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a b s t r a c t

Despite the great success of time-weighted average passive sampling of hydrophobic contaminants, such
as PCBs and PAHs, the sampling of polar organic compounds still presents a challenge because the equi-
librium between water and most sampling phases is attained in a relatively short time. In this study, we
proposed a new time-integrative sampler using in situ solvent extraction (TISIS) for polar organic chem-
icals. The sampler was composed of a 15 cm poly(dimethylsiloxane) (PDMS) tubing, with an internal
diameter of 0.5 mm and wall thickness of 0.5 mm, through which an extraction solvent (acetonitrile)
was passed. Four polar organic contaminants, caffeine, atrazine, diuron and 17a-ethynylestradiol, were
chosen for the evaluation of the performance of the sampler. Without the use of in situ solvent extraction,
the PDMS tubing when exposed to a constant aqueous concentration of the four model compounds was
able to linearly accumulate those compounds for less than 12 h and equilibrium between the PDMS tub-
ing and water was attained in 2 d under our laboratory conditions. However, TISIS when exposed to a
constant aqueous concentration was able to linearly accumulate all the model compounds without any
exposure time limitation. The measured sampling rates at three different extraction flow rates (0.2,
0.5, 1.5 mL min�1) were similar, regardless of the chemicals, indicating that the overall mass transfer
from aqueous solution to the extraction solvent was most likely dominated by partitioning to the PDMS
tubing and the internal diffusion within PDMS. In addition, a pulsed exposure experiment confirmed that
TISIS operated in a time-integrative mode when the environmental concentration was highly fluctuated.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Time-integrative sampling provides a very useful tool for
measuring the time-weighted average concentrations of environ-
mental contaminants when the level of chemical contaminants
has significant temporal variations (Vrana et al., 2005; Söderström
et al., 2009). Although sampling kinetics depends on the physico-
chemical properties of chemical contaminants as well as those of
the sampling phases, a two-phase model is often used for simplicity
to explain the accumulation kinetics of chemicals within the sam-
pling material (Huckins et al., 1999; Vrana et al., 2005; Mazzella
et al., 2007; ter Laak et al., 2008; Bayen et al., 2009; Söderström
et al., 2009; Shaw and Mueller, 2009; Hawker, 2010). Many factors
can affect sampling kinetics, such as the sampler geometry, hydro-
dynamic conditions around the sampler, temperature and fouling
on the surfaces, as well as the distribution coefficient between
the sampler and water (KSW). Of these, KSW is considered one of
the most important parameters in determining whether a sampler
is suitable for evaluating the time-weighted average concentration,
as the time required to attain equilibrium between the sampler and
ll rights reserved.

: +82 31 215 5145.
water increases with increasing KSW (Huckins et al., 1999; Stuer-
Lauridsen, 2005; Mazzella et al., 2007; Bayen et al., 2009; Llorca
et al., 2009). Most passive samplers can run in a time-integrative
mode, without much modification, for compounds with a high
KSW. For example, passive samplers, such as semi-permeable
membrane devices (SPMDs) and other partitioning-based samplers
consisted of hydrophobic sorbing phases, have been used to
determine the time-weighted average concentration of hydropho-
bic contaminants, including polycyclic aromatic hydrocarbons,
polychlorinated biphenyls and polychlorinated biphenyl ethers
(Huckins et al., 1999; Adams et al., 2007; Ouyang et al., 2007;
Anderson et al., 2008; ter Laak et al., 2008).

However, the equilibration time will be much shorter for less
hydrophobic chemicals, with a low 1-octanol–water partition
coefficient (KOW) because the logKSW values for most passive
sampling materials are linearly related with logKOW (Huckins
et al., 1999; ter Laak et al., 2008). As more and more attention
has been paid to polar organic chemicals (POCs) (Mills et al.,
2007; Söderström et al., 2009), many passive samplers accumu-
lating POCs in a time-integrative mode have been developed
(Kingston et al., 2000; Alvarez et al., 2004; Hyne and Anistrope,
2008). Polymeric phases having higher sorption capacities for
POCs have been employed (Kingston et al., 2000; Alvarez et al.,
2004; Mazzella et al., 2007; Shaw et al., 2009) or diffuse mem-
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branes making mass transport slower in the aqueous boundary
layer have been used (Ouyang et al., 2007; Vermeirssen et al.,
2009). However, KSW values vary significantly between various
POCs, making sampling times that guarantee time-integrative up-
take highly dependent on the target analytes. Because environ-
mental sampling is usually aimed at monitoring many
compounds of interests simultaneously (Kolpin et al., 2002; Loos
et al., 2010), it is difficult to apply passive sampling techniques
for this purpose.

Thus, we proposed a new type of time-integrative sampler
using in situ solvent extraction (TISIS) by the flow of an organic sol-
vent through the polymer tubing lumen. The chemical concentra-
tion in the sampling phase in contact with the extraction solvent
could be reduced much lower than the equilibrium concentration.
Therefore, sampling could be constantly conducted within a linear
uptake regime. Poly(dimethylsiloxane) (PDMS) tubing and acetoni-
trile were chosen for the model polymer support and extraction
solvent, respectively. Partition coefficients between PDMS and
water (KPDMSw) and sampling rates (RS) were measured without
using the extraction solvent to obtain sampling parameters. The
performance of TISIS was evaluated using four model polar organic
chemicals, caffeine, atrazine, diuron and 17a-ethynylestradiol. The
sampling rates were determined in a constant aqueous exposure
concentration. The amounts sampled under a pulsed exposure con-
dition were also experimentally measured and compared with
those calculated from the sampling rates obtained under the con-
stant exposure study.

2. Theory

For a sampler consisted of a single phase or that can be assumed
as a single phase, the accumulation of chemicals from water to the
sampler can be described by a simple differential equation:

dCS

dt
¼ kuCw � keCS ð1Þ

where CS and Cw are the concentrations of a chemical in the sam-
pler and water (mg L�1), respectively, and ku and ke are the up-
take and elimination rate constants (d�1). The ratio of ku to ke

equals to the equilibrium partition coefficient between the sam-
pler and water (KSW). If Cw is considered to be a constant, the
concentration of a chemical accumulated in the sampler (CS) is gi-
ven by:

CS ¼
ku

ke
Cwð1� e�ketÞ ¼ KSW Cwð1� e�ketÞ ð2Þ

Thus, CS increases linearly with Cw when ket is sufficiently small.
When this condition is met, the sampling rate (RS, L d�1) is defined
as:

RS ¼ kuVS ¼ KSW keVS ð3Þ

where VS is the volume of the sampler (L). The uptake and elimina-
tion rate constants (ku and ke) can be approximated using a film-dif-
fusion model composed of two thin films of water and the sampler.

ku ¼
1

dw
Dw

r
dwþr þ

dS
DSKSW

AS

VS
ð4Þ

ke ¼
1

dw
Dw

r
dwþr KSW þ dS

DS

AS

VS
ð5Þ

where d represents the thickness of boundary layer (m), D is the
diffusion coefficient (m2 d�1), the subscripts S and w represent the
sampler and water, r is the radius of curvature of the sampler
surface and AS is the surface area of the sampler (m2). Thus, RS

can be written as:
RS ¼
AS

dw
Dw

r
dwþr þ

dS
DSKSW

ð6Þ

The exponential term in Eq. (2) should be sufficiently small to
allow time-integrative sampling. Thus, the elimination rate con-
stant, ke, needs to be minimized. Because a small AS/VS or large dS

(i.e., thick passive sampler) is undesirable for handling, investiga-
tions have attempted to increase KSW by modifying the sorbing
phase for POCs (Kingston et al., 2000; Alvarez et al., 2004) or to in-
crease dw by installing a diffuse membrane (Ouyang et al., 2007;
Vermeirssen et al., 2009).

3. Materials and methods

3.1. Materials

Four model chemicals were chosen for the development of a
new time-integrative sampler for polar organic chemicals. Caffeine,
two herbicides, atrazine and diuron, and a synthetic estrogen, 17a-
ethynylestradiol (EE2), were chosen for the evaluation of the sam-
pler as these were very frequently detected in wastewaters and
river waters worldwide (Kingston et al., 2000; Alvarez et al.,
2004; Tran et al., 2007; Focazio et al., 2008; Hyne and Anistrope,
2008; Loos et al., 2010; Yoon et al., 2010). They are also electroni-
cally neutral under environmentally relevant conditions and polar,
due to their logKow values, which range between 0.07 (caffeine)
and 3.67 (EE2) (Table 1). All four chemicals were of high purity
(>98%) and purchased from Sigma–Aldrich (St. Louis, MO).
Poly(dimethylsiloxane) (PDMS) tubing, with an external diameter
of 1.5 mm and internal diameter of 0.5 mm, was purchased from
a local manufacturer (Dong-Bang Silicone Inc., Gimpo, Republic
of Korea). PDMS, frequently used as a sampling material (Ouyang
et al., 2007; Kwon and Escher, 2008; ter Laak et al., 2008; Llorca
et al., 2009), was chosen because it is highly permeable to organic
chemicals (Rusina et al., 2007) and possesses high stability in
water and many organic solvents.

3.2. Design of the sampler

A schematic diagram of the sampler is shown in Fig. 1. The
extraction solvent was passed through the PDMS tubing
(i.d. = 0.5 mm) at the desired flow rate controlled by a syringe
pump (KDS 100, KD Scientific Inc., Holliston, MA). An aqueous solu-
tion containing the chemical species was allowed to flow through a
three-necked glass round flask. The hydraulic retention time in the
flask was measured as 7.08 h, satisfying that the aqueous concen-
tration of the selected chemical species remained constant during
the constant exposure experiment. The solution was gently agi-
tated by stirring at 120 rpm, using a Teflon coated magnetic stir-
ring bar (51 mm � 8 mm diameter), to mimic turbulent sampling
conditions and to increase the sampling rates by decreasing the
thickness of the aqueous boundary layer (Kwon et al., 2006a). All
sampling experiments were conducted at 25 ± 2 �C.

3.3. Chemical analyses

All the experiments were conducted in a mixture of two chem-
icals. Mixture 1 was composed of caffeine and atrazine and mix-
ture 2 of diuron and EE2. An HPLC system, equipped with a
Waters quaternary gradient pump (Waters 600E, Milford, MA,
USA), an autosampler (Waters 717+) and a photodiode array detec-
tor (Waters 2996), was used for the quantification of the com-
pounds. Deionized water and acetonitrile were used as the eluent
solvents, in a gradient mode, at a flow rate of 1 mL min�1: 40% ace-
tonitrile (3 min), ramp to 60% acetonitrile in 6 min, hold for 2 min.
The chemical mixture was separated on a reverse-phase C18 col-



Table 1
Physico-chemical properties, PDMS–water partition coefficients and sampling rates of the three selected model compounds.

Compound CAS Reg. No. MW (g mol�1) LogKow
a pKa LogKPDMSw

b Sampling rate, RS (L d�1)

Batch Kinetic PDMS only TISIS

0.2 mL h�1 0.5 mL h�1 1.5 mL h�1

Caffeine 58–08-2 194.19 0.07 �0.13�1.22c 0.26 ± 0.01 0.31 ± 0.02 0.000578 0.000530 0.000502 0.000372
Atrazine 1912–24-9 215.68 2.61 – 2.17 ± 0.02 2.15 ± 0.02 0.0410 0.0134 0.0107 0.00950
Diuron 330–54-1 233.10 2.78 – 1.65 ± 0.01 1.78 ± 0.01 0.0220 0.00890 0.00797 0.00742
EE2 57–63-6 296.41 3.67 10.04d 1.40 ± 0.02 1.53 ± 0.01 0.0221 0.00571 0.00761 0.00751

a Suggested values by Sangster Research Laboratory, 2011.
b Mean ± standard error.
c From Brittain and Pronkerd, 2007.
d From Kwon et al., 2006b.
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×
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Fig. 1. Experimental design of the time-integrative sampler.
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umn (Thermo ODS Hypersil 150 mm � 4.6 mm, 5 lm particle size,
120 Å pore size, end-capped; Thermo Fischer Scientific, Waltham,
MA, USA) at room temperature. The detection wavelengths and
retention times of caffeine, atrazine, diuron and EE2 were 272,
220, 248 and 227 nm and 3.1, 6.9, 7.5 and 9.3 min, respectively.

3.4. Determination of distribution coefficients between PDMS tubing
and water (KPDMSw) and sampling rates

The KPDMSw values of the four selected chemicals were deter-
mined using a batch equilibrium partitioning test and a kinetic up-
take method. In the batch experiment, one piece of cleaned 15 cm
PDMS tubing was placed in a 4 mL glass vial containing an aqueous
solution of the chemicals. The ranges of the initial aqueous concen-
trations spiked into the solution were 5–100, 0.2–4, 0.05–5 and
0.5–5 mg L�1 for caffeine, atrazine, diuron and EE2, respectively.
Although phase equilibrium was obtained less than 24 h by shak-
ing the vials in an orbital shaker at 150 rpm and 25 �C (see
Fig. S1, Supplementary Material), equilibrium partition coefficients
were measured after 72 h. The PDMS tubing was taken and ex-
tracted using 2 mL of acetonitrile. A preliminary experiment
showed that over 98% of the extractable chemicals were extracted
in the first extraction. Both aqueous samples and acetonitrile ex-
tracts were subjected to HPLC analysis for the determination of
Cw and CPDMS. The KPDMSw values were obtained from the slope of
a plot of CPDMS versus Cw.

Kinetic KPDMSw and the kinetic rate constant (ke) were deter-
mined using PDMS tubings as passive samplers in a flow-through
condition. Less than 10 pieces of custom-cut PDMS tubing
(15 cm) were submerged in the aqueous solution, in which con-
stant concentrations of the chemicals were maintained by flowing
the feed water containing a constant chemical concentration. The
total volume of PDMS tubings in the vessel was sufficiently small
so that the partitioning of chemicals from the aqueous solution
did not noticeably decrease the aqueous concentration. Routine
measurements of the aqueous concentrations showed that the
aqueous concentrations remained unchanged during the kinetic
experiment. Amount of chemicals accumulated in PDMS was
determined using the same extraction and HPLC quantification
procedure described above. Obtained values of CPDMS were plotted
with respect to the exposure time and the uptake rate constant (ku)
and KPDMSw were determined by a non-linear regression using Eq.



Fig. 2. Chemical concentrations in the PDMS tubing exposed to constant chemical
concentrations. Broken lines represent the model-fit using Eq. (2).
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(2) using OriginPro ver. 8.0 (OriginLab Co., Northampton, MA). The
sampling rates were then calculated using the volume of PDMS
(Eq. (3)).

3.5. Time-integrative sampling in a constant aqueous concentration

A sampler, described in Fig. 1, was used for time-integrative
sampling using in situ solvent extraction. Acetonitrile was chosen
as the extraction solvent as it dissolves all four chemicals well, with
minimal swelling of the PDMS. The swelling ratio of PDMS in aceto-
nitrile was 1.01, smaller than those in other alternative organic sol-
vents, such as methanol (1.02), ethanol (1.06) and acetone (1.06)
(Lee et al., 2003). The sampling rates of the four selected chemicals
were evaluated at three different extraction flow rates (0.2, 0.5 and
1.5 mL h�1). The amounts of acetonitrile recovered in collection
vials were 66%, 82% and 89% at 0.2, 0.5 and 1.5 mL h�1, respectively.
The sampled acetonitrile was then evaporated under a gentle nitro-
gen stream, with the final volume adjusted to 0.1 mL h�1 for the
HPLC analysis. Potential loss of chemicals due to the evaporation
and re-dissolution steps was neglected because all chemicals have
low vapor pressure and their recoveries in this step were close to
100%. The total mass of chemicals sampled was then calculated
from the concentration measured by HPLC and the collection recov-
ery of acetonitrile. The aqueous exposure concentrations were
approximately 10, 0.4, 0.5, and 0.7 mg L�1 for caffeine, atrazine, diu-
ron and EE2, respectively. The sampling rates (in L h�1) were deter-
mined by plotting the amount recovered by the sampler (in mg)
divided by the aqueous concentration (mg L�1) versus time (in h).

3.6. Flow-through experiment with a pulse exposure

In order to further evaluate the performance of the sampler, it
was exposed to the aqueous solution, which received pulses of
chemicals to simulate the variable concentration. To generate a
pulsed exposure in the reaction vessel, the two different feed solu-
tions were alternated. The solution containing the chemical mix-
ture was allowed to flow into the vessel for 24 h and de-ionized
water flowed for the next 48 h. This cycle of a pulse was repeated
three times, with the experiment conducted for 9 d. The aqueous
concentrations were approximately 9, 0.3, 1.0 and 1.2 mg L�1 for
caffeine, atrazine, diuron and EE2, respectively. The aqueous con-
centration of the model chemicals in the feed tank was continu-
ously monitored.

To predict the chemical concentration in the vessel and the total
amount of chemical extracted, it was assumed that: (1) the solu-
tion in the vessel was well-mixed, (2) the decrease in the concen-
tration in the vessel due to the extraction by the polymeric phase
and acetonitrile was negligibly small, and (3) the sampling rate
was independent of the aqueous concentration. Based on these
three assumptions, the aqueous concentration (C(t)) and the
sampled amount (M(t)) were theoretically derived, as follows
(see Supplementary Material A for further details):

Constant input concentration (Cin):

CðtÞ ¼ Cin � ðCin � C0Þ exp � t
s

� �
ð7Þ

MðtÞ ¼ M0 þ RSðCint þ sðCin � C0Þ exp � t
s

� �
� sðCin � C0ÞÞ ð8Þ

No chemical input:

CðtÞ ¼ C0 exp � t
s

� �
ð9Þ

MðtÞ ¼ M0 þ RSC0s 1� exp � t
s

� �� �
ð10Þ
where C0 and M0 are the initial aqueous concentration (mg L�1) and
the initial amount of a chemical sampled (mg), respectively, and s is
the hydraulic retention time (h).
4. Results and discussion

4.1. Determination of sampler–water partition coefficients

Fig. 2 shows the changes in CPDMS with exposure time when
PDMS tubing was exposed to a constant aqueous concentration
of the four chemicals. The broken lines represent the best-fit curves
of the theoretical model (Eq. (2)). The KPDMSw values obtained by a
batch shaking method are also presented in Table 1 (see also
Fig. S2, Supplementary Material). The values from the batch test
were close to those kinetically determined. As shown in Fig. 2,
equilibrium between PDMS and water was attained within 3 d
for all compounds. The time domain for determining the time-
weighted average concentration is often assumed that the sampler
accumulates chemicals linearly until CPDMS reaches the half equilib-
rium concentration (Huckins et al., 1999; Stephens et al., 2005).
According to this assumption, the time domain for integrative sam-
pling was shorter than 20 h under our experimental condition.
However, the time-integrative sampling regime can be extended
by lowering the surface area to volume ratio (Bayen et al., 2009)
or increasing the thickness of the diffusion boundary layer (Ouyang
et al., 2007; Vermeirssen et al., 2009), although decreased mass
transport may cause analytical difficulties due to limited mass
accumulated.

The sampling rates (RS) were also determined using Eq. (3) (Ta-
ble 1), with the highest rate found for atrazine, followed by EE2,
diuron and caffeine, which coincided with the decreasing values
of KSW. Because the thickness of the diffusion boundary layer (dw)
does not depend on the chemical properties (Levich, 1962) and
the diffusion coefficients in water and PDMS are unlikely to differ
by orders of magnitude, the differences in the sampling rates were
most likely due to the different KSW, with measured difference in RS

well-explained by the KSW values.
The sampling rates in this study (Table 1) were generally lower

than those reported in the literature. The reported sampling rates
of atrazine and diuron ranged between 0.0077 and 1.8 L d�1 using
POCIS (Alvarez et al., 2004; Mazzella et al., 2007), various configu-
rations of SDB-RPS (Shaw et al., 2009; Shaw and Mueller, 2009) and
SDB-XC (Hyne and Anistrope, 2008) Empore disks and cellulose
sampling device (Tran et al., 2007). Although many other factors
affect the sampling rate, the smaller surface area of the PDMS tub-
ing and lower sorbing capacity of PDMS compared with other sam-
pling phases seem to be the main causes of the lower sampling
rates. The surface area of TISIS using 15 cm PDMS tubing is
7.1 cm2 smaller than other passive samplers tested (18–60 cm2)
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(Alvarez et al., 2004; Mazzella et al., 2007; Shaw and Mueller,
2009). Although PDMS, a non-polar polymer, was used as the poly-
meric support in this study, it would increase the sampling rate of
polar organic chemicals by using an alternative support material
with higher sorption capacity for them.

4.2. Effects of the extraction flow rate

Because an ideal time-integrative sampler should be far from
phase equilibrium with ambient water, a reasonably short resi-
dence time of the extraction solvent (acetonitrile) is required.
However, minimizing the amount of solvent is also advantageous
due to the ease of handling and potential experimental losses asso-
ciated with concentrating the solvent in a laboratory. Therefore,
the performance of TISIS at three different extraction flow rates
was evaluated (Fig. 3). As indicated above, the loss of the extraction
solvent increased with decreasing flow rate because the solvent
caused slight swelling of the PDMS (Lee et al., 2003) and may dif-
fuse out. However, the sampling rate obtained at three flow rates
did not differ much for all the tested chemicals (Fig. 3 and Table
1), indicating that the concentration (or chemical potential) in
the extraction solvent was much lower than that in the aqueous
solution regardless of the changes in the flow rates tested. The con-
centration gradient or the change in chemical potential, the main
driving force of mass transport from the aqueous solution to
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Fig. 3. Cumulative amount sampled using TISIS divided by the aqueous exposure concent
(d) 17a-ethynylestradiol at three different extraction flow rates, 0.2 (diamonds), 0.5 (squ
The sampling rate (RS; L h�1) was determined from the slope of the regression line.
extraction solvent, was thought to be remained unchanged within
the range of the flow rates of acetonitrile. Fig. 4 schematically de-
scribes the driving force of the mass transport from the ambient
water to the extraction solvent.

The sampling rates obtained using TISIS were lower than the
initial sampling rate obtained in the experiment with PDMS tubing
only, whereas the difference was small for caffeine, with RS values
for atrazine, diuron, and EE2 using TISIS lower by factors between
2.5 and 4.3. The effective thickness of the PDMS tubing passive
sampler should be thinner than that of TISIS. The diffusion film
thickness of a polymeric phase can be approximated as half of its
physical thickness for a flat surface (Salaün and Buffle, 2004). With
the agitation of aqueous phase and relatively lower KPDMSw values
of the test chemicals, it is likely that the mass transport resistance
in the PDMS tubing would be rate-limiting. Although additional
acetonitrile phase may also contribute the overall mass transfer
resistance by adding a third term in the denominator in Eq. (6),
the effects would be negligible because all the test compounds dis-
solve much better in acetonitrile than in PDMS. Thus, the de-
creased sampling rates for the model compounds were likely to
be caused by the increased thickness of the PDMS film and exper-
imental results fell within the reasonable range expected. Another
factor that might lowered the sampling rate of TISIS compared to
PDMS was the axial change in the concentration gradient.
However, this was unlikely to decrease the sampling rate because
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ration (L) with respect to exposure time for: (a) caffeine, (b) atrazine, (c) diuron, and
ares) and 1.5 mL h�1 (triangles). The dashed lines represent the linear best-fit lines.
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Fig. 4. Schematic diagram of the cross section of TISIS. The solid and dashed lines
represent the concentration gradient and change in the chemical potential in the r-
coordinate, respectively.
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the sampling rate was not increased by increasing the flow rate of
acetonitrile (Table 1 and Fig. 3). This suggests that the lowest flow
rate of the extraction solvent was sufficient to extract the test
µ
µ

(a) (

(b) (

Fig. 5. Evaluation of the performance of TISIS under pulsed exposure conditions during 2
diamonds represent the measured aqueous concentration and the filled squares the cum
predicted aqueous concentrations using Eqs. (7) (constant input condition) and (9) (zero
condition) and Eq. (10) (zero input condition).
chemicals, without disturbing the concentration gradient, as
shown in Fig. 4.

It should be also noted that the sampling rate of TISIS may be
too low for many polar organic chemicals with low sampler-water
partition coefficient such as caffeine in this study. Although sam-
pling rate may be increased by increasing surface area, it would
be desirable for using alternative polymeric phase with higher
sorption capacity for such chemicals.

4.3. Pulsed exposure

Fig. 5 shows the results from the time-integrative sampling
using TISIS when the aqueous concentration changed over time.
The open diamonds represent the measured aqueous concentra-
tions and dashed lines indicate the theoretical curves using Eqs.
(7) and (9). For all the test chemicals, the measured aqueous con-
centrations coincided very well with the predicted curves, confirm-
ing that the aqueous concentration was modeled by assuming a
complete continuously-stirred tank reactor. The filled squares rep-
resent the cumulative amount of chemicals sampled using TISIS
and the solid curves the model results using Eqs. (8) and (10).
For the derivation of the theoretical curve, pre-determined kinetic
distribution coefficients (KPDMSw) and sampling rates (RS), at the
extraction flow rate of 0.5 mL h�1 (Table 1), were used. Although
the experimental data were slightly lower than the theoretical
model prediction except for caffeine, the overall deviations were
less than 10% for all the test chemicals. Thus, it was confirmed that
µµ
µ

c)

d)

00 h for: (a) caffeine, (b) atrazine, (c) diuron, and (d) 17a-ethynylestradiol. The open
ulative amount of the chemical sampled using TISIS. The dashed and plain lines are

input condition) and the predicted sampled amount using Eq. (8) (constant input
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TISIS can accumulate polar organic chemicals in a time-integrative
regime, regardless of the distribution coefficient between the poly-
meric passive sampling phase and water (KSW).

4.4. Implication of the study to environmental monitoring of polar
organic chemicals

As shown in this work, TISIS was able to linearly accumulate all
of the model compounds, regardless of the KSW values and varying
aqueous concentrations under laboratory conditions. Although the
device is not ready for the field deployment as its current form, this
study has provided some important insights into the determina-
tion of time-weighted average concentrations of POCs. A sampler
may be designed so that the overall mass transport of chemicals
from water is limited by diffusion in the polymeric support so that
the overall sampling rate would be nearly constant for a given
compound with variable turbulent conditions in the field. There-
fore, a simple laboratory calibration may replace the use of perfor-
mance reference compounds. Another advantage of TISIS would be
the selective preconcentration of analytes because large molecules
in the sample matrix do not pass through the PDMS tubing.

5. Conclusions

A new time-integrative sampler using in situ solvent extraction
(TISIS) was found to be able to determine time-weighted average
concentration of polar organic compounds in water. Time-domain
for integrative sampling was not limited by the partition coeffi-
cient of a compound by extracting the chemicals sorbed in the
polymer tubing using an organic solvent. The major advantages
of the sampler were: (1) the invariance of the sampling rate with
changing environmental conditions and (2) the separation of ana-
lytes from sampling matrix. Although the sampling rates of POCs
were low using non-polar PDMS as a polymeric support, this study
provide new insights on the determination of time-weighted aver-
age concentration using in situ solvent extraction.
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