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The exchange kinetics of hydrophobic organic pollutants between passive sampler and water were modelled
to enable the measurement of time weighted average concentrations of pollutants.

The applicability of the model was tested in a field study.

Abstract

Passive sampling of dissolved pollutants in water has been gaining acceptance for environmental monitoring. Previously, an integrative pas-
sive sampler consisting of a C18 Empore� disk receiving phase saturated with n-octanol and fitted with low density polyethylene membrane, was
developed and calibrated for the measurement of time weighted average (TWA) concentrations of hydrophobic pollutants in water. In this study,
the exchange kinetics were modelled to obtain a better understanding of the mechanism of the accumulation process and to enable the measure-
ment of TWA concentrations of hydrophobic pollutants in the field. An empirical relationship that enables the calculation of in situ sampling
rates of chemicals using performance reference compounds was derived and its application was demonstrated in a field study in which TWA
aqueous concentrations estimated from sampler data for target analytes were compared with TWA concentrations obtained from spot samples
of water collected regularly during the sampler deployment period.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Passive sampling of organic pollutants in water has been
gaining acceptance for environmental monitoring. A range
of passive sampling devices has been developed for monitor-
ing organic pollutants in water. These include the lipid-filled

semi-permeable membrane device (SPMD; Huckins et al.,
1993) and the membrane enclosed sorptive coating (MESCO;
Vrana et al., 2001) for non-polar compounds and the polar or-
ganic chemical integrative sampler (POCIS; Alvarez et al.,
2004) for polar compounds. The design and field performance
of a wide range of passive samplers suitable for monitoring or-
ganic pollutants have recently been reviewed (Namiesnik
et al., 2005; Stuer-Lauridsen, 2005; Vrana et al., 2005a).

We previously developed a passive sampling device
(Chemcatcher) for the measurement of time weighted average
(TWA) concentrations of pollutants in aquatic environments
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(Kingston et al., 2000; Vrana et al., 2005b). The sampler is
based on the diffusion of target compounds through a mem-
brane and the subsequent accumulation of these pollutants in
a sorbent-receiving phase. Accumulation rates and selectivity
are regulated by the choice of both the membrane and a receiv-
ing phase material. One of the prototypes was designed for the
sampling of non-polar organic compounds with log octanol/
water partition coefficient (log KOW) values greater than three
(Kingston et al., 2000). This system used a 47 mm C18 Em-
pore� disk as the receiving phase and a low density polyethyl-
ene (LDPE) membrane. The C18 Empore� disk has a high
affinity and capacity for the sampled pollutants.

Despite the wide application of passive samplers, calibration
data that relate absorbed amounts of chemicals to their aqueous
concentrations are rare. As a result, field measurements using
passive samplers are primarily reported in terms of absorbed
amounts of chemicals, and only occasionally are the absorbed
amounts translated into actual aqueous concentrations. To en-
able measurement of TWA water concentrations of non-polar
organic pollutants, we calibrated the Chemcatcher sampler in
a flow-through tank under controlled conditions. The calibration
experiments were designed to characterize the effect of physico-
chemical properties (compound hydrophobicity), temperature
and hydrodynamics on kinetic and thermodynamic parameters
characterising the exchange of analytes between the sampler
and water. The calibration data have been reported recently
(Vrana et al., 2006).

In this study, the exchange kinetics of analytes between the
sampler and water was modelled to obtain further insight into
the mechanism of the accumulation process and to enable the
measurement of TWA concentrations of non-polar priority
pollutants in the field. An empirical relationship that enables
the calculation of in situ sampling rates of non-polar chemicals
using performance reference compounds (PRCs) was derived.
Its application was demonstrated in a field study in which sam-
pler data were compared with spot samples of water, collected
regularly during the sampler deployment.

1.1. Theory

The theory of steady-state mass transfer of an analyte
from water to the Chemcatcher passive sampler has been de-
scribed (Vrana et al., 2006). The amount of the chemical ac-
cumulated from water in the receiving phase of the sampler
with constant analyte concentration can be described by the
equation:

mD ¼ mD0þ ðCWKDWVD�mD0Þ
�

1� exp

�
� koA

KDWVD

�
t

�
ð1Þ

where mD [kg] is the mass of analyte in the receiving phase, mD0

[kg] is the analyte mass in the receiving phase at the start of ex-
posure, CW [kg m�3] represents the water concentration during
the deployment period, KDW is the receiving phase/water distri-
bution coefficient, VD [m3] is the volume of the receiving phase,
ko [m s�1] is the overall mass transfer coefficient, A [m2] is the
membrane surface area, and t [s] equals time.

The overall mass transfer coefficient ko is affected by the
diffusion of analytes in the individual layers; i.e. aqueous
boundary layer and LDPE membrane as well as by their par-
titioning into the membrane and receiving phase. The contri-
bution of the receiving phase to the overall resistance is
considered to be negligible (Vrana et al., 2005b). From theory
(Scheuplein, 1968; Flynn and Yalkowsky, 1972), the overall
mass transfer resistance to the uptake of a chemical is given
by the sum of particular barrier resistances to mass transfer.
The overall resistance (1/ko) is then given by:

1
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where kW and kM are mass transfer coefficients in the aqueous
boundary layer and the membrane, respectively. Eq. (2) shows
that resistance to mass transfer increases with the increasing
thickness of the barrier d and decreases in the diffusion and
partition coefficients D and K, respectively.

The coefficient in the exponential function (Eq. (1)) is re-
ferred to as the overall exchange rate constant ke.

ke ¼
koA

KDWVD

ð3Þ

In the initial uptake phase, pollutant uptake is linear or in-
tegrative. For practical applications, Eq. (1) can be reduced
and rewritten:

mD ¼ mD0þCWRSt ð4Þ

where RS [m3 s�1] is the sampling rate of the device, and rep-
resents the equivalent water volume sampled per unit of time.

RS ¼ ko A¼ ke KDWVD ð5Þ
Adding chemical standards called PRCs to the receiving

phase of the passive sampler prior to exposure has been sug-
gested as a means to calibrate the exchange rates in situ (Booij
et al., 1998; Huckins et al., 2002a). The use of PRCs can be
justified providing that analyte uptake and offload kinetics
are governed by the same mass transfer law, and obey first or-
der exchange kinetics. When PRCs are used that are not pres-
ent in water (CW¼ 0) and isotropic exchange kinetics applies,
Eq. (1) reduces to:

mD ¼ mD0 expð�ketÞ ð6Þ

2. Materials and methods

2.1. Physicochemical properties of chemicals

Preferred or selected values of physicochemical properties, including octa-

nol/water partition coefficients (log KOW) and aqueous solubilities (S ) were

taken from Mackay et al. (1992a,b) and have been summarized previously

(Vrana et al., 2006). Values of DW were estimated using Hayduk and Laudie

equation (Tucker and Nelken, 1982). The distribution coefficient between the

receiving phase of the sampler and water log KDW can be described by a linear

empirical function of log KOW (Vrana et al., 2006):

log KDW ¼ 1:382 log KOW � 1:77 ðR¼ 0:97; s¼ 0:13; n¼ 31Þ ð7Þ
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