05

60.0 6.56 + 0.18 6.27 + 1.00
SDS/trichloroethylene 30.0 2.38 £ 0.05 2.78 +£ 0.56

40.0 2.08 + 0.03 2.55 +0.22

50.0 1.92 +£0.03 222 +£0.17

60.0 1.87 £ 0.05 1.94 +£0.11

a The definition of Ky used in ref 45 is different from eq 4. Adjustment was necessary for the comparison: Kpy (definition in this
work) = M Kmw (definition by Vane and Giroux) ° The errors represent 95% confidence limits. ¢ No distinction of the isomers mentioned.

Table 6. Parameters for Estimation of Henry’s Law Constants via eq 72

surfactant/chlorinated ethylene Aq B1 Ci Az B> Cy Az Bs Cs R2
Triton X-100/tetrachloroethylene 128.23 —9086 —17.22 —166.48 7606 26.43 —180.92 8196 2551 0.992
Triton X-100/trichloroethylene 12356 —8615 —16.77 —110.54 5232 17.8 —180.92 8196 25.51 0.995

Triton X-100/cis-dichloroethylene 105.99 —7298 —14.61 —358.88 18016 53.71 —180.92 8196 25.51 0.991
Triton X-100/trans-dichloroethylene  122.31 —8235 —16.78 —304.74 14277 46.33 —180.92 8196 25.51 0.993

SDS/tetrachloroethylene 128.23 —9086 —17.22 —537.88 26677 80.33 —258.25 11299 37.83 0.978
SDS/trichloroethylene 12356 —8615 —16.77 —316.76 15927 47.6 —258.25 11299 37.83 0.993
SDS/cis-dichloroethylene 10599 —7298 —14.61 —745.76 36485 110.61 —258.25 11299 37.83 0.966
SDS/trans-dichloroethylene 122.31 —8235 —16.78 —417 20381 62.34 —258.25 11299 37.83 0.987
CTAB/tetrachloroethylene 128.23 —9086 —17.22 17598 —7108 —25.04 —154.7 5849 22.48 0.992
CTABI/trichloroethylene 123,56 —8615 —16.77 150.57 —5803 —21.54 —154.7 5849 22.48 0.985
CTAB/cis-dichloroethylene 105.99 —7298 -—14.61 —274.38 16073 40.11 —154.7 5849 22.48 0.983
CTAB/trans-dichloroethylene 122.31 —8235 —16.78 —727.31 34668 108.5 —154.7 5849 22.48 0.976

aValid temperature ranges: (2 to70) °C for Triton X-100, (18 to70) °C for SDS and CTAB. Valid surfactant concentration ranges: (0.13
to 26.0) g-L~*for Triton X-100, (2.38 to 47.6) g-L~* for SDS, (0.36 to 7.22) g-L~! for CTAB.

ethylenes is included in the Supporting Information (Figure between 60 and 70 °C (Table 4). The apparent increase of
S-1). One minor problem is that 80% of the computed Kmw IS exaggerated in the regression treatment, and as a
values for SDS are lower than the experimental values. result, Henry's law constants are underestimated.

This systematic underestimation may be due to the slight To reduce the number of parameters, the critical micelle

(but not statistically significant) increase in Kn,, values concentration could be assumed to be independent of
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temperature. In that case, the accuracy of the estimated
values decreases at low surfactant concentrations near the
critical micelle concentration compared with the nine-
parameter equation. As a result, the R? value can be as
low as 0.93. The reduced estimation equation, although not
shown here, is a good approximation at high surfactant
concentrations, whereas the temperature dependence of the
critical micelle concentration should be taken into account
if a lower concentration range is covered.

Supporting Information Available:

Derivations and explanations leading to eqs 5 and 7 and
plots of estimated versus experimental values of Henry's law
constants for the four chlorinated ethylenes. This material is
available free of charge via the Internet at http://pubs.acs.org.
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