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Abstract

This paper describes the determination of Henry’s law coefficients by means of the EPICS (equilibrium partitioning in
closed systems) technique in combination with SPME (solid-phase microextraction). The use of solid-phase microextraction-
sampling allowed us to extend the possihilities of the equilibrium partitioning in closed systems technique with respect to the
range of Henry's law coefficients which can be measured. Whereas the equilibrium partitioning in closed systems technique
is limited to determine air—water equilibrium partitioning of volatile compounds with Henry’s law coefficients of at least
0.06 (dimensionless), the current method allowed to measure coefficients between 0.0023 and 13.5. In this way Henry’'s law
coefficients of 20 compounds, being in a range covering five orders of magnitude, were measured with relative standard
deviations between 1.0 and 19.8% (mean standard deviation: 5.7%; median of standard deviations: 4.8%, n=99). Severa
types of compounds were examined i.e. adiphatic hydrocarbons, monocyclic and polycyclic aromatic hydrocarbons,
chlorinated and fluorinated compounds, ethers and esters, biphenyl and N-containing compounds, including compounds for
which availability of experimental Henry’s law coefficients is limited. Measurement of the equilibrium partitioning in the 2
to 25°C range alowed to establish relations of Henry's law coefficient as a function of temperature. [ 1999 Elsevier
Science BYV. All rights reserved.

Keywords: Equilibrium partitioning in closed systems; Solid-phase microextraction; Extraction methods;, Thermodynamic
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1. Introduction soil) and a fluidum (air, water) is a more complex

process due to the heterogenity of the solid-phase,

The partitioning of organic compounds over dif-
ferent environmental compartments is one of the key
processes in their environmental behaviour. Whereas
partitioning between a solid fraction (sediment or
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air—water partitioning is a better defined process. If
the air—water partitioning behaviour of organic com-
pounds has to be modeled in an environmental
system, then in many cases Henry’s law coefficients
determined in laboratory conditions can be im-
plemented if temperature and salinity data are avail-
able. In some cases additional parameters need to be
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estimated. If eg. the dissolved organic matter
(DOM) fraction is high and compounds with rela-
tively high log K,, values are considered (K,,=
octanol—water partitioning coefficient), then the role
of the DOM fraction in the partitioning process has
to be taken into account [1,2].

Staudinger and Roberts [2] intensively reviewed
available and experimental data for Henry's law
coefficients. Two main types of experimental tech-
niques are described in the literature. First, dynamic
methods are described, such as the batch air stripping
technique, first developed by Mackay et al. [3]. Next,
static equilibration techniques are used, such as the
multiple phase equilibration technique, first de-
scribed by McAuliffe [4], and the EPICS (equilib-
rium partitioning in closed systems) technique. The
EPICS technique was first developed by Lincoff and
Gossett [5], and further applied with modifications
by Gossett [6], Ashworth et al. [7] and Dewulf et al.
[8]. Other static techniques are the vapor phase
calibration method [9] and the phase ratio variation
method [10].

In view of the determination of Henry's law
coefficient as a function of temperature, static tech-
niques are more flexible, since only the temperature
of the incubation bath has to be changed, whereas in
the batch air stripping technique the temperature of
the incoming gas and water column has to be
controlled. Moreover, fast experimental determina-
tion of Henry's law coefficient by the stripping
technique requires that the compounds can be moni-
tored on-line (e.g. UV detection), so that the scope of
compounds which can be studied in this way of
operation is limited.

All techniques work especialy well if the com-
pounds have relatively high Henry's law coefficients
(H>0.1; with H=Henry’'s law coefficient in
molem™® air over molem ® water). Batch Air
Stripping is less time consuming if the compounds
are volatile. Also static techniques are favoured by a
high volatility of the compounds because they are
based on sampling of the headspace volume of a
closed equilibrated system. Additionally, the EPICS
technique shows large relative standard deviations
for compounds with relatively low air—water parti-
tioning coefficients (H<<0.06) [2]. These technical
limitations for all these different techniques may
have contributed to a more extensive data set of

air—water equilibrium partitioning data for volatile
compounds and a more limited data set for less
volatile compounds in the literature.

In this work the potential of the combination of
the EPICS technique with SPME (solid-phase mi-
croextraction) is investigated in determining Henry’s
law coefficients. SPME becomes a sampling tech-
nigue with a large number of new applications and
possibilities in analytical chemistry [11-14]. The
strength of the technique is its simplicity by the
integration of sampling, extraction and concentration
in one step. Moreover, it allows the determination of
compounds both in the liquid (e.g. [15—-20]) and gas
phase (headspace) (e.g. [21-23]). Since the SPME
coating is able to concentrate the compounds from a
headspace, the SPME can give new possibilities to
the concept of the EPICS technique, because it may
allow the measurement of less volatile compounds in
the headspace of the closed two-phase systems. This
paper describes the elaboration of the combination of
EPICS with SPME and investigates the potential
applications of the combination.

2. Materials and methods

2.1. Sock solutions

The following compounds were dissolved in
methanol (Merck) to prepare a 25 ml stock solution
A: 1,1-dichloroethene (500 wl), cyclohexane (10 pl),
1,2,3-trichlorobenzene (3 mg) (Aldrich), trichloro-
ethylene (500 pl) (Janssen Chimica), toluene (360
wl) and 1,3,5-trichlorobenzene (15.5 mg) (Fluka). 25
ml methanol stock solution B was prepared with
1,1,2-trichlorotrifluoroethane (500 pl), chloro-
benzene (170 wl) (Aldrich), 1,2-dichloropropane
(500 wl), 1,2,4-trichlorobenzene (14 wl), hexachloro-
1,4-butadiene (4 wl) (Fluka) and 1,1,2-trichloro-
ethane (500 pl). Mixture C was prepared with
fluorobenzene (500 wl), naphtalene (2 mg) (Aldrich),
phenyl methyl ether (500 wl) and biphenyl (1 mg)
(Fluka) and mixture D with pyridine (500 ul)
(Merck), nitrobenzene (35 wl) (UCB), 3-hexanone
(400 wl) (Aldrich) and ethyl acetate (500 wl) (Lab-
scan).
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2.2. Preparation of the closed two-phase systems

For the determination of the Henry’s law coeffi-
cient of compounds of one single mixture, six vials
with a total volume of 118 ml each were used. Into
three vials 0.5 ml demineralised water was injected.
Into the other set of three vials 90 ml demineralised
water was pipetted. Subsequently a magnetic stirring
bar (volume 0.55 ml) was put into each vial and 5 pl
of a stock solution was injected under the water
surface, followed by immediate closure of the via by
a Mininert valve (Alltech). The masses added to the
closed two phase systems varied between 0.2 pg
(biphenyl) and 160 g (1,1,2-trichlorotrifluoro-
ethane). These amounts were calculated as follows.
First the Henry’s law coefficient was estimated from
vapour pressure and solubility data. Second, consid-
ering this estimated air—water equilibrium partition-
ing coefficient and the headspace and liquid vol-
umes, a mass balance over the two phase system was
made for each compound. From this mass balance it
was calculated what amount of compound was
allowed to be added to the closed two-phase system
in order to obtain final water equilibrium concen-
trations being maximally one tenth of the maximum
aqueous solubility.

It has been shown previously that the use of
mixtures of compounds and the application of metha-
nol at concentrations below 1% (v/v) do not affect
the air—water equilibrium partitioning [6,8]. The
vials were incubated overnight in a thermostatic
water bath (2.0+0.1, 6.0+0.1, 10.0+0.1, 18.0+0.1
and 25.0+0.1°C). A magnetic stirrer was placed
under this incubator in order to accelerate equilibra-
tion. Previous studies have shown that overnight
incubation is sufficient to reach equilibrium partition-
ing [5,6].

2.3 Analysis

After incubation, the headspace was sampled with
a SPME fiber for 30 min. The headspace of closed
two-phase systems with compounds of mixtures A, B
and C were sampled with a 100 pm di-
methylpolysiloxane fiber (Supelco). For the com-
pounds of mixture D, a more polar solid-phase was
used, i.e. a 65 wm divinylbenzene—Carbowax fiber
(Supelco). Prior to sampling, fibers were conditioned

in a GC-injector (220°C, 5 min). After sampling, the
analysis was carried out with aVarian gas chromato-
graph (model 3700) (injector at 220°C, flame ioniza-
tion detector at 250°C), equipped with a 30 m CP-
SIL 5 CB column (film thickness 5 wm, 0.53 mm
I.D., 100% dimethylpolysiloxane) (Chrompack) and
a HP3388A integrator. The temperature of the GC
oven was kept at 45°C for 5 min and raised to 240°C
at 5°Cmin~* for the analysis of mixtures A and B.
For the analysis of mixtures C and D, the tempera-
ture of the GC oven was held at 40°C for 5 min,
followed by a temperature rise of 8Cmin~* up to
240°C. GC carrier gas was helium at a rate of 6.4
ml min~* and the flame ionization detector was fed
by air a 244 mimin~' and hydrogen a 35

ml min~*.

2.4. Calculations

The Henry’'s law coefficient was calculated based
on experimental results of the determination of the
headspace concentration of one vial with alow liquid
content and one with a high liquid content. At
equilibrium, the mass of a compound (M, in mol)
brought into avial is partitioned over the two phases:

M =C,V, +Cy\, (1)

where C,, and C, are the aqueous and headspace
concentration of the compound (mol m™%) and V,
and V, are the volume of the water body and the
headspace (m°). If the Henry’s law coefficient is
defined as H=C,/C,,, then H can be calculated from

H= rle _VWZ )
VgV, &

where r is the ratio of the headspace concentrations
(r=Cg,/Cy, with C,; and Cy, the concentration
(mol m~?) in the closed two-phase systems with a
low and a high liquid content respectively) and with
Vy: and V,, the gas volumes and V,,, and V,,, the
liquid volumes of the closed two-phase systems. The
subscripts 1 and 2 indicate the systems with a low
and high liquid volume respectively. It has to be
mentioned that the ratio r in the EPICS method was
directly calculated from the ratio of the peak areasin
the chromatograms, so that external calibration is not
necessary.
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3. Results and discussion
3.1. Experimental results

The technique based on SPME and EPICS as
described in the Materials and methods section, was
tested for the determination of Henry's law coeffi-
cient of compounds with different functionalities
(aliphatic hydrocarbons, monocyclic and polycyclic
aromatic hydrocarbons, chlorinated and fluorinated
compounds, ketones, ethers and esters, biphenyl and
N-containing compounds). The EPICS approach
generates nine estimations of the Henry’s law coeffi-
cient for each compound at one temperature by
combining the results of six headspace analyses:
analyses of three vials with a low liquid content and
three vials with a high liquid content, all incubated
simultaneously at the same temperature. It has to be
mentioned that, although this is the typica EPICS
calculation approach [5,6,8], these nine obtained data
sets are not completely independent. The calculation
results are shown in Table 1 for al compounds at
five different temperatures.

3.2, Precision and range of applicability

The set of 100 data shows Henry's law coeffi-
cients between 0.00042 (nitrobenzene at 2.0°C) and
13.5 (CFC-113 at 25°C). For nitrobenzene at 2.0°C,
a high relative standard deviation is noticed: 41.3%
(n=9). For Henry’s law coefficients in the range
between 0.0023 (nitrobenzene at 6.0°C) and 13.5
(CFC-113 at 25.0°C), covering five orders of mag-
nitude, relative standard deviations are lower than
10% R.S.D. in 84% of the cases. In 16 percent of the
measurements, R.S.D.s vary between 10% and 20%.
In conclusion, for 99 cases, the 25 to 75 percentile
range of the data set of standard deviations is 2.4 to
8.1% (50— percentile=4.8%).

The precision of the EPICS technique can be
estimated based on the variances on the parameters
used in the calculation of H by means of Eq. (2)
[6,8]. The variance contributions of the headspace
analysis (3.5% R.S.D.), the weighing of the added
mass (0.23%), the via volume (0.23%), the low
liquid volume (0.41%) and the high liquid volume
(1.51%) were used in the estimation of the relative
standard deviation. This estimation is presented in

Fig. 1 and compared with the experimental results. It
can be seen that the experimental values generally
follow the expected trend, although a large variation
is noticed. This variation can mainly be attributed to
differences in precision of the headspace anaysis
since an averaged R.S.D. is used in the calculation.
Next, the estimation of the relative standard devia-
tions in the EPICS-SPME method is compared with
estimations of relative standard deviations in previ-
ous applications of the EPICS technique [6,8]. It can
be seen that the current technique is especialy an
improvement in precision for the determination of
low Henry’'s law coefficients (H <0.1). Basically this
is due to the higher ratio of the two liquid volumes
(M,»/V,,,1) in the closed two-phase systems. This
higher ratio has been only made possible due to the
combination with SPME sampling. Indeed, the use of
SPME sampling alows to sample low headspace
concentrations because of the high fiber/headspace
concentration ratio, which is especially important for
compounds with low H values, generating low
headspace concentration levels. Next, the concen-
tration in the SPME-fiber alows to introduce low
masses in the closed two-phase system, which is
needed if low liquid volumes (V,,, =0.5 ml) are used
with respect to aqueous solubility limitations. On the
other hand, it can be seen from Fig. 1 that the current
technique is not an improvement compared to the
previously elaborated techniques for very volatile
compounds with H>10 because of higher overall
relative standard deviation. However, the number of
compounds with H values in this range is rather
limited compared to those in the lower ranges.
When the current technique is compared to the
batch air stripping technique, it can be mentioned
that it is a fast technique especially for compounds
with low H values since these compounds give rise
to alow stripping velocity in the stripping technique.
Moreover, fast operation of the batch air stripping
requires compounds which are on-line detectable
(e.g. aromatic compounds with UV detection [3]) or
a more complex method with sampling on cartridges
[24]. The limitations of the previously developed
techniques may have contributed to the limited
availability of experimental Henry’s law coefficients
of compounds considered in this work, such as 1,3,5-
trichlorobenzene, 1,2,4-trichlorobenzene, hexachloro-
1,3-butadiene, fluorobenzene, phenyl methyl ether
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Table 1
Experimental results of the determination of Henry’s law coefficients with the EPICS-SPME technique with T=temperature, H=Henry's
law coefficient (mol |~ over mol I %), R.S.D.=relative standard deviation in per cent (n=9)

Compound T (°C) H R.S.D. (%) Compound T (°C) H R.S.D. (%)
1,1-Dichloroethene 20 0.379 18 1,2,4-Trichlorobenzene 20 0.055 25
6.0 0.438 5.0 6.9 0.099 105
10.0 0.547 6.6 10.0 0.111 10.5
18.0 0.824 27 180 0.128 11
25.0 1.086 6.1 25.0 0.159 31
Cyclohexane 20 2.380 4.1 Hexachloro-1,3-butadiene 20 0.157 18
6.0 2989 157 6.0 0.256 16.3
10.0 3521 139 10.0 0.297 16.2
18.0 5.997 6.6 180 0.440 85
250 7331 153 25.0 0.624 10.9
Trichloroethylene 2.0 0.120 1.6 Fluorobenzene 2.0 0.089 19
6.0 0.144 48 6.0 0.112 12
10.0 0.186 5.2 10.0 0.142 23
18.0 0.302 19 180 0.210 47
25.0 0.415 4.0 25.0 0.269 17
Toluene 2.0 0.082 13 Phenylmethylether 2.0 0.0042 4.0
6.0 0.096 51 6.0 0.0057 13
10.0 0.122 5.6 10.0 0.0073 35
18.0 0.197 17 180 0.011 47
25.0 0.268 40 25.0 0.015 12
1,3,5-Trichlorobenzene 20 0.081 5.7 Napthalene 20 0.013 8.6
6.0 0.089 31 6.0 0.012 12.2
10.0 0.114 6.5 10.0 0.018 5.0
18.0 0.188 38 18.0 0.024 6.9
250 0.214 8.6 25.0 0.031 54
1,2,3-Trichlorobenzene 2.0 0.037 6.6 Biphenyl 2.0 0.021 15.1
6.0 0.045 48 6.0 0.015 8.8
10.0 0.057 53 10.0 0.027 10.1
18.0 0.086 38 180 0.045 4.8
250 0.108 94 25.0 0.053 9.1
CFC-113 20 4.503 57 Pyridine 20 0.016 3.0
6.0 5.823 5.6 6.0 0.018 3.0
10.0 6.476  19.8 10.0 0.015 6.4
18.0 10.95 105 180 0.011 46
25.0 13.49 19.0 25.0 0.0086 8.3
1,2-Dichloropropane 20 0.036 29 Nitrobenzene 20 0.00042 413
6.0 0.047 1.0 6.0 0.0023 16.7
10.0 0.057 42 10.0 0.0038 85
18.0 0.084 24 180 0.0069 8.2
250 0.112 19 25.0 0.013 25
1,1,2-Trichloroethane 2.0 0.011 32 3-Hexanone 20 0.039 6.6
6.0 0.014 14 6.0 0.055 20
10.0 0.018 5.8 10.0 0.054 48
18.0 0.027 17 180 0.050 38
250 0.037 12 25.0 0.052 29
Chlorobenzene 2.0 0.049 22 Ethyl acetate 2.0 0.032 49
6.0 0.067 11 6.0 0.043 12
10.0 0.078 59 10.0 0.041 33
18.0 0.117 20 180 0.037 38

25.0 0.155 15 25.0 0.040 81
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Fig. 1. Experimental relative standard deviations as a function of H (dimensionless) and expected R.S.D.s from calculations for the
application of the EPICS method with the conditions of this work (EPICS-SPME), Gossett [6] (volume of bottles: 158.8 ml, liquid volumes:
25 and 100 ml) and Dewulf et a. [8] (volume of bottles: 118 ml, liquid volumes: 5 and 115 ml).

and 3-hexanone. For these compounds no ex-
perimental data are mentioned in the extensive
overviews of Mackay and Shiu [25], Staudinger and
Roberts [2] and Sander [26].

3.3, Comparison to literature data and potential
bias of the EPICS-SPME technique

The data of Henry’s law coefficients determined at
25°C by the EPICS-SPME method are compared
with literature data in Table 2. The mentioned
literature data were obtained by batch air stripping
and static techniques and by calculations based on
vapour pressure and agueous solubility data. The
current determinations compare well with available
data determined with static techniques for 1,1-di-
chloroethene, cyclohexane, trichloroethylene,
toluene, CFC-113, 1,2-dichloropropane, 1,1,2-tri-
chloroethane and chlorobenzene, with ratio’'s
HEPICS—SPME over (averaged) HStatic techniques between
0.98 and 1.13. Only for 1,24-trichlorobenzene a
discrepancy is noticed (H=0.159 versus H=0.087).

For the other compounds in Table 2, no experimental
data determined by static techniques were found in
the literature. Similarity of the data determined by
the EPICS-SPME method and the batch air stripping
technique is observed for trichloroethylene, toluene,
1,2-dichloropropane, 1,1,2-trichloroethane, chloro-
benzene (ratio’'s Hgpcs spme OVEr  (averaged)
Hstatic techniques PEfween 0.96 and 1.10) and in a
smaller extend for 1,1-dichloroethane (H=1.086
versus 1.512) and naphthalene (H=0.031 versus
0.020). Large discrepancies are noticed for biphenyl
(0.053 versus 0.017), pyridine (H=0.0086 versus
0.00045 and 0.00037) and nitrobenzene (H=0.013
versus 0.00095). Differences of H data for pyridine
might be related to differences in pH in the ex-
perimental set-ups, since the pK, of pyridine is 5.23
[29]. However, for all of these three compounds
values of H determined with the batch air stripping
technique are systematically lower than the ex-
perimental data of this work. Lower data from the
batch air stripping method might be created if some
assumptions made in this technique, e.g. non-equilib-
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Table 2

Comparison of experimental data of the Henry’s law coefficient at 25°C determined by the EPICS-SPME method with literature data

Compound Hepics_spme Hstatic techniques Haaich air stripping Heacuated

1,1-Dichloroethene 1.086 1.017% 1.044° 1.512° 0.627¢

Cyclohexane 7.331 7.310° 6.524%; 7.830%
7.507° 6.498°

Trichloroethylene 0.415 0.423% 0.383"; 0.415'; 0.402°% 0.353' 0.502° 0.459%

0.420°%; 0.351"; 0.411' 0.438’
Toluene 0.268 0.272% 0.263% 0.272%; 0.264°% 0.272% 0.263% 0.277
0.224"

1,3,5-Trichlorobenzene 0.214 0.448'; 0.094°;
0.036°

1,2,3-Trichlorobenzene 0.108 0.124° 0.065°

CFC-113 13.49 11.95 2151

1,2-Dichloropropane 0.112 0.107% 0.117°

1,1,2-Trichloroethane 0.037 0.040% 0.033™; 0.031" 0.034° 0.034% 0.049°

Chlorobenzene 0.155 0.158° 0.134°; 0.154% 0.164°% 0.152°

1,2,4-Trichlorobenzene 0.159 0.087% 0.058% 0.113';
0.177°% 0.128°

Hexachloro-1,3-butadiene 0.624 0.412% 1.126’

Fluorobenzene 0.269 0.255°% 0.252'; 0.258'

Phenylmethylether 0.015

Napthalene 0.031 0.020" 0.020% 0.017

Biphenyl 0.053 0.017* 0.012% 0.017°

Pyridine 0.0086 0.00045°; 0.00037"

Nitrobenzene 0.013 0.00095"

3-Hexanone 0.052 0.0051'

Ethyl acetate 0.040

Hepics_spue € data of this work; Hg e recnniques @€ literature data determined with the EPICS, the variable headspace or vapor phase

calibration technique; Hg e, ar stripping
calculations with vapour pressure and solubility data.

are data determined with the batch air stripping method and Hc, . .eq @€ literature data based on

*Ashworth et al. [7]; "Gossett [6]; “Leighton and Calo [24]; “Staudinger and Roberts [2]; “Mackay and Shiu [25]; 'Gossett et al. [27];
9Robbins et al. [28]; "Dewulf et al. [8]; 'Lincoff and Gossett [5]; 'Schwarzenbach et al. [1]; “Mackay et al. [3]; 'Howard and Meylan [29];
"Hansen et a. [30]; "Hansen et al. [31]; “Hawthorne et al. [32]; "Betterton [33].

rium partitioning between the water vessel and the
leaving purge gas, are not fulfilled.

Bias in the EPICS-SPME technique could be
generated by employing too high concentrations,
changing the overdl liquid polarity. However, this
would result in lower Henry's law coefficients
because of the decreasing polarity of the aqueous
phase with increasing concentration of organic com-
pounds. On the other hand systematic deviation
could be generated by the SPME sampling technique
in two ways. First, sufficient sampling time is needed
to alow equilibrium partitioning between the liquid,
gas and exposed SPME fiber phase. Two mass
transfer processes occur during sampling: transfer
from liquid to gas and from gas to fiber [34]. If the
gas-to-fiber transfer is rate limiting, then equilibrium

can be achieved in a few minutes [34]. If however
the mass transfer from liquid to gas determines the
equilibration time, then the extraction velocity is
lower. This is especialy of importance if the head-
space capacity is low, i.e. if the fiber—air partitioning
coefficient is high and the Henry's law coefficient
and the volume of the headspace are small [34].
Therefore it has been checked if the sampling time of
30 min was sufficient to reach sorption equilibrium
in the most critical case, viz. for vials with the
smallest headspace volume containing mixture D, in
which the least volatile compounds were present.
Absorbed amounts in the fiber after 30 min of
exposure proved to be 97.9, 83.5, 103.0 and 102.0%
of the amount extracted after 46 min of exposure for
pyridine, nitrobenzene, 3-hexanone and ethyl acetate
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respectively. So it can be concluded that the applied
sampling conditions allow sufficient sorption equilib-
rium.

Secondly, when using SPME, the amount ex-
tracted by the fiber has to be considered in making
mass balances [34]. Indeed, if the fiber acts as a third
phase in which, next to the headspace and the water
phase, a significant fraction of the compounds ac-
cumulates, then the mass balance has to be estab-
lished over three phases instead of over two phases
asin Eq. (2). If the fiber—air or fiber—water equilib-
rium partitioning coefficient is known (respectively
K, and K, both in mol m~* over mol m™*), then H
can be calculated, based on a mass balance over the
three partial volumes:

r.le _VWZ B (1 B rl)Kw\/f
H= 3
Vg2 = Vg1 )
or
v, — V.
H — wil w2 (4)

Vyz = Vg + (L= NK M

with V, the volume of the fiber polymer (=6.6-10*°
m® for a 100 um fiber). For toluene, 1,2-dich-
loropropane and 1,1,2-trichloroethane, reported K,
data are 818 [35], 251 and 1995 [36], respectively.
For trichloroethylene, K,, is reported as 1259 [36].
Based on these data of K, and K,, (al a 25°C) and
the new mass balance, H values for toluene, 1,2-
dichloropropane, 1,1,2-trichloroethane (Eg. (4)) and
trichloroethylene (Eq. (3)) were calculated for al
temperatures mentioned in Table 1. When values for
H calculated according to Egs. (3) and (4) (data not
shown) are compared with the data in Table 1, it is
found that the differences between data for H
obtained with the two compartment model and three
compartment model are lower than 1.5% in all cases.
In a mathematical approach the generated deviation

A(:(ngnerated by Eq. (2) - ngneraled by Eq. (4))/

Hgenerated by £q. (2y) €3N be determined as:
Kg\/f
4= m ) (1 - ngnerated by Eq. 4) (5)

withV, the total volume of avial. This means that the
slope of the linear relation between A4 and
Hgenerated by £q. () 1S iNdependent on r and so in-
dependent on H. The calculated deviations for differ-

ent H values and K, values are plotted in Fig. 2.
From the simulation it can be seen that the deviation
increases when K, increases: the larger the fraction
sorbed into the extraction polymer, the more im-
portant the deviation can be. Next, it is noticed that
the more H is different from 1, the higher the
deviation can be, resulting in positive deviations if
H <1 and negative deviations if H>1. However, in
the range between 0 and 2 for H, it is noticed that the
deviation is expected to be below 6% if K,=10000.
This means that the deviations generated by using
Eq. (2) are limited, being in the order of the %R.S.D.
of the technique. The limited deviation is also
illustrated in Fig. 2 for the four compounds for
which K,-values are available. In order to show that
a negative deviation is generated for a compound
with H>1, the K, value of cyclohexane has been
estimated from the Kovéts index 1, from the correla
tion (r=0.997, n=11) [14]:

InK, = 0.00975I, — 0.2477 (6)

For an experimentally determined 1, =655 and H=
6.06 at 20°C (from the temperature dependent rela-
tion of H; see further on), a K -value of 463 is found
for cyclohexane. In this way, the generated deviation
is shown in Fig. 2 for cyclohexane, illustrating that a
negative deviation is observed if H>1. Because of
the limited deviation generated by Eq. (2), it can be
concluded that differences between literature data
and the data from the EPICS-SPME technique
cannot be attributed to the two-phase approach in the
caculation of the mass balances.

3.4. Regression of In H with temperature

From a theoretical background, a temperature
dependence of H is expected as [1]:

1
InH=a- T +b (7
with a and b regression coefficients and T the
temperature in K. Essentially the dope is related to
the change of enthalpy:

AH,  4H,,, — 4H,

8=""R ~ "7 R (8)

with AH,, the change in molar enthapy for the
air—water equilibrium process, AH, ,, the enthalpy of
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Fig. 2. Simulated deviation (=H . erated by £q. (2) ~ Henerated by . (4)) Hgeneratea by £q. (2y) 1N PErcent when using Eq. (2) instead of Eq. (4) asa

function of H g e by eq. (4)

for different K, values. Additionally, the experimental deviations for trichloroethylene (K, =K,,/H= 3056 with

K, =1259 [35]), toluene (K,=818 [34]), 1,2-dichloropropane (K,=251 [35]), 1,1,2-trichloroethane (K,=1995 [34]) and cyclohexane

(K, =463, estimated from the Kovéts index [14]) are shown.

vaporization and AHq the enthalpy of solution (all in
Jmol ). For al compounds in Table 1, results of
the linear regression are shown in Table 3. It can be
seen that the experimental correlation confirms the
relationship expected from thermodynamic theory
(0.821<r?<0.997) except for biphenyl, 3-hexanone
and ethyl acetate. For these three compounds, the
calculated regression does not match theoretical
expectation. Two plausible explanations can be
given. First, the assumption that the enthalpies are
constant over the considered temperature range
might be not valid. Second, the difference in en-
thalpy of the vaporisation process and the solubilisa-
tion process are so close to each other that the net
result of their combination AH,, becomes insignifi-
cantly different from zero. This is confirmed by
examining the 95% confidence intervals for the
regression parameters. It was found that the 95%
confidence interval for the slope (a) encloses zero for
3-hexanone and ethyl acetate (a= —529+619 and

a= —315+530, respectively) so that it can be
concluded that In H does not show a significant
linear relationship with T~* for these compounds.
For al other compounds however, the slope was
significantly different from zero.

For 17 compounds from Table 3, it is noticed that
the slope is significantly lower than zero, resulting in
increasing Henry's law coefficients with increasing
temperature. This means that the heat of vaporisation
is larger than the heat of solubilisation. Only for
pyridine the opposite relation is found: increasing
temperatures result in decreasing Henry’'s law co-
efficients. This might be due to a high heat of
solution of pyridine in water caused by hydrogen
bounding between pyridine and water molecules.

In the extensive overview of Staudinger and
Roberts [2], only for nine of the 20 compounds
regression parameters are found (Table 3). For 1,1-
dichloroethane, trichloroethylene, toluene, 1,2-di-
chloropropane, 1,1,2-trichloroethane and chloro-
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Table 3

Linear regression of In H=aT *+b (n=5, 275<T <298 K): data of this work and data from Staudinger and Roberts [2], if available

Compound This work Staudinger and Roberts

a b r? a b r?
1,1-Dichloroethene —-3871 13.083 0.997 —3652 12.439
Cyclohexane —4164 16.014 0.987 —2945 11.873 0.982
Trichloroethylene —4553 14.415 0.997 —4282 13.471
Toluene —4362 13.329 0.996 —3698 11.116
1,3,5-Trichlorobenzene —3819 11.341 0.967
1,2,3-Trichlorobenzene —3927 10.989 0.994
CFC-113 —4002 16.068 0.985 —2950 12.379 0.932
1,2-Dichloropropane —3980 11.181 0.997 —3984 11.243
1,1,2-Trichloroethane —4420 11.547 0.997 —4580 12.034
Chlorobenzene —4041 11.722 0.994 —3470 9.739
1,2,4-Trichlorobenzene —3178 8.892 0.821 —-3735 10.093 0.819
Hexachloro-1,3-butadiene —4578 14.922 0.970
Fluorobenzene —3968 12.039 0.995
Phenyl methyl ether — 4466 10.820 0.995
Napthalene —3288 7.552 0.932
Biphenyl —4201 11.204% 0.840
Pyridine +2599 —13.451 0.922
Nitrobenzene —10921 32.598 0.872
3-Hexanone —529° —1.143° 0.196
Ethyl acetate —315° —2.154* 0.105

“The critical value is exceeded in a t-test at o =0.05

benzene, the reported regression parameters are
based on three to nine independent sets of ex-
perimental determinations of the relationship be-
tween H and temperature [2]. For these compounds
both the slope and the intercept data obtained by
EPICS-SPME match well the literature data (ratio of
slope in literature-slope by EPICS-SPME between
0.97 and 1.18; ratio of intercept in literature-intercept
by EPICS-SPME between 0.96 and 1.20). For
cyclohexane, CFC-113 and 1,2,4-trichlorobenzene,
only one independent set of data was considered to
estimate the linear regression parameters [2]. It can
be seen that for these compounds there is a greater
difference between the slopes and intercepts obtained
by the EPICS-SPME and those mentioned in the
literature [2]. The ratio of the slopes (EPICS-SPME
data/literature data) are 1.41, 1.36 and 0.85 for
cyclohexane, CFC-113 and 1,2,4-trichlorobenzene;
whereas for the intercepts ratio’s of respectively
1.35, 1.30 and 0.88 are noticed.

4. Summary and conclusions

The EPICS approach to determine Henry's law

coefficients has been combined successfully with the
SPME headspace sampling technique. The use of
SPME allowed to increase the high liquid/low liquid
volume ratio of the parallel closed two-phase sys-
tems and to measure less volatile compounds in the
headspace. This resulted in the measurement of
Henry's law coefficients covering a range of five
orders of magnitude, with relative standard devia-
tions between 2.4 and 8.1% (=25 to 75 percentile
range) for several types of compounds. Only for
nitrobenzene at 2.0°C a high standard deviation was
noticed (H=0.00042+0.00017).

Further on, it has been shown that the calculation
of the Henry's law coefficient in the EPICS-SPME
technique with Eq. (2), i.e. with neglecting of the
fraction sorbed into the extraction polymer, gives
rise to limited deviations on Henry’s law coefficient.
The generated deviations were in the same order of
the R.S.D. of the technique. This means that the
EPICS-SPME technique can be implemented with-
out exact knowledge of the fiber—air or fiber—water
equilibrium partitioning data of the compounds to be
considered.

Next, it has been proven that the technique
generates data for Henry’'s law coefficients, similar
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to those generated by other techniques, for volatile
compounds, e.g. 1,1-dichloroethene, trichloro-
ethylene, toluene and 1,1,2-trichloroethane. For less
volatile compounds (e.g. pyridine, nitrobenzene)
however, there is a weak convenience between the
Henry's law coefficients obtained by the EPICS-
SPME technique and those generated by other
methods. However, it must be mentioned that litera-
ture data for these type of compounds are scarce.
This conclusion indicates that further research on the
air—water equilibrium partitioning of these less vola-
tile compounds is recommended, especialy with
respect to the possibilities and limitations of both the
EPICS-SPME method and other experimental tech-
niques.
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