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Abstract

The Henry’s law constant (H) is an important parameter that is required to estimate the air–water exchange of semi-

volatile organic compounds. Henry’s law constants for 17 banned/restricted/currently used organochlorine pesticides

(OCPs) were experimentally determined using a gas-stripping technique in deionized and saline water (3%) over a

temperature range of 5–35 1C. H values (at 25 1C) ranged between 0.06670.037 Pam3mol�1 (endosulfan II) and

62.0724.2 Pam3mol�1 (heptachlor) in deionized water while the range in saline water was 0.2870.03 Pam3mol�1

(g-HCH) and 135.2731.3 Pam3mol�1 (heptachlor). The increase in dimensionless Henry’s law constants (H0) for OCPs

over the studied temperature range was between 3 (g-HCH)-19 times (chlorpyrifos) and 3 (endosulfan II)-80 times (trans-

nonachlor) in deionized and saline water, respectively. The calculated enthalpies of phase change (DHH) were within the

ranges previously reported for OCPs and other organic compounds (23.8–100.2 kJmol�1). The salting-out constant, ks,

ranged between 0.04 (g-HCH) and 1.80Lmol�1 (endosulfan II) indicating the importance of assessing the H values of

OCPs in saline water to accurately determine their partitioning and fate in seawater.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Organochlorine pesticides (OCPs) are a subgroup of
semi-volatile organic compounds (SOCs) that were
extensively used in agriculture from the 1950s to the
1970s. Although most of them are currently banned,
some of them are still in use (e.g. lindane, chlorpyrifos,
e front matter r 2006 Elsevier Ltd. All rights reserved
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and endosulfan). These bio-accumulating pollutants
are very persistent in the environment, and their
chlorine content tends to enhance their persistency
(Macdonald et al., 2000). Therefore, they can remain
unchanged for a long time in the environment and as a
result, they are capable of long-range transport.
Previous measurements detected OCPs in a wide range
of environmental compartments. They were detected
in the snow, icecaps of Arctic and Antarctic environ-
ment, far from the original sites of their applications
(Macdonald et al., 2000; Vallack et al., 1998).
.
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Several approaches based on multimedia fate and
transport models have been proposed to determine
the long-range transport potential of SOCs (Wania
and Dugani, 2003; Palm et al., 2002). Recently,
there has been a great interest in environmental fate
of SOCs. However, accurate physical–chemical
property data is required in order to use multimedia
fate and transport models (Wania and Dugani,
2003; Palm et al., 2002). Several studies have
reported physical–chemical properties of OCPs in
the literature. However, the studies on Henry’s law
constants (H) of OCPs are very scarce (Jantunen
and Bidleman 2006; Sahsuvar et al., 2003; Jantunen
and Bidleman, 2000; Rice et al., 1997; Kucklick
et al., 1991), and most of them are estimated or
determined only at a single temperature (Altschuh
et al., 1999). Organic compounds are generally less
soluble in saline water (seawater) than in pure
water, therefore, the presence of dissolved inorganic
salts has a significant effect on H values (Schwar-
zenbach et al., 2003; Staudinger and Roberts, 2001;
Xie et al., 1997; Rice et al., 1997; Kucklick et al.,
1991; Gossett, 1987). However, previous studies
investigating the effect of salinity on H values of
OCPs are also very scarce.

The Henry’s law constant (H) is an important
parameter that plays a fundamental role in predict-
ing the transport, behavior and fate of SOCs in the
environment and it is required to model gas
exchange in aquatic systems. The objective of this
study was to measure the Henry’s law constants of
17 OCPs as a function of temperature and to
investigate the salting-out effect on measured
values. Henry’s law constants were measured at five
different environmental temperatures in deionized
water and at four temperatures in saline water by a
commonly used gas-stripping technique. The en-
thalpies and entropies of phase change and salting-
out constants were also determined.

2. Experimental

2.1. Gas-stripping experiments

The gas-stripping apparatus consisted of a 75 cm
� 5 cm diameter water-jacketed glass reactor filled
with 1L deionized water at a depth of 50 cm
(Odabasi et al., 2006; Cetin and Odabasi, 2005).
The water depth was selected based on previous
studies indicating that the equilibrium between gas
and water phases is achieved at less than 50 cm of
water depth (Sahsuvar et al., 2003; Harrison et al.,
2002; Jantunen and Bidleman, 2000; Bamford et al.,
2000, 1999). The initial aqueous concentrations were
set to 15% of the solubility of p,p0-DDT that has the
lowest water solubility among the 17 compounds.
OCPs were prepared in 1mL methanol and spiked
into the water in the reactor to obtain concentrations
(800ngL�1) less than 15% of the solubility of p,p0-
DDT (0.0055mgL�1) (Altschuh et al., 1999). Initial
aqueous concentrations were between 0.01% (g-HCH)
and 15% (p,p0-DDT) of the solubilities of OCPs. The
volume of methanol added to the reactor was 0.1% of
the total water volume in the reactor. The effect of
methanol on the solubility of pesticides at this level is
assumed to be negligible based on a previous study,
demonstrating that spiking a solvent solution into the
reactor versus coating the inside of the reactor with
the solution and allowing the solvent to evaporate
before adding water yields similar H values for a
diverse set of chemicals (chlorobenzenes, polychlori-
nated biphenyls, and polycyclic aromatic hydrocar-
bons) (ten Hulscher et al., 1992).

Then, 175mLmin�1 compressed chromatographic
grade N2 was passed through a 40-mm-fritted glass
diffuser from the bottom of the reactor. Prior to the
reactor, the N2 purge gas was saturated with water
vapor using a gas-washing bottle filled with deionized
water. Flow rates of N2 were measured using a flow
meter (rotameter) and the temperature was con-
trolled by a constant-temperature circulated water
bath. The rotameter calibration was checked occa-
sionally (at three flow rates in duplicate, n ¼ 6) using
a primary standard (soap-bubble meter). The average
percent difference between two flow meters was
o3.0% (2.471.8%, average7SD).

A 5 cm section of the tube exiting the inner chamber
was plugged with pre-baked silanized glass wool to
prevent the escape of the water droplets that may be
produced during the bubbling process. Vapor-phase
OCPs were captured by an XAD-2 resin filled glass
column. Water samples (5mL) were drawn through a
valve located at the base of the reactor at the start and
end of each sampling period. Similarly, saline water
experiments were conducted at four different tem-
peratures (5, 15, 25 and 35 1C) using a 3% solution
prepared by dissolving pre-baked NaCl in deionized
water. The amount of NaCl was selected to obtain a
typical seawater salt concentration (0.5molL�1).

2.2. Sample preparation and analysis

Gas–phase samples were extracted into dichlor-
omethane (DCM) in an ultrasonic bath for 30min.
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Water samples were liquid–liquid extracted three
times with 5mL DCM using a separatory funnel.
Then, the solvent was exchanged into hexane and
sample volumes were reduced to 1mL under a
gentle stream of pure nitrogen.

Prior to analysis, all samples were spiked with
10 pg of internal standard (BDE-77, 3,30,4,40-tetra-
bromodiphenyl ether). Samples were analyzed for
OCPs with an Agilent 6890N gas chromatograph
(GC) equipped with a mass-selective detector
(Agilent 5973 inert MSD) working at electron
capture negative chemical ionization mode. A
capillary column (HP-5ms, 30m, 0.25mm,
0.25 mm) was used. The initial oven temperature
was held at 50 1C for 1min and raised to 100 1C at
25 1Cmin�1, 100–300 1C at 5 1Cmin�1, and held for
7min. The injector and ion source, and quadrupole
temperatures were 250, 150, and 150 1C, respec-
tively. High-purity methane was used as the reagent
gas. The MSD was run in selected ion-monitoring
mode. Compounds were identified based on their
retention times, target and qualifier ions, and
quantified using the internal standard calibration
procedure.

2.3. Quality control

Blank XAD-2 resin and water samples were
prepared to determine if there was any contamina-
tion during sample handling and preparation for
analysis. The average amounts of blanks ranged
between 0.0370.03 ng (endosulfan II) and
1.2270.45 ng (chlorpyrifos) for XAD-2 resin sam-
ples and between 0.0270.01 ng (cis-nonachlor) and
0.6570.12 ng (heptachlor epoxide) for aqueous
samples. Generally, blank amounts were signifi-
cantly lower than the sample amounts. Sample/
blank amount ratios ranged between 17.579.5
(g-HCH)-472.17344.4 (heptachlor) and 4.371.3
(p,p0-DDE)-90.1736.0 (cis-nonachlor) for gas–
phase and aqueous samples, respectively.

The limit of detection of the method (LOD, ng)
was defined as the mean blank mass plus three
standard deviations (LOD ¼ mean blank va-
lue+3SD). LODs ranged from 0.13 ng (cis-nona-
chlor) to 2.57 ng (chlorprifos) for gas–phase samples
and from 0.05 ng (cis-nonachlor) to 1.01 ng (hepta-
chlorepoxide) for aqueous samples. In general,
samples were substantially higher than LODs.
Sample amounts exceeding LODs were quantified
and blank corrected using the average blank
amounts.
Five-point calibration curves were used to cali-
brate the analytical system. In all cases, the r2 was
40.999. A mid-point calibration standard was used
to confirm the GC performance for every 12-h
period.

Spike recoveries for water samples (n ¼ 6) ranged
between 6479% (aldrin)-112711% (g-HCH) and
for gas–phase samples (n ¼ 3) they were between
8276% (p,p0-DDD)-11574% (p,p0-DDT). Concen-
trations of OCPs were corrected using their average
recoveries.

A backup column was also placed in series with
the adsorbent column in order to determine possible
breakthrough of gas–phase chemicals during the
experiments at 35 and 25 1C. The average amounts
found on these backup columns were between
2.470.9% (chlorpyrifos) and 15.372.4% (endrin)
at 35 1C (average7SD, 5.672.3%). At 25 1C,
backup amounts were between 1.470.9%
(a-HCH) and 10.673.4% (p,p0-DDE) (except cis-
nonachlor, 18.271.0%) (average7SD, 4.872.0%)
of the amounts found in first columns. These results
indicated that the breakthrough of chemicals was
not significant even at the highest gas–phase
concentrations encountered at 35 and 25 1C.
3. Data analysis

The Henry’s law constant is often expressed as
(Bamford et al., 1999; Schwarzenbach et al., 1993):

H ¼ Pg=Cw, (1)

where Pg is the gas–phase partial pressure (Pa) and
Cw is the dissolved concentration (molm�3).

Using the ideal gas law [p ¼ (nRT)/V] to convert
partial pressure to moles per cubic meter (molm�3)
of air, dimensionless Henry’s law constant (H0) can
be obtained as

H 0 ¼ H=RT , (2)

where R is the ideal gas constant (8.314 Pam3

mol�1K�1) and T is the absolute temperature (K).
The temperature dependence of H0 can be

expressed as (Bamford et al., 1999)

lnH ¼ �DHH=RT þ DSH=R, (3)

where DHH (Jmol�1) and DSH (Jmol�1K�1) are the
enthalpy and entropy of the phase change from the
dissolved phase to the gas phase, respectively.

After directly measuring H0 at different tempera-
tures, lnH0 versus 1/T can be plotted and DHH and
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DSH can be obtained from the slope and the
intercept, respectively.

Experimental H0 values were calculated as fol-
lows:

H 0 ¼ Cg=½ðCwðnÞ þ Cwðnþ1ÞÞ=2�, (4)

where Cg (ngL�1) is the time-integrated gas–phase
pesticides concentration and Cw(n) and Cw(n+1) are
the dissolved pesticides concentrations (ngL�1)
measured at the beginning and end of air sampling
period, respectively.

4. Results and discussion

Two sets of H0 experiments were conducted at five
different environmental temperatures (5, 15, 20, 25
and 35 1C) for deionized water and at four
temperatures (5, 15, 25, and 35 1C) for saline water.
Durations of first and second set of experiments
were 9 h (3� 3 h) and 3 h (3� 1 h), respectively. For
each individual experiment, three H0 values (n ¼ 3)
Table 1

Measured Henry’s law constants (Pam3mol�1) at different temperature

at 25 1C

35 1C 25 1C 20 1C

a-HCH 0.6170.16 0.3070.021 0.2370.01

g-HCH 0.3970.08 0.2770.02 0.1970.01

p,p0-DDT 2.870.39 0.9770.27 0.6970.15

p,p0-DDD 2.170.40 0.9670.41 0.7470.26

p,p0-DDE 8.6 5.172.7 4.3

ESLF I 1.170.29 0.8270.21 0.7270.17

ESLF II 0.07970.011 0.06670.037 0.04470.01

CHLPYR 14.871.7 3.671.2 2.370.51

ALD 72.378.8 50.0734.5 43.3718.1

DIELD 2.270.18 0.9970.02 0.8470.37

END 0.8870.23 0.5770.32 0.4670.14

a-CHL 16.171.9 5.571.1 3.970.23

g-CHL 44.8713.7 15.975.7 10.671.7

t-NONA 34.078.7 10.771.3 7.170.80

c-NONA 1.5 0.6070.15 0.4370.055

HEPCHL 82.6721.2 62.0724.2 40.179.8

HEP EPOX 3.370.78 2.370.75 1.570.46

a,g-Hexachlorocyclohexane isomers (a,g-HCH), p,p0-dichlorodiphenyl

(p,p0-DDD), p,p0-dichlorodiphenyldichloroethylene (p,p0-DDE), endosul

aldrin (ALD), dieldrin (DIELD), endrin (END), a-chlordane (a-CHL),

(c-NONA), heptachlor (HEPCHL), heptachlor epoxide (HEP EPOX).
aXiao et al. (2004).
bAltschuh et al. (1999).
cCalculated as the ratio of KOW/KOA. KOW from TOXNET (2005) a
dShen and Wania (2005).
eCalculated as the ratio of vapor pressure/solubility from TOXNET
fRice et al. (1997).
gJantunen and Bidleman (2006).
hMeylan and Howard (1991).
were calculated using the concentrations of OCPs
determined in aqueous (n ¼ 4) and gas–phase
samples (n ¼ 3) that were collected over the experi-
mental duration. Up to six H0 values for each OCP
at each temperature were calculated as a result of
two sets of experiments. However, since the aqueous
pesticides concentrations were below the detection
limit at the end of the sampling period, it was not
possible to determine H0 values for some experi-
ments. The aqueous concentrations that were below
detection limit may be due to the loss of OCPs by
stripping or adsorption on the wall of glass vessel.
The replicate determinations provide a measure of
the precision of the experimental method. For most
OCPs, the relative standard deviations associated
with the mean H0 value were less than 30% for both
deionized and saline water and no systematic
differences, within experimental variability, were
observed among the different temperatures
(Table 1). Also, the agreement between the two
sets of experiments with different sampling periods
s between 5 and 35 1C in deionized water and the literature values

15 1C 5 1C Literature, 25 1C

0.1670.03 0.0970.02 0.74a, 1.2b, 0.39c

0.1570.02 0.1370.02 0.31a, 0.04b, 0.18c

0.52 0.1970.04 0.84b, 0.82c, 1.1d

0.5770.16 0.33 0.67b, 0.21c, 0.50d

3.0 1.3 4.2b, 1.7c, 4.2d,

0.4770.09 0.2770.09 0.72b, 0.70d

8 0.03770.012 0.022 0.040b, 0.045d

2.170.17 0.8370.06 2.4e, 0.38f

37.6726.8 18.376.5 4.5b, 65.2c, 23d

0.6470.22 0.2870.04 1.0b, 0.78c, 1.1d

0.3070.1 0.1870.02 0.64b, 1.32c, 1.1d

3.571.6 1.870.05 4.3c, 5.7d, 27g

9.978.2 3.370.6 4.8c, 6.8d, 29.0g

3.7 2.2 2.0c, 32.0g, 2.5h

0.3670.09 0.2570.08 0.86c

31.377.0 19.271.9 29.7b, 71.5c, 38d

0.8570.26 0.6070.15 2.13b, 1.7d

trichloroethane (p,p0-DDT), p,p0-dichlorodiphenyldichloroethane

fan I (ESLF I), endosulfan II (ESLF II), chlorpyrifos (CHLPYR),

g-chlordane (g-CHL), trans-nonachlor (t-NONA), cis-nonachlor

nd Chiou et al. (2005), KOA from Shoeib and Harner (2002).

(2005).
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(1 and 3 h) was very good (r2 ¼ 0:90, slope ¼ 1,
intercept ¼ 0).

The Henry’s law is valid for dilute concentrations.
For compounds that are slightly or even moderately
soluble in water with a reasonable accuracy, H can
be approximated by the ratio of the compound’s
vapor pressure and its aqueous solubility (Schwar-
zenbach et al., 1993). In the present study, the initial
pesticide concentrations in water were dilute
(0.01–15% of their solubility). Different sampling
durations also enabled different aqueous concentra-
tions and this resulted in H0 measurements at
different concentrations. No systematic changes in
measured H0 values were observed for different
aqueous concentrations either in deionized or saline
water. These results were consistent with the
previous studies reviewed by Schwarzenbach et al.
(1993), reporting that there were no significant
effects of solute concentration on measured H

values.
The measured Henry’s law constant values of

OCPs in deionized water at five different tempera-
tures are presented in Table 1, along with the
literature values reported previously for 25 1C. H

values without standard deviations in Table 1 are
the averages of two measurements. Shen and Wania
(2005) have compiled and evaluated the literature
data and obtained final adjusted values of OCPs.
Table 2

Measured Henry’s law constants (Pam3mol�1) at different temperature

25 1C), and average salting-out constants (ks)

35 1C 25 1C 15 1C 5 1C

a-HCH 0.7370.02 0.5370.07 0.2870.03 0.

g-HCH 0.4370.05 0.2870.03 0.1570.01 0.

p,p0-DDT 5.5 3.470.64 1.970.63 1.

p,p0-DDD 2.8 1.670.33 0.7870.39 0.

p,p0-DDE 19.2 16.772.5 5.971.0 4.

ESLF I 6.871.5 4.7771.03 2.1170.60 1.

ESLF II 0.5770.22 0.4770.17 0.3770.18 0.

CHLPYR 54.2 30.577.8 8.474.6 3.

ALD 114.1 91.372.72 57.3713.0 29.

DIELD 5.1471.00 4.071.12 1.670.60 0.

END 2.070.39 1.970.33 0.9670.35 0.

a-CHL 79.7714.5 24.878.2 7.272.5 4.

g-CHL 351.9770.2 38.478.6 13.776.4 7.

t-NONA 241.2740.8 24.3671.55 9.074.0 3.

c-NONA 8.2 3.270.93 1.570.75 0.

HEPCHL 211.6 135.2731.3 83.5729.1 52.

HEP EPOX 9.471.3 7.872.0 5.071.6 2.

aKucklick et al. (1991) (at 25 1C).
bRice et al. (1997) (at 20 1C).
The agreement between the H values measured at
25 1C in this study and those reported by previous
studies was very good especially for the final
adjusted values reported by Shen and Wania
(2005). H values measured in the present study
were also consistent with the values calculated as the
ratio of octanol–water to octanol–air partition
coefficients (KOW/KOA) (Table 1).

The measured H values in saline water at four
different temperatures are presented in Table 2. The
studies on Henry’s law constant in saline water are
very scarce in the literature. Henry’s law constants
for only five OCPs in saline water are presented in
Table 2 from the studies conducted by Kucklick et
al. (1991) at 25 1C and Rice et al. (1997) at 20 1C. In
the present study, all of the H values for saline water
were higher than those measured in deionized water.
Saline/deionized water ratios varied by a factor of
1.7 (p,p0-DDD) to 8.5 (chlorpyrifos) at 25 1C, except
g-HCH (1.0 for 25 1C and 1.070.1, average7SD
for 5, 15, 25 and 35 1C) (Table 2). These results were
attributed to the salting-out effect that reduces the
water solubility and increases the H values. Simi-
larly, Kucklick et al. (1991) and Rice et al. (1997)
have also observed the salting-out effect. But this
effect was negligible for g-HCH since the H values
measured for deionized water and saline water were
nearly the same.
s between 5 and 35 1C in saline water, saline to DI water ratios (at

Saline/DI water,

25 1C

ks (Lmol�1) Literature H

1570.04 1.8 0.4070.16 0.94a

1170.002 1.0 0.0470.04 0.47a

17 3.5 1.0870.41

4070.13 1.7 0.2770.12

070.9 3.3 0.6870.39

0870.32 5.8 1.3770.17 12.9b

20 7.4 1.8070.14 2.1b

27 8.5 1.3270.33 0.49b

1 1.8 0.4170.07

6770.12 3.1 0.8570.22

5270.20 3.3 0.9170.15

1 4.5 0.9970.38

8 2.4 0.8870.62

0 2.3 0.7370.65

80 5.4 1.2770.21

2714.0 2.2 0.7970.09

170.56 3.4 1.1370.27
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There is a strong correlation between the experi-
mental H0 values of OCPs and temperature.
Temperature dependence of four selected OCPs is
shown in Fig. 1. For all OCPs, H increases with
temperature more than 3 times (3 times for g-HCH
and 18 times for chlorpyrifos) for deionized water
over the studied temperature range. For saline
water, H increases with temperature by the factor
of 2.9 (endosulfan II) and 80 (t-nonachlor). The
variation in H with temperature was expressed using
the van’t Hoff equation (Eq. (3)). Assuming
enthalpy and entropy are independent of tempera-
ture over the experimental temperature range, the
slope and intercept of the line were obtained from
the plot of (ln H) vs. (1/T) yields the enthalpy (DHH,
kJmol�1) and entropy (DSH, kJ mol�1.K�1) of
phase change, respectively. The slopes (B) and the
intercepts (A) for the Eq. (3) [ln H ¼ A+B/T(K)]
are presented in Table 3. The r2 values for the plots
of (ln H) vs. (1/T) ranged between 0.91–0.99
for deionized water and saline water (Table 3)
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Fig. 1. Measured H0 values for selected OCPs in deionized and saline wa

SD.
indicating the assumption that DHH and DSH are
constant over the experimental temperature range
and that the temperature dependence of H can be
accurately modeled by van’t Hoff equation is valid.

Table 4 shows calculated enthalpies and entropies
of phase change determined in this study along with
the literature values for the enthalpy of air–water
exchange (DHH), enthalpy of vaporization (DHvap)
and the enthalpy of phase transfer between octanol
and air (DHOA). DHH values in this study ranged
between 27.2–66.1 kJmol�1 for deionized water and
23.8–100.2 kJmol�1 for saline water. DHH values of
10 OCPs were reported in the literature. Paasivirta
et al. (1999) have conducted a study on estimation
of vapor pressures, solubilities, and Henry’s law
constants of persistent organic chemicals as a
function of temperature. Temperature dependence
of H was estimated from the temperature depen-
dence of both the vapor pressure and aqueous
solubility. Their calculated DHH values and
the results of other five studies were presented in
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ter over the studied temperature range (5–35 1C). Error bars are 1
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Table 3

The regression parameters (7standard errors) for the equation lnH ¼ A+B/T(K) for deionized and saline water

Deionized water Saline water

r2 A B r2 A B

a-HCH 0.99 17.470.6 �55167168 0.99 14.771.2 �45967345

g-HCH 0.93 9.671.7 �32667506 0.99 12.371.1 �40437335

p,p0-DDT 0.99 25.171.8 �74537513 0.99 16.270.7 �44747211

p,p0-DDD 0.98 17.171.6 �50717463 0.99 18.971.3 �55387372

p,p0-DDE 0.96 27.873.0 �77387892 0.93 19.473.3 �50187974

ESLF I 0.96 13.771.6 �41577461 0.98 19.871.7 �54707499

ESLF II 0.99 9.670.9 �37377266 0.98 8.771.0 �28587296

CHLPYR 0.97 27.774.0 �780271164 0.98 34.473.0 �93277887

ALD 0.98 16.871.1 �38687324 0.95 18.972.4 �43107696

DIELD 0.99 19.471.2 �57587344 0.97 21.472.6 �60347770

END 0.99 14.971.0 �46207303 0.92 14.772.9 �42577861

a-CHL 0.95 22.472.9 �61087844 0.98 33.473.4 �89987995

g-CHL 0.96 28.273.2 �75847927 0.91 40.978.3 �1095072423

t-NONA 0.96 29.173.1 �79537908 0.94 44.277.2 �1205472091

c-NONA 0.91 16.773.2 �50767923 0.98 23.272.2 �65547658

HEPCHL 0.99 18.270.9 �42527268 0.99 18.670.4 �40857115

HEP EPOX 0.95 18.272.3 �52217662 0.94 16.472.7 �43077788

Table 4

Measured enthalpy (DHH) and entropy (DSH) of H in this study for deionized and saline water, the previously reported enthalpies of

air–water exchange (DHH), the enthalpies of vaporization (DHvap) and the enthalpies of phase transfer between octanol and air (DHOA)

Deionized water Saline water Literature

DHH

(kJmol�1)

DSH

(kJmol�1K�1)

DHH

(kJmol�1)

DSH

(kJmol�1K�1)

DHH

(kJmol�1)

DHvap
d

(kJmol�1)

DHOA
e

(kJmol�1)

a-HCH 45.9 0.14 38.2 0.12 51.4a, 56.8b, 32.8c 68.5 61.9

g-HCH 27.2 0.08 33.6 0.10 43.2a, 57.2b, 59.2c 66.5 94.5

p,p0-DDT 62.0 0.21 37.2 0.13 64.5c 93.2 88.1

p,p0-DDD 42.2 0.14 46.0 0.16 60.9c 88.5 80.1

p,p0-DDE 64.3 0.23 41.7 0.16 63.0c, 39.1f 87.2 98.0

ESLF I 34.6 0.11 45.5 0.16 16.8a 80.4 83.0

ESLF II 31.1 0.08 23.8 0.07 82.4

CHLPYR 64.9 0.23 77.5 0.29 22.8a

ALD 32.2 0.14 35.8 0.16 75.1 71.0

DIELD 47.9 0.16 50.2 0.18 82.5 72.6

END 38.4 0.12 35.4 0.12 84.9

a-CHL 50.8 0.19 74.8 0.28 60.5c, 34.2f 82.0 97.5

g-CHL 63.1 0.23 91.0 0.34 59.3c, 29.2f 80.7 96.4

t-NONA 66.1 0.24 100.2 0.37 62.8c, 39.6f 85.6 105

c-NONA 42.2 0.14 54.5 0.19 83.8 97.5

HEPCHL 35.4 0.15 34.0 0.15 76.4 66.2

HEP EPOX 43.4 0.15 35.8 0.14

aStaudinger and Roberts (2001).
bXiao et al. (2004).
cPaasivirta et al. (1999).
dHinckley et al. (1990).
eShoeib and Harner (2002).
fJantunen and Bidleman (2006).
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Table 4. Results of the present study were within
these ranges. For deionized water, DHH values are
lower than DHvap values. This is consistent with
thermodynamic principles that suggest the effect of
temperature on H (DHH) should be lower than
(DHvap) by an amount close or equal to enthalpy of
solvation (DHSOL) (Schwarzenbach et al., 2003;
Bamford et al., 2000). Therefore, DHSOL can be
approximated by DHH ¼ DHVAP–DHSOL. For hy-
drophobic organic chemicals, DHSOL is often
positive (Paasivirta et al., 1999). Paasivirta et al.
(1999) have estimated the solubilities of OCPs as a
function of temperature by equations based on
mobile order theory. They have calculated that
DHSOL values of eight OCPs including a-HCH, g-
HCH, a-CHL, g-CHL, trans-nonachlor, p-p0-DDT,
p-p0-DDD, p,p0-DDE, range between 21.4 and
31.0 kJmol�1. In this study, DHSOL values of these
eight compounds obtained using above equation
were within these ranges (between 17.6 and
31.2 kJmol�1) except p,p0-DDD and g-HCH (46.3
and 39.3 kJmol�1, respectively).

The presence of salts in aqueous solution affects
the solubility of organic molecules through the
salting-out effect (Demou and Donaldson, 2002).
The salting-out coefficients of organic compounds
are known to be related to their partial molar
volumes (Kutsuna et al., 2005). In the present study,
molar volumes of OCPs were used since their partial
molar volumes were not available. Salting-out
constants (ks) of OCPs increased with the increasing
molar volume and the relationship was statistically
significant (r2 ¼ 0.36, p&it;0.01). However, molar
volume could not account for all the variation in ks
values. Recently, a similar relationship was also
observed between the ks values of 2,2,2-trifluor-
oethyl formate, ethyl trifluoroacetate, and non-
fluorinated analogous esters and their molar
volumes (Kutsuna et al., 2005)

log ðH�=HÞ ¼ ksCs, (5)

where H* is the Henry’s law constant in saline
water, H is the Henry’s law constant in deionized
water, ks is the Setschenow or the salting-out
constant and Cs is the molar concentration of the
salt solution. The measured ks values ranged
between 0.04 (g-HCH) and 1.80Lmol�1 (endosul-
fan II). Salting-out effect on the solubility of organic
compounds was extensively examined in the litera-
ture for various organic compounds but not for
OCPs. Calculated or experimentally determined ks
values of organic compounds range between 0.01
and 2.23Lmol�1 (Ni and Yalkowsky, 2003; Xie et
al., 1997). Xie et al. (1997) have compiled the
existing data on the salting-out effect of organic
solutes, particularly for hydrocarbons and chlori-
nated hydrocarbons. There are significant differ-
ences in calculated and experimentally obtained ks
values. The calculated ks value for naphthalene was
0.19 Lmol�1 while experimentally determined ones
were up to 0.62Lmol�1. Similar results were
observed for hexacosane, estimated and experimen-
tal values were 0.521 and 2.230Lmol�1, respec-
tively. Therefore, it is recommended to obtain
ks values experimentally since calculated values
tend to be underestimated (Xie et al., 1997). These
high ks values experimentally obtained in the
present study and previous studies indicate the
importance of assessing the solubility, hence H

values, of organic substances in saline water (sea-
water) in order to accurately assess their partition-
ing and fate in seawater. The salting-out coefficients
of organic compounds are known to be related to
their partial molar volumes (Kutsuna et al., 2005).
In the present study, molar volumes of OCPs were
used since their partial molar volumes were not
available. Salting-out constants (ks) of OCPs
increased with the increasing molar volume and
the relationship was statistically significant
(r2 ¼ 0.36, po0.01). However, molar volume could
not account for all the variation in ks values.
Recently, a similar relationship was also observed
between the ks values of 2,2,2-trifluoroethyl for-
mate, ethyl trifluoroacetate, and non-fluorinated
analogous esters and their molar volumes (Kutsuna
et al., 2005).
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