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Stéphane Bayen* and Jacques Buffle

CABE, University of Geneva, Sciences II, 30 Quai Ernest Ansermet,
CH 1211, Geneva 4, Switzerland

(Received 3 July 2008; final version received 12 September 2008)

In the present article, the hollow-fibre liquid-phase microextraction of poly-
chlorinated biphenyls (PCBs) was conducted under non-equilibrium conditions,
to investigate the bioavailability of PCBs in natural waters. The study was
conducted for 12 PCB congeners (logKow ranging from 5.2 to 8.2) in the ngL�1

range. This appeared as a major challenge since aqueous solutions in this
concentration range tend to evolve rapidly due to adsorption of PCBs on glass
walls. The average aqueous diffusion layer was measured to be 43� 2 mm at
500 rpm. Aqueous diffusion coefficients of PCBs estimated from experimental
data were found to be about two times lower than those predicted by the
Hayduk-Laurie equation, possibly due to the underestimation of the molar
volume of PCBs, the aggregation of PCBs in the aqueous phase, or a decrease
of the actual aqueous concentration during the time of extraction. The presence
of Aldrich humic acid (AHA) in the solution decreased, as expected, the mass
transfer of PCBs to the fibre, but the flux was not linked either to the total or to
the free PCB concentration. This suggests a semi-labile behaviour for the AHA–
PCB complex, which was confirmed by the effect of stirring speed on the amount
of PCBs extracted in the presence and in the absence of AHA. The whole of these
observations suggests that diffusion in solution is not only one of the limiting
process for the extraction of PCBs but also supports the need for more
experimental data to understand in detail the mechanism of extraction of
hydrophobic compounds, and their bioavailability in the presence of aquatic
complexants.

Keywords: bioavailability; diffusion coefficient; polychlorinated biphenyl;
hollow-fibre liquid-phase microextraction; extraction kinetics; glassware adsorp-
tion; PCB–humic interaction

1. Introduction

In the last decades, the list of organic contaminants detected in natural waters has
continuously lengthened, including persistent organic substances (www.chem.unep.ch/
pops), organophosphorus insecticides [1], organotin compounds [2], volatile organic
compounds [3], pharmaceuticals [4] and synthetic musk flagrances [5]. Total concentra-
tions of organic contaminants are generally monitored as the indicator for water quality
and regulations. Nonetheless, natural waters are complex matrices, in which organic
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pollutants are known to associate with suspended particulate matter [6], and dissolved
organic matter [7]. In these conditions, a ‘free concentration’ is defined as the fraction
of the contaminant unbound in the aquatic system. This concept of speciation plays
a major role for environmental risk assessment, as it may be related to the bioavailability
of the contaminant [8,9].

From the analytical point of view, a wide range of analytical tools are available for the
quantification of the levels of organic contaminants in natural waters. These methods
often rely on the isolation and the pre-concentration of the analyte using conventional
liquid–liquid extraction (LLE), solid phase extraction (SPE), in situ passive samplers such
as semi-permeable membrane devices (SPMD), and microextraction techniques, such as
single-drop microextraction (SDME), hollow-fibre liquid-phase microextraction
(HF-LPME) or solid phase microextraction (SPME) [10–12]. From a kinetic point
of view, the profile of extraction versus time can be divided into three regimes: the kinetic,
the near-equilibrium and an intermediate regimes [10,13].

In most monitoring studies, extraction is generally performed under depletive
conditions to target the total (dissolved and/or particulate) concentrations of the organic
pollutants, even though the influence of speciation on the analytical results is not well
documented [14]. However, attempts to probe the free concentrations of organic
contaminants in natural waters are less frequent. Equilibrium sampling with the various
extraction tools mentioned above is a common way to access to the free concentration, and
advantages/disadvantages have been reviewed by Heringa and Hermens [9]. Reaching
equilibrium, however, is not always feasible because of technical challenges (e.g. solvent
drop stability for SDME, or fouling of the system) or because time to reach equilibrium
is too long [15,16]. Parameters that influence the time to reach equilibrium include the
partition coefficient of the analyte (between the extracting phase and water), the stirring
conditions, the sample volume and the dimension of the extraction device [17]. Time
to reach equilibrium may vary from a few minutes up to several days/months depending
on sampling conditions. From an environmental perspective, excessive sampling times are
not compatible with the understanding of speciation under fluctuating conditions.

In this context, it is interesting to examine non-equilibrium (or kinetic) sampling as
a speciation tool, but the literature in this field is scarce. Jeannot and Cantwell [18]
reported the use of SDME as a speciation tool for the determination of free progesterone
in the presence of a binding protein. In 2000, Oomen et al. [19] investigated the non-
equilibrium extraction of polychlorinated biphenyls (PCBs) using SPME in the presence of
chyme to evaluate the availability of PCBs for intestinal uptake. These two studies showed
that, under specific conditions (uptake process controlled by aqueous diffusion, high
concentration of sorbed analyte, fast desorption from the matrix), the flux of analyte into
the extracting device will not be proportional to the free concentration, but will be
enhanced by a contribution of sorbed analytes. The complex formed by the analyte sorbed
onto the matrix is qualified as labile under these conditions. More recently, the
environmental speciation of polyaromatic hydrocarbons was investigated using
non-equilibrium SPMDs in both laboratory [20] and field experiments [21].

The aim of the present article is to investigate analytical aspects of the non-equilibrium
HF-LPME technique, and its potential as a tool to study environmental speciation
of PCBs. As pointed out by Oomen et al. [19], the potential of this technique as
a speciation tool can only be assessed if uptake mechanisms are identified. Therefore,
extraction kinetics of PCBs by HF-LPME was investigated to find out whether uptake is
controlled by diffusion in the solution or inside the extracting device. Then, the interaction
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of PCBs with Aldrich humic acid (AHA) was investigated, to illustrate the effect of the
lability degree of the sorbed PCBs on the analytical results.

In the present work, the study range for PCB concentration was voluntarily chosen
in the ngL�1, which is most relevant for environmental systems. As developed in this
article, the study of PCBs in aqueous samples in the ngL�1 range do face analytical
challenges linked with adsorption of PCBs on every type of material. To overcome this
issue, strategies such as measurement of the actual concentration and silanisation have
been tested. Understanding the possible influence of these strategies on speciation results
is another goal of this article.

2. Experimental

2.1 Reagents

Hydrophobic hollow-fibre membranes (polypropylene, Accurel ppq 3/2, 0.2mm pore size,
100 mm thickness, 600 mm inner diameter) were obtained from Membrana GmbH
(Wuppertal, Germany). n-Nonane, acetone and n-hexane were of analytical grade and
ultrapure deionised water (R4 18M� cm) was obtained with a MilliQ water purification
system (Millipore, Billerica, MA, USA). Sodium phosphate, sodium chloride and
hydrochloric acid were high-purity reagents. All glassware was cleaned with detergent
solution (A-110204, Milian, Switzerland) and rinsed with solvent before use.

The PCBs (Table 1) were purchased from Supelco (Belafonte, PA, USA). PCB 209 was
used as internal standard. A working PCB solution (congeners 18, 28, 31, 44, 52, 101, 118,
138, 149, 153, 180, 194) was prepared in acetone for the spiking experiments and analysed
by gas chromatography to measure the exact PCB concentration. Octanol–water partition
coefficients (Kow), dissolved organic carbon/water partition coefficients (KDOC) and
aqueous solubilities from the literature are presented in Table 1.

2.2 Sample preparation

Well-defined artificial water samples were used to make easier the characterisation
of extraction kinetics. Artificial water samples in this study consisted in 200mL phosphate
buffer solutions (10�2M, pH¼ 7.4� 0.1, I¼ 0.03M). Ionic strength and pH were adjusted
with sodium chloride and hydrochloric acid. Phosphate buffer (pH range representative of
natural waters) was selected as it was previously used with immunoassays for PCBs [22]
and in culture media (cells/microorganisms) for PCB exposure [23,24]. A 100mL of this
solution was transferred to a 250mL blue-cap glass bottle, the PCBs in acetone
(10–150 mL) were spiked with a syringe and the remaining 100mL of solution was added.
The samples were allowed to equilibrate for 24 h before extraction, in a horizontal shaker
(150 rpm) in the dark. All experiments were conducted at room temperature (22� 1�C).

AHA (sodium salt, technical grade) was obtained from Sigma Aldrich (Steinheim,
Germany). A 150mg of this salt was dissolved in 7.5mL of a NaOH 0.1M to prepare
a stock AHA solution. The total organic carbon of the stock AHA solution was measured
using a TOC analyser (Shimadzu TOC-5000, Kyoto, Japan) and the carbon content in
AHA was found to be 45.2� 1.4%, which is consistent with other reports (e.g. 42.5%
reported by Jonassen et al. [25]). The influence of AHA was studied by adding volumes of
the AHA stock solution to the artificial water to obtain final concentrations of AHA
ranging from 5 to 100mgL�1.
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2.3 Conventional liquid–liquid extraction of PCBs

For some solutions, the actual aqueous concentration was measured following the
conventional liquid–liquid extraction of 200mL of water with 3� 30mL hexane in
a 500mL separation funnel. Extracts were dried using anhydrous sodium sulfate and were
concentrated to 0.5mL using rotary evaporation. Extracts were further concentrated to
100 mL under a gentle flow of purified nitrogen using 100 mL of n-nonane containing PCB
209 as internal standard (100 ng/mL).

In preliminary experiments, the adsorption on glass walls of the blue-cap bottles was
confirmed. Briefly, artificial water spiked with PCBs was left for equilibration in blue-cap
bottles for 24 h as described previously. The aqueous phase was removed and the
extraction with 60mL of n-hexane for 24 h on a horizontal shaker was done on the glass
walls and extracts were treated as done for water extracts.

2.4 Hollow-fibre microextraction of PCBs

Hollow fibres were cut into 15mm long sections and were cleaned in acetone prior to use.
Hollow fibres were fitted on GC syringes as described by Basheer et al. [26]. Triplicate
HF-LPME was performed simultaneously in a 250mL blue-cap bottle under stirring. The
volume of the solvent inside the fibre was evaluated by comparing the weight of the dry
fibre and impregnated fibre and adding the volume inside the lumen (3.5 mL). The total
volume of nonane inside the fibre was about 10 mL. Adsorption on the polypropylene
membrane was assumed to be insignificant as compared to the partitioning with
the nonane inside the pores of the membrane. Basheer et al. [27] coated the polypropylene
hollow fibres with polymers to obtain significant adsorption properties.

2.5 Gas chromatography quantification

Quantification of PCBs was performed by gas chromatography equipped with an electron
capture detector (Autosystem XL, Perkin-Elmer, Wellesley, MA, USA). Compounds were
separated on a Elite 5 (Perkin–Elmer) capillary column (30m length, 0.25mm internal
diameter) with helium as the carrier gas (constant inlet pressure of 100 kPa). The GC oven
program was as follows: initial temperature of 100�C, 20�C min�1 to 200�C, 2.5�C min�1

to 250�C, 20�C min�1 to 300�C held for 13.5min. PCB 28 and 31 were not totally resolved
with the present system and were quantified as a sum of the two congeners (28þ 31).
A six-point calibration curve was obtained with PCB standards prepared in the range of
10–200 ngmL�1 in n-nonane, and a linear response was observed (r24 0.99). There were
no differences in the chromatogram between PCB standards and extracts, in terms
of retention time or background. All statistical analysis was performed using SigmaStat
3.01 software (Systat Software, San Jose, CA, USA). For the sake of clarity,
some figures were made for only four PCB congeners, representative of different levels
of chlorination.

2.6 Measurement of the aqueous diffusion layer thickness

The thickness of the aqueous diffusion layer at the hollow-fibre surface is a key parameter to
interpret extraction kinetics. The measurement of the aqueous diffusion layer of the HF-
LPME system could not be performed with PCBs because, to the best of our knowledge,
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their diffusion coefficients have not been accurately measured. As a substitute,
2-chlorophenol was chosen as the model compound as it has a relatively high solubility
(24 gL�1 at pH¼ 7, T¼ 25�C) and its acidic form (pKa¼ 8.5) will accumulate in n-nonane
(logKow¼ 2.15). The diffusion coefficient of 2-chlorophenol was measured by Niesner and
Heintz [28] for three different temperatures. Using linearity of Niesner and Heintz data,
aDw value of 9.0� 10�10m2 s�1 was obtained for the temperature of the experiment (22�C).

To measure the aqueous diffusion layer thickness, solutions were prepared as explained
earlier (phosphate buffer, pH¼ 7.5), spiked with 2-chlorophenol (Supelco; 152mgL�1) and
extracted for various time. The HF-LPME extracts were quantified for 2-chlorophenol
on a gas chromatography equipped with a flame ionisation detector (Autosystem XL,
Perkin–Elmer, Wellesley, MA, USA).

3. Results and discussion

3.1 Adsorption of PCBs on glassware

Glass adsorption of PCBs from water has been reported previously and represents
a significant source of error at low PCB concentration [14,29,30]. In a preliminary
experiment, the adsorption of PCBs on glass walls from spiked solutions was tested
with 100mL bottles (volume to surface ratio of 1.0 cm). The extraction of the glass
walls of the bottles confirmed that between 40 and 85% of the spiked PCBs were
adsorbed on the glass walls after 1 day. Further absorption of PCBs (2, 4 and 7 days)
is illustrated in Figure 1 for PCB 153. Actual concentration of PCBs in the aqueous
phase was observed to further decrease over time, even below 10% of the initial spiked
concentration within a week for some congeners. Using 250mL bottles (volume to
surface ratio of 1.3 cm), an average (for all PCBs) of 34� 7% of spiked PCBs was
adsorbed on glass walls after 24 h of equilibration. As expected, bottles with a higher
volume-to-surface ratio presented lesser adsorption. In the following experiments,
250mL bottles were equilibrated for 24 h exactly to achieve an optimum reproducibility
between samples.

Figure 1. Evolution of the amount of PCB adsorbed and remaining in solution for a 100mL bottle
spiked at 200 ngL�1. Both adsorbed and soluble PCB were determined experimentally.
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3.2 Depletion of the solution

When the bioavailability of a chemical is investigated, it is essential to minimally disturb

equilibriums that exist between the hydrophobic contaminant and natural aquatic colloids

to determine specifically the free and the total concentration. In these conditions, depletive

extraction can not be used [13,31]. Depletion of the solution by the hollow fibre was

calculated according to the following equation:

Depletion ¼
Co � Vo

Cw � Vw
ð1Þ

where Cw is the initial actual concentration of the analyte, Co is the extract concentration,

and Vo and Vw are the volumes of the organic and aqueous phases, respectively. Depletion

of the solution by the hollow fibre was evaluated for five spiking levels (10–150 ngL�1).

As the volume of nonane in the fibre is 10 mL, the average depletion was calculated to

range from 0.2 to 5.4% amongst PCB congeners. Thus, in the present conditions, the

HF-LPME technique for PCBs appears as non-depletive for a 200mL solution over

60min.

3.3 Effect of extraction time

The effect of extraction time was first evaluated for a solution spiked at 87 ngL�1 of each

PCB congener (i.e. about 2 to 5� 10�10mol/L depending on the congener), continuously

stirred at 500 rpm during 15, 30, 45 and 60min (n¼ 2). The concentration in the fibre

continuously increased with time for all PCB congeners over 60min (Figure 2). Basheer

et al. reported the effect of extraction time for the extraction of organochlorine pesticides

from seawater [26] and rainwater [32] using HF-LPME. In their studies, an equilibrium

was reached after 30min using toluene as an extraction solvent (5mL of sample). In the

present study using n-nonane (200mL of sample), the extraction was still in the kinetic

Figure 2. Analyte peak area vs. extraction time for PCB congeners 18, 52, 153 and 194, for a
solution spiked at 87 ngL�1 of each PCB congener, continuously stirred at 500 rpm. Average for
n¼ 2. The linear regressions are plotted and fit the data.
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phase after 60min for all PCB congeners. Slower kinetics of the current system was the
result of different organic phases in combination with different sample volumes. Although
n-nonane is less volatile and soluble in water than toluene, losses of organic solvent are
observed after 2–3 h.

3.4 Effect of sample agitation

The effect of sample agitation on HF-LPME was evaluated for a solution spiked
at 98 ngL�1 of each PCB congener, stirred for 60min at 0, 100, 200, 300, 400 and 500 rpm
(n¼ 3). Higher stirring rates were not suitable with the present device due to vortex
formation. No air bubble was observed at the surface of the fibre, even for the highest
stirring rates. The concentration in the fibre increased with agitation for all PCB congeners
in the range of 0–500 rpm, which is typical of a system limited by aqueous diffusion
as discussed later in this article. The extracted amount increased by a factor of 5–27
between 0 and 500 rpm, depending on the PCB congener. No obvious trend amongst level
of chlorination was observed for this effect. The stirring rate was set to 500 rpm for the rest
of the study to obtain the highest sensitivity.

3.5 Calibration

In a first experiment, five bottles were prepared as described previously for five spiking
levels (10–150 ngL�1). After 24 h of equilibration, the solution was transferred to
a separation funnel and extracted using conventional liquid–liquid extraction to
measure the actual aqueous concentration. As mentioned previously, spiking
concentrations were one to three order of magnitude lower than the aqueous solubility
(at 25�C) for the various PCB congeners (Table 1). Despite spiking levels below
solubility, the actual concentrations in the bottles equilibrated for 24 h were lower than
the spiked concentration, due to glass wall adsorption as discussed earlier. The slope of
the measured PCB concentration versus the spiked concentration were 63.8� 5.9%,
71.3� 3.7%, 77.0� 7.6% and 68.4� 2.5% for PCB 18, 52, 153 and 194, respectively.
Silanisation of glassware is often suggested as a way to minimise the adsorption of
organic substances onto glass surfaces. For that reason, the measurement of the actual
concentration versus the spiked was also carried out in silanised glassware (including
silanised glass stirring bars), even though it might be expected that PCB adsorption
might be higher on the more hydrophobic silanised glassware. The actual concentra-
tions in the bottles equilibrated for 24 h were also lower than the spiked concentration,
and in fact, the actual concentrations were even lower than for non-silanised glassware.
The slope of the measured PCB concentration versus the spiked concentration
for silanised glassware were 62.3� 1.9%, 65.8� 4.3%, 55.1� 3.1% and 15.4� 0.7% for
PCB 18, 52, 153 and 194, respectively.

Each of these five spiking levels (10–150 ngL�1), left for equilibration for 24 h, were
also extracted using the HF-LPME technique for 60min. at a stirring speed of 500 rpm
(n¼ 3). The concentration in the nonane extract in the fibre was plotted versus the spiking
level for PCB 18, 52, 153 and 194 (Figure 3) and varied linearly with the spiking levels for
all PCB congeners, for both silanised and non-silanised glassware. Although the actual
aqueous PCB concentrations in the silanised bottles were lower than for non-silanised
glassware, the concentrations in the nonane extract from silanised bottle were comparable
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or slightly higher than from non-silanised bottles. These observations will be discussed

later in this article.

3.6 Kinetic approach

In the kinetic regime of extraction, the concentration in the organic phase (Co) will be

related to the PCB flux (J) from the aqueous to the organic phase, the volume of the

organic phase (Vo), the surface (S) of the fibre and the extraction time (Equation (2)).

N represents the number of moles of solute passing through a surface of area S.

J ¼
1

S
�
dN

dt
¼

1

S
�
dðCo � VoÞ

dt
ð2Þ

At steady state, J is independent of time and:

Co ¼
S

Vo
� J � t ð3Þ

Figure 3. HF-LPME organic phase concentration vs. spiked aqueous PCB concentration for a range
of standard solutions, after 60min of extraction, for non-silanised (.) and silanised (œ) glassware.
Average � standard deviation for n¼ 3.
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In addition, it can be shown [33] that the flux (J) of PCB at the aqueous/organic phase

interface is ruled by three processes (Equation (4)): (a) the transport of the PCB by

diffusion in the aqueous phase, (b) its transfer at the interface and (c) its transport by

diffusion in the organic phase. For diffusion at a planar surface:

J ¼
�

Dw
þ

�o
Do � KD

þ
1

kd

� ��1
�Cw ð4Þ

where � and �o are the diffusion layer thickness in water and organic solvent, Dw and Do

are the diffusion coefficients of the solute in water and the organic solvent, respectively,

KD is the partition coefficient between water and the organic solvent and kd is the rate

constant of transfer at the interface. Because the radius of curvature of the hollow fibre

(400mm) is large compared to � (�40 mm as measured below), Equation (4) is applicable

to the present cylindrical hollow fibre.
Usually, kd is very large, so that the third term of Equation (4) is negligible. In addition,

to evaluate importance of the first two terms for a hollow fibre, �o can be approximated as

half of the fibre radius [34] (i.e. 200 mm).Do�Dw andKD�Kow (i.e. ranging from 104 to 108)

for the various PCBs can be used. � ranges from 1 to 400 mm in the literature, with more

typical values between 10 and 100 mm [35]. Under these conditions, the transport in the

aqueous phase is dominant, and Equation (4) becomes:

J ¼
Dw

�
� Cw ð5Þ

This equation illustrates the fact that, when stirring increases (i.e. when the aqueous

diffusion layer thickness, � decreases), the efficiency of the microextraction increases. � can
then be obtained combining Equations (3) and (5):

� ¼
S �Dw � t

Vo
�
Cw

Co
ð6Þ

The HF-LPME extraction of the 2-chlorophenol, was conducted to measure � for the
present system. The extraction profil with time for a solution spiked at 152 mgL�1 is

presented in Figure 4. Using Equation (6) and a Dw value of 9.0� 10�10m2 s�1 for

Figure 4. Accumulation of 2-chlorophenol with time using HF-LPME at long (a) and short (b) time
scales. The slope of the kinetic (linear) regime of the extraction is 6.2� 0.3mgL�1min�1¼
4.8� 0.2� 10�5Mmin�1.
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2-chlorophenol, � was calculated to be 43� 2 mm at a stirring rate of 500 rpm, which is

a reasonable value for the system studied here. The present �-value is in line with the

literature, as 100 mm corresponds to a relatively quiescent system and 10 mm to a very

efficient stirring [35]. Back-calculation using the measured value for � in terms of Equation

(3) confirms that the transport of hydrophobic PCBs to the hollow fibre is dominated by

diffusion in the aqueous phase.

3.7 PCB diffusion coefficients

Since no experimental data exist on the diffusion coefficient of PCBs in water, the

experimental values computed from the present data were compared with theoretical values.

Theoretical values can be calculated from equations derived from the Stokes–Einstein

relation, such as the Hayduk and Laudie equation [36]:

Dwðcm
2:s�1Þ ¼

13:26� 10�5ðgmol�1 s�2Þ

�1:14 � V 0:589
ð7Þ

where � is the viscosity in centipoises and V is the molar volume of the PCB congener

(cm3mol�1). In the literature, V values are derived from their molecular weights and

liquid (or supercooled liquid) densities at room temperature. Values range from 230 to

320 cm3mol�1 from tri to octachlorobiphenyls [37]. Using Equation (7) and a viscosity of

1 centipoise (water), the theoretical diffusion coefficient is found to decrease from

5.4� 10�6 to 4.4� 10�6 cm2 s�1 from tri to octachlorobiphenyls (Figure 5).
Equation (6) applied to HF-LPME experiments can also be then used to evaluate

experimental values of the diffusion coefficients of PCBs, using �¼ 43 mm. Results are

shown on Figure 5 for both non-silanised and silanised glassware. Experimental diffusion

coefficients decreased from tri to octachlorobiphenyls and were overall smaller than

theoretical values by a factor of 2. Experimental diffusion coefficients in water with

non-silanised glassware were smaller than with silanised glassware, particularly for most

Figure 5. Experimental (.: non-silanised glassware, œ: silanised glassware) and theoretical (¨)
diffusion coefficient. Average � standard deviation for n¼ 5.
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hydrophobic PCBs. Several factors may explain the difference between theoretical and

experimental diffusion coefficients. First, theoretical values may be overestimated as V is

based on the molecular weight and the sub-cooled density, and does not take into account

the geometry and hydrophobic interactions of PCBs. Then, the actual aqueous

concentration, Cw, although initially measured by conventional LLE, may decrease over

the 60min of extraction due to further adsorption on the glassware. Additionally,

adsorption on the stirring bar is common source of error in studies of PCBs at low

concentration [31,38], and this might have resulted in a lower PCB concentration

in the aqueous phase during extraction. Finally, the actual diffusion coefficient of PCBs in

the low ngL�1 range might be smaller than predicted due to aggregation of PCB molecules

in the aqueous phase. Gustafson and Dickhut [39] measured Dw for a suite of

polyaromatic hydrocarbons, and reported that measured values deviate exponentially

from predicted Dw values with increasing molar weight. In their paper, Gustafson and

Dickhut [39] proposed that the exponential deviation of PAH aqueous diffusivities may be

due to hydrophobic interactions and the formation of dimers or trimers in aqueous

solutions. In this context, experimental diffusion coefficients of hydrophobic chemicals in

water, based on other techniques, are required for comparison for further interpretation of

the present data.
The effect of silanisation on the extraction of PCBs is unclear. Hypothetically,

amphiphile residues of silanisation might have been released in the solution and have

affected the aqueous solubility of PCBs. It is also possible that PCBs adsorbed on silanised

glassware might desorb faster than from non-silanised glassware and be supplied to the

hollow fibre. More sophisticated analytical tools would be required to elucidate the real

role of silanisation. It seems clear, however, that it may affect both the bulk concentration

of PCBs in solution and their kinetic accumulation in HF-LPME.

3.8 Effect of Aldrich humic acid

The effect of AHA on HF-LPME was evaluated by comparison of the GC-ECD peak area

in the presence and in the absence of the humic substance (Figure 6). For lighter PCBs, no

Figure 6. Relative PCB peak area, compared to the PCB peak area in the absence of AHA after
60min of extraction, with �70 ngL�1 of PCB congener in solution (n¼ 11 for no AHA, n¼ 8 for
AHA 5mgL�1, n¼ 2 for AHA 10mgL�1, n¼ 11 for AHA 20mgL�1, n¼ 8 for AHA 100mgL�1).
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significant difference could be observed in the absence or presence of AHA in the

concentration range of 5–100mgL�1 (i.e. a range of 2–45mg C L�1 for dissolved organic
carbon). However, with increasing molecular weight (i.e. increasing hydrophobicity), the
peak area significantly decreased when AHA is added in the solution. The association of

hydrophobic pollutants and dissolved organic matter is often illustrated by the KDOC

partition coefficient, defined as:

KDOC ¼
CDOC

Cfree
ð8Þ

where CDOC is the weight fraction of PCB in the DOC and Cfree is the free
PCB concentration. Some values for PCBs have been reported in the literature
(Table 1). If only ‘free’ PCB was contributing to the microextraction, the flux of PCB

in the presence of AHA (JHA) should be easily computed using KDOC values according to
the following equation:

JAHA ¼
JnoAHA

1þ KDOC � ½DOC�
ð9Þ

with JnoAHA the PCB flux in the absence of AHA using similar experimental conditions.
By combining Equations (3) and (9), Co would be found to be inversely proportional to

(1þKDOC� [DOC]). However, the actual PCB concentration in the fibre was up to two
orders of magnitude higher than what would be predicted if only ‘free’ PCBs were
contributing to the extraction. In other words, the actual PCB flux, in the presence of

AHA is smaller than that due to the contribution of all PCB species, but much larger than
that which would be observed if only free PCBs were contributing. Thus, the complexes

formed between PCBs and AHA appear to be labile or semi-labile towards the
microextraction device under the present conditions.

To further investigate the possible role of the lability of the PCB-AHA complexes on
the measured flux, the extraction of PCBs from a solution spiked at about 100 ngL�1 in the

presence of AHA 100mg C L�1 was performed at stirring rate between 0 and 500 rpm.
The ratio between the PCB peak areas in the presence and in the absence of AHA was

calculated for each stirring rate (Figure 7). Because of the complexation by AHA, this ratio
is always 	1. Stirring has no effect for lighter PCBs (e.g. PCB 18 and 52), and the ratio

equalled 1, suggesting that either these PCBs are not complexed by AHA or the PCB-AHA
complex is totally labile at all stirring conditions tested here. For larger mass PCBs (e.g. PCB
153 and 194), the ratio of the PCB peak areas in the presence and in the absence of AHA

decreased with stirring speed. This confirms the formation of semi-labile complexes between
those PCBs and AHA, whose contribution to the extraction flux will vary with stirring

conditions. Indeed, at lower stirring rates (e.g. 0 rpm) the aqueous diffusion layer thickness,
� is larger and the contribution of PCB to the flux is larger due to higher probability of

dissociation of the PCB–AHA complex. The semi-labile behaviour confirms that non-
depletive non-equilibrium sampling of organic contaminants such as PCBs in a natural
sample cannot be linked simply to either free or total PCB concentration.

4. Conclusions and implications

In the present article, extraction kinetics of PCBs in the ngL�1 by HF-LPME were
investigated, and the transport of hydrophobic PCBs to the hollow fibre is dominated in the
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present conditions by diffusive transport in the aqueous phase. Under such conditions, the
kinetics of association/dissociation of PCBs with complexants in the solution may influence
the amount of PCB extracted in the kinetic phase of extraction. This is exemplified by the
present experiments with AHA, in which the complexes formed between PCBs and AHA
appear to be labile or semi-labile towards HF-LPME. Thus, the lability degree of the sorbed
hydrophobic chemicals must be carefully considered in non-equilibrium sampling
techniques, to properly interpret their speciation and availability.

In addition, the present investigation reveals that analytical measurement and
ultimately understanding the bioavailability of PCBs in natural waters using HF-LPME

Figure 7. PCB peak area ratio in the absence and in the presence of 100mgL�1 AHA at various
stirring speeds, with �70 ngL�1 of PCB congener in solution.
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faces some challenges. The interplay of analytical (very low concentrations, losses by

adsorption on glassware) and physicochemical difficulties for the interpretation of flux

must be emphasised. This is exemplified in this article by the effect of silanisation on the

PCB flux in the hollow fibre. Due to very low concentrations and high hydrophobicity of

PCBs, small physical or chemical changes in the analytical conditions may have significant

effects and should be studied carefully.
This study clearly shows that dynamic factors (either diffusion in the aqueous solution

or chemical kinetics of complexation with natural complexants like humics) play a major

role in the results of HF-LPME. In order to study these effects quantitatively, however,

well-controlled analytical and hydrodynamic conditions should be used. In particular,

systems enabling the development of well-characterised diffusion layer at the membrane

surface, such as flow-through cells would allow the control of the hydrodynamic

conditions. However, these systems involve more surfaces where PCB can adsorb [40],

which may also complicate the study of speciation.

Acknowledgements

This work was supported by the ECODIS project (European Commission’s 6th framework program,
subpriority 6.3 ‘Global Change and Ecosystems’, contract 518043) for funding contributing to this
work. The authors also thank Joop Hermens, Thomas ter Laak and Gareth Thomas for their critical
comments on this work.

References

[1] S.O. Pehkonen and Q. Zhang, Crit. Rev. Env. Sci. Technol. 32, 17 (2002).

[2] B. Antizar-Ladislao, Environ. Int. 34, 292 (2008).
[3] J. Dewulf and H. Van Langenhove, J. Chromatogr. A 843, 163 (1999).
[4] S. Perez and D. Barcelo, TrAC, Trends Anal. Chem. 26, 494 (2007).
[5] A.M. Peck and K.C. Hornbuckle, Environ. Sci. Technol. 38, 367 (2004).

[6] O. Wurl and J.P. Obbard, Chemosphere 62, 1105 (2006).
[7] H.B. Krop, P.C.M. Van Noort, and H.A.J. Govers, Rev. Environ. Contam. Toxicol. 169,

1 (2001).
[8] J.L.M. Hermens, M.B. Heringa, and T.L. ter Laak, J. Toxicol. Environ. Health Part A

70, 727 (2007).
[9] M.B. Heringa, R.H.M.M. Schreurs, F. Busser, P. van der Saag, B. van der Burg, and

J.L.M. Hermens, Environ. Sci. Technol. 38, 6263 (2004).
[10] G. Ouyang and J. Pawliszyn, J. Chromatogr. A 1168, 226 (2007).
[11] J. Namiesnik, B. Zabiegala, A. Kot-Wasik, M. Partyka, and A. Wasik, Anal. Bioanal. Chem.

381, 279 (2005).
[12] L. Xu, C. Basheer, and H.K. Lee, J. Chromatogr. A 1152, 184 (2007).

[13] P. Mayer, H. Tolls, J.L.M. Hermens, and D. Mackay, Environ. Sci. Technol. 37, 185A (2003).
[14] M. Rawa-Adkonis, L. Wolska, and J. Namiesnik, Crit. Rev. Anal. Chem. 36, 63 (2006).
[15] G. Shen and H.K. Lee, Anal. Chem. 74, 648 (2002).

[16] F. Ahmadi, Y. Assadi, S.M.R.M. Hosseini, and M. Rezaee, J. Chromatogr. A 1101, 307 (2006).
[17] S. Bayen, T.L. ter Laak, J. Buffle, and J. Hermens, 2008, unpublished.
[18] M.A. Jeannot and F.F. Cantwell, Anal. Chem. 69, 2935 (1997).

[19] A.G. Oomen, P. Mayer, and J. Tolls, Anal. Chem. 72, 2802 (2000).
[20] C. Miege, S. Durand, J. Garric, C. Gourlay, D. Wang, J.M. Mouchel, and M.H. Tusseau-

Vuillemin, Polycyclic Aromat. Compd. 24, 805 (2004).

International Journal of Environmental Analytical Chemistry 291

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
5
0
 
1
7
 
J
a
n
u
a
r
y
 
2
0
1
1



[21] M.-H. Tusseau-Vuillemin, C. Gourlay, C. Lorgeoux, J.-M. Mouchel, R. Buzier, R. Gilbin,
J.-L. Seidel, and F. Elbaz-Poulichet, Sci. Total Environ. 375, 244 (2007).

[22] J. Pribyl, M. Hepel, and P. Skladal, Sens. Actuators, B 113, 900 (2006).
[23] M.K. Hamdy, Y.C. Lin, and R. Toledo, J. Rapid Methods Autom. Microbiol. 7, 233 (1999).

[24] M.R. Natarajan, W.-M. Wu, H. Wang, L. Bhatnagar, and M.K. Jain, Water Res. 32, 3013
(1998).

[25] K.E.N. Jonassen, T. Nielsen, and P.E. Hansen, Environ. Sci. Technol. 22, 741 (2003).

[26] C. Basheer, H.K. Lee, and J.P. Obbard, J. Chromatogr. A 968, 191 (2002).
[27] C. Basheer, M. Vetrichelvan, S. Valiyaveettil, and H.K. Lee, J. Chromatogr. A 1139, 157 (2007).
[28] R. Niesner and A. Heintz, J. Chem. Eng. Data 45, 1121 (2000).

[29] S.C. Lung, Y. Yanagisawa, T.E. Ford, and J.D. Spengler, Chemosphere 41, 1857 (2000).
[30] L. Wolska, M. Rawa-Adkonis, and J. Namiesnik, Anal. Bioanal. Chem. 382, 1389 (2005).
[31] J. Poerschmann, T. Gorecki, and F.-D. Kopinke, Environ. Sci. Technol. 34, 3824 (2000).

[32] C. Basheer, R. Balasubramanian, and H.K. Lee, J. Chromatogr. A 1016, 11 (2003).
[33] J. Buffle, N. Parthasarathy, N.K. Djane, and L. Matthiasson, in In Situ Monitoring of Aquatic

Systems, edited by J. Buffle and G. Horvai (John Wileys & Sons, Chichester, UK, 2000),
pp. 407–493.

[34] P. Salaun and J. Buffle, Anal. Chem. 76, 31 (2004).
[35] R. Gale, Environ. Sci. Technol. 32, 2292 (1998).
[36] R.P. Schwarzenbach, P.M. Gschwend, and D.M. Imboden, Environmental Organic Chemistry

(John Wiley & Sons, Hoboken, NJ, USA), p. 811.
[37] M.A. Pascall, M.E. Zabik, M.J. Zabik, and R.J. Hernandez, J. Agric. Food. Chem. 53, 164

(2005).

[38] Y. Yang, D.J. Miller, and S.B. Hawthorne, J. Chromatogr. A 800, 257 (1998).
[39] K.E. Gustafson and R.M. Dickhut, J. Chem. Eng. Data 39, 281 (1994).
[40] T. Barri, S. Bergstroem, J. Norberg, and J.A. Joensson, Anal. Chem. 76, 1928 (2004).
[41] D.W. Hawker and D.W. Connell, Environ. Sci. Technol. 22, 382 (1988).

[42] M.K. Durjava, T.L. ter Laak, J.L.M. Hermens, and J. Struijs, Chemosphere 67, 990 (2007).
[43] N. Li, F. Wania, Y.D. Lei, and G.L. Daly, J. Phys. Chem. Ref. Data 32, 1545 (2003).

292 S. Bayen and J. Buffle

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
5
0
 
1
7
 
J
a
n
u
a
r
y
 
2
0
1
1


