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Abstract

A novel membrane-assisted passive sampler was further optimised in the laboratory. It was then compared to the solid phase
extraction technique in terms of the extraction efficiency, enrichment factor, detection limit and selectivity in wastewater.
The passive sampler was exposed to 3 £ wastewater samples under laboratory conditions for 3 days. Five hundred millili-
tres of wastewater was extracted with C ¢ cartridges. The extraction efficiency of the passive sampler ranged from 4 to 10%
while in solid phase extraction it was 40 to 67% for the 3 chlorophenols. In both cases, extraction efficiency was highest

for 2,4-dichlorophenol. The low extraction efficiency in the passive sampler supports the idea that it is not an exhaustive
extraction technique and does not disturb the chemical equilibrium of the sample. It therefore measures the bioavailable
fraction of the compound and can be used for equilibrium sampling and extraction. The obtained enrichment factors from
the passive sampler were 89 and 295 for 2-chlorophenol and 2,4-dichlorophenol, respectively. From solid phase extraction,
enrichment factors of 102, 113 and 167 were obtained for 2-chlorophenol, 4-chlorophenol and 2,4-dichlorophenol, respec-
tively. The enrichment factor (~2.5) and sampling rates (~28 p-h™) were both low for 4-chlorophenol in wastewater from
passive sampler extraction. The calculated sampling rates were found to be 2 604 pt-h' for 2-chlorophenol, 1 074 pt-h! for
4-chlorophenol and 5 089 pl-h' for 2,4-dichlorophenol in spiked deionised water. In wastewater, the sampling rates were
found to be 1 544 p-h' for 2-chlorophenol, 28 u-h™ for 4-chlorophenol and 5 106 p¢-h™ for 2,4-dichlorophenol. The pas-
sive sampler was found to be superior in its selectivity towards the target compounds compared to solid phase extraction
technique with C ¢ sorbent. Chromatograms from solid phase extraction of wastewater contained high peaks of unidentified,
potentially interfering compounds, especially in the early part of the chromatogram. In contrast, chromatograms from the
passive sampler extraction were very clean. The detection limits of the passive sampler were comparable with that of solid

phase extraction and were around 1.5 pg-0' except for 4-chlorophenol that was high in wastewater (~100 pg-07).
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Introduction

The common approach in risk assessment of water bodies is
to collect a sample of the water, which is then analysed for
potential pollutants in the laboratory. This approach, among
other advantages, provides manageable control over accuracy
and precision of the results. However, information obtained
from spot water samples is only about concentration levels

at the time of sampling and may fail to account for episodic
contamination. This can be addressed by collecting a series
of samples over a time period to obtain a more representa-
tive picture of water quality, but the cost of analysis is then
increased. An alternative and more cost-effective approach is
to obtain time-weighted average (TWA) concentrations of pol-
lutants using passive samplers. Passive samplers are now seen
as an alternative to conventional spot samples. This is seen
by a number of recent reviews on passive samplers (Vrana et
al., 2005; Lu et al., 2002; Petty et al., 2000; Stuer-Lauridsen,
2005; Chimuka and Cukrowska, 2006; Kot-Wasik et al.,
2007). One of the first samplers for the monitoring of com-
pounds in water bodies was developed by Sédergren (1987). It
consists of a dialysis membrane filled with an organic solvent.
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The major disadvantage of the system was the successive

loss of the organic solvent from the device through diffusion
during environmental exposure, lack of selectivity as well as
a low sensitivity due to a high mass transfer resistance in the
cellulose membrane. Huckins et al. (1990) described the semi-
permeable membrane device (SPMD) sampler for passive and
integrative in situ monitoring of nonpolar water- and air-borne
contaminants. The SPMD sampler consists of layflat polyeth-
ylene tubing containing a thin film of triolein, a high molecu-
lar weight neutral lipid. This is supplied by Environmental
Science Technologies Inc. The other advantage, apart from
being very rugged, is that high preconcentration factors of the
analytes are obtained. These are determined by the partition
coefficients into the lipid and exposure time (Sabaliunas and
Sodergren, 1997).

The disadvantage of the SPMD is the laborious recovery
of the analytes, usually consuming large volumes of organic
solvents. This has led to development of other passive sam-
plers based on solid phase material as trapping media. These
include the Chemcatcher, which uses commercially avail-
able solid phase extraction C,, Empore disks as receiving
phase (Kingston et al., 2000; Vrana et al., 2006a). The type
of Empore disk can also be chosen according to the proper-
ties of the analytes of interest. A membrane enclosed sorptive
coating (MESCO) passive sampler that uses a stir bar coated
with poly(dimethylsiloxane) (PDMS) enclosed in a dialysis
membrane bag as receiving phase has also been described
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(Vrana et al., 2001). The stir bar used as a receiving phase is
identical to the one used in the stir bar sorptive extraction
(SBSE) technique (Baltussen et al., 1999). It combines the
advantages of the passive sampling approach with solvent-
less preconcentration of organic solutes from aqueous matri-
ces and subsequent thermal desorption of the sequestered
analytes on line with capillary gas chromatography. It avoids
the clean-up of extracts, required for other samplers, and
the whole extract is injected into the analytical instrument.
A new MESCO that uses a silicone collector, instead of a
stirrer bar coated with PDMS, has been reported by Paschke
et al. (2006). The silicone rods are later thermally desorbed
into a gas chromatographic system, as in the first prototype
of MESCO. A polar organic chemical integrative sampler
(POCIS) has been described by Alvarez et al. (2004). It
consists of a solid receiving phase material enclosed in
microporous polyethersulfone diffusion membrane and is
suitable for sampling of polar organic compounds such as
polar industrial pollutants, pesticides, personal care prod-
ucts, pharmaceuticals, etc. Jonsson’s research group (Liu et
al., 2005) has also reported the development of an equilib-
rium sampling through membranes (ESTM) technique for
measuring the free fraction of ionisable organic compounds
in water that could be applied as a passive sampler. The
same research group has recently reported an equilibrium
sampling of freely dissolved organic chemicals into a thin
film of 1-octanol supported on a porous hollow fibre mem-
brane, which could be applied as a passive sampler (Liu et
al., 2006). In both of the above cases, solvent loss may be

a problem when the equilibrium extraction techniques are
used as passive samplers.

In our previous work (Chimuka et al., 2008), we reported
a simple and novel membrane assisted passive sampler based
on thin-walled silicone tubing. The sampler does not use
any organic solvents and is ideal for monitoring of ionisable
organic compounds in water bodies. Some other important
parameters that affect the sampler performance were opti-
mised in the previous study (Chimuka et al., 2008). These are
length and thickness of the hollow fibre, concentration of the
acceptor buffer, sample volume and extraction time, influence
of stirring and sample concentration. Detailed discussions
about these are found in Chimuka et al. (2008). In brief, a
minimum sample volume of 750 m{ was found optimal for a
3-day exposure period. A linear relationship was also found
between a 3-day exposure time and an accumulated amount
which is in agreement with other passive samplers such as
the Chemcatcher (Kingston et al., 2000; Vran et al., 2006a)
MESCO (Vrana et al., 2001; Vrana et al., 2006b) and PDMS
(Paschke et al., 2006). This means that trapping conditions
were correctly set in the acceptor phase (Chimuka et al., 1998;
Jonsson and Mathiasson, 1990).

In this work, the membrane-assisted passive sampler has
been optimised further, in particular for studying the influ-
ence of humic substances and temperature on the extrac-
tion process, using chlorophenols as model compounds.
Chlorophenols were chosen because of their toxicity; per-
sistence and their widespread release as byproducts in the
production of plastics and dyes, pulp and paper industries.
Chlorinated phenols can also form during wastewater treat-
ment, since chlorine is added as a disinfectant. In this study,
the membrane-assisted passive sampler (MAPS) was com-
pared to the solid phase extraction technique in terms of
extraction efficiency, enrichment factor, detection limit and
selectivity in wastewater.
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Materials and methods
Chemicals and solutions

4-chlorophenol (>99%), 2-chlorophenol (>98%) and 2,4-dichlo-
rophenol (>99%) were provided by Merck-Schuchardt
(Darmstadt, Germany). Other chemicals used were trisodium
phosphate (99%), proanalysis sulphuric acid (99%) and HPLC
grade methanol and acetonitrile, all from Merck-Schuchardt
(Darmstadt, Germany).

Stock solutions of chlorophenol standards at 1 000 mg-(!
were prepared in methanol and stored in the refrigerator at 4°C.
Fresh stock solutions were prepared every 3 months. Standard
solutions for calibration purposes were prepared by diluting
the stock with deionised water. The basic acceptor solution for
trapping chlorophenols was obtained by dissolving trisodium
phosphate buffer in deionised water at concentrations of
0.5 M. The calibration curve used was also tested for linear-
ity from 0.5 mg-0! to 40 mg-0"!'. External calibration standards
were prepared from the stock solutions in deionised water. The
concentration of the phenols in the extracted samples was thus
quantified by injecting along the calibration standard solutions.
Peak areas were used for quantification. Standard solutions in
the pg 0! concentration range were prepared daily while those
in the mg-0!' range were stored in the refrigerator for about
3 days.

Chromatographic conditions

The 3 chlorophenols were separated with a mobile phase
composition of 60% water and 40% acetonitrile at a flow rate
of 1.0 mC'min" using HPLC with the UV detector set at 280 nm
(Chimuka et al., 2008). A C; column with dimensions 5 pm x
4 mm x 25 cm was used (Supelco, Bellefonte, PA, USA). An
SRI (LA, California, USA) 210 HPLC system with a UV detec-
tor (VUV-24) and Peak Simple chromatographic data system
was used. The mobile phase was degassed offline and filtered
before use. The injection volume was 20 pf.

Hollow fibres

Hollow fibre silicone membranes used for the optimisa-

tion process were purchased from Technical Products Inc.,
(Georgia, USA). The hollow fibres were bought as long tubes
and were cut to appropriate lengths (48 cm x 0.1575 cm I.D x
0.2413 cm O.D) giving a volume of the inner acceptor phase
solution of approximately 1 000 u¢ when used. The length
and thickness of the hollow fibre was previously optimised
(Chimuka et al., 2008).

Preparation of the hollow fibre membranes and
extraction procedure

The thin-walled silicone hollow-fibre membrane, previously
soaked in deionised water, was filled with acceptor buffer
using a 1 000 pul micropipette. The hollow fibre ends were
tightened together and made in the form of a loop of about

3 cm in diameter. The outside was thoroughly rinsed with
deionised water to remove any buffer spills. It was then hung
inside an iron mesh (Fig. 1) and immersed in an appropri-
ate 3 £ sample vessel for an appropriate time, usually 3
days. Sample exposure was performed without any stirring.
Thereafter, it was taken out, the outside washed or flushed
with deionised water and its contents transferred into a 4 m{
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Figure 1
Schematic experimental set-up of membrane assisted
passive sample extraction system.

vial. The buffer solution of the acceptor solution was adjusted
by adding 100 pt of 2 M sulphuric acid, giving a total volume
of 1 245 pl. The extracts were either analysed immediately
or stored in the refrigerator at 4°C. Each experiment was
repeated at least twice or thrice.

The extraction of chlorophenols in the sampler is similar
to that for the supported liquid membrane (SLM) extraction
technique (Chimuka et al., 1998; Jonsson and Mathiasson,
1999; Jonsson et al., 1993). In brief, the chlorophenols dis-
solve into the silicone membrane from the sample as non-
ionised compounds. The compounds then diffuse through
the membrane into the acceptor phase. Once in the acceptor
phase, they are ionised and trapped. Because the pH of the
acceptor phase solution is kept well above the pK value of
the chlorophenols, the concentration of non-ionised phenols
in the acceptor phase is kept very close to zero. This main-
tains a concentration gradient between the 2 phases; the
donor and acceptor phases. In this way the concentration
of the compounds in the acceptor solution can be increased
to much higher than in the original sample, without expe-
riencing a plateau or maximum, and limited by the sample
volume and/or the extraction time. This also gives selective
enrichment since only compounds that are ionised at the pH
of the acceptor phase are enriched (Megersa et al., 1999).
Compounds that are ionised at the pH of the sample solution
do not dissolve into the membrane since they are too polar.
Neutral small compounds are not trapped in the accep-
tor phase while larger molecules tend to accumulate in the
membrane and diffuse into the acceptor solution only slowly.
Thus their sampling is limited due to very slow kinetics.

Optimisation experiments

Influence of the protective cover

Experiments were conducted to study the influence of the pro-
tective cover of the sampler on the extraction process. For these
experiments, the silicone hollow fibres were enclosed in a green
nylon mesh and iron mesh. Each mesh was 9 cm (0.D) x 11 cm
(length), with a pore size of 2 mm x 5 mm, and supported by an
iron wire frame with about 1 mm thickness. A blank was also
performed where no protective cover was used. Three litres

of deionized water in stainless steel containers was used as

a sample. The water was spiked with 10 ug-0! of the mixture

of chlorophenols. Exposure time was for 3 days, as described
above, under static conditions.
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Influence of temperature

To investigate the influence of temperature, sampler exposure
was performed in the refrigerator at 4°C, in a water bath at
16°C and in a heated water bath at 40°C. Before putting in the
samplers, the spiked water samples were allowed to equili-
brate for at least 2 h at the appropriate temperature. Deionised
water containing 100 pg-€"! of each spiked chlorophenol was
used as sample solution. The passive samplers were housed
in an iron mesh. Passive sampler exposure period was 3 days.
After extraction, the extracts were treated in the same way as
described in the extraction procedure.

Studying the degree of trapping in the acceptor
phase

To study whether compounds trapped in the acceptor phase can
diffuse back, a series of experiments was performed. The first
series included spiking the acceptor buffer with about 1 mg-¢! of
each chlorophenol. This was filled into the hollow fibre as before.
The hollow fibres were then deployed in deionised and river water
samples. The extraction was performed for 3 days. Following
exposure, the contents of the acceptor solution were analysed to
check for any loss of the chlorophenols from the acceptor solu-
tion. The same experiment was repeated but with deionised water
spiked with 20 mg-0! of humic substances. As a control, part of the
spiked buffer solution was kept in the refrigerator at 4°C during
the entire period of extraction. This was also analysed at the same
time as that of the acceptor solution from the hollow fibre.

Influence of humic substances in the sample

To study the effects of humic substances in the water on the
performance of the passive sampler, deionised water contain-
ing 100 pg "' of each chlorophenol and 20 mg-€"! of humic
substances was used as a sample solution. This sample solution
was extracted with silicone hollow fibre membrane as before.
Exposure period was 3 days. Afterwards, the enrichment factor
was compared with those without any humic substances (in
deionised water).

Reproducibility of the passive sampler

To test for reproducibility in wastewater and deionised water
samples, 3 parallel passive samplers were deployed in each
type of sample. The water samples were spiked with 100 pg-¢-!
of model compounds. From each experiment the enrichment
factors were calculated together with the mean, standard devia-
tion and per cent standard deviation.

Wastewater samples and solid phase extraction

To demonstrate the potential of the passive sampler, it was
applied in the field at Goudkoppies wastewater treatment plant
(GWWTP) west of Johannesburg. The GWWTP treats both
household and industrial wastewater. Field parameters such as
pH and conductivity were measured before deployment. The pH
of the wastewater was found to be around 7.5. Passive samplers
were deployed in the settling tanks and also after chlorination.
Three parallel passive samplers were deployed at each site. The
passive samplers in the settling tanks were tied to a beam rotat-
ing at 50 r/h. Wastewater samples were also collected by grab
sampling at the 2 sites. The collected wastewater samples were
also extracted using both the passive sampler under laboratory
conditions and with the solid phase extraction technique. Some
of the wastewater was spiked with 50 pg-¢"' chlorophenols and
extracted with both the passive sampler and the solid phase
extraction technique. Wastewater samples that were extracted
with solid phase extraction were filtered first and the pH
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adjusted to 4.5 with drops of 1 M nitric acid. Results of the
determined concentrations of any chlorophenols in the blank
and spiked samples were compared.

C, solid phase extraction cartridges packed with 500 mg
sorbent were used (Supelco, Park Bellefonte, USA). The extrac-
tion sequence was as follows: 6 m{ of methanol for condition-
ing followed by 6 m{ of deionised water for equilibration.
Wastewater samples (500 m€) adjusted to pH 4.5 with nitric
acid were then passed at a flow rate of 5 m{'min™ through the
solid phase extraction unit. The cartridge was washed with 3 m{
methanol-water (5:95 v/v). Elution was with 2 x 2 m{ methanol.

Calculations of extraction efficiency, enrichment
factors and sampling rates

The extraction efficiency is defined as the fraction of analyte
in the extracted sample that is found in the acceptor phase and
is given by the equation below (Chimuka et al., 1998; Jonsson
and Mathiasson 1999; Jonsson et al., 1993). It is also a measure
of mass transfer between the donor and acceptor phase and is
constant under specified extraction conditions.

E=CV/CV, (1)

where:
C, is the concentration in the collected acceptor fraction
C,is the concentration in the extracted sample
V,is the collected acceptor volume
V,is the volume of the sample that has been extracted.

The enrichment factor £ is a ratio of concentration found in
the acceptor phase to that in the original sample. This deter-
mines the detection limit of the method. It is given by the
equation below (Chimuka et al., 1998; Jonsson and Mathiasson
1999; Jonsson et al., 1993; Megersa et al., 1999).

E=C,/C, ®)

The amount of chemical accumulated in the sampler in the lin-
ear uptake phase is given by the following equation (Kingston
etal., 2000; Vrana et al., 2001):

M(t) = M,+ (C, K, V-M,) {1-exp(-k, AIK, V )t} (3)

where:
M, is the mass of analyte in the receiving phase (acceptor
phase)
M, is the amount of analyte in the sampler at the start of
exposure
C,, is the water concentration of the analyte during deploy-
ment period and similar to C,)
K, is the equilibrium receiving phase/water distribution
coefficient
A is the membrane surface area
k,, is the overall mass-transfer coefficient
V is the volume of the receiving phase (acceptor phase),
similar to V,
t is the exposure time.

Results and discussion
Influence of the protective cover

Figure 2 gives the mean results of the optimisation of the
protective cover of the sampler. The cover protects the sampler
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Comparison of the effect of different protective covers on the
accumulation of chlorophenols in MAPS. Deionised water
sample was spiked with 10 ug-¢' chlorophenols mixture and
extracted for 72 h. All experiments consisted of a hollow fibre
filled with 0.5 M phosphate buffer (pH ~ 11.5).
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Figure 3
Effect of temperature on the analyte ‘apparent sampling rates’
Rg. The data represents 9 exposures, of 3 chlorophenolic
compounds, performed at various temperatures (4, 16 and 40°C)
under static conditions.

against small particles, including biofouling in water bodies.
The results indicate that the type of cover is very important as
it can affect the mass transfer process to the sampler. In this
study, an iron mesh was found to be the best. Nylon mesh was
found to reduce the mass transfer to the sampler, perhaps due
to adsorption. As expected, the type of sample container does
have an influence due to adsorption. Metal or glass containers
are preferred when dealing with organic compounds.

Influence of temperature

The relationship between sampling rates of 3 chlorophenolic
compounds and temperature was compared at 3 temperatures
(4, 16 and 40°C). In general, the sampling rate increased with
the increasing exposure temperature. The typical dependence
of sampling rates on temperature is shown in Fig. 3.

Vrana et al. (2005) demonstrated that for the 4 polycyclic
aromatic hydrocarbons with log K, range from 4.0 to 5.1, the
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apparent receiving phase-water distribution coefficient was not
significantly affected by temperature within the range from 6
to 18°C. Consequently, the temperature was expected to affect
mainly the magnitude of the kinetic component of the sampling
rate.

Typically, it is quite clear that increased temperature of the
environmental media can enhance mass transfer of compounds
in all media. Thus for the 3 chlorophenols, namely 2-chloroph-
enol, 4-chlorophenol and 2, 4-dichlorophenol, with log K, of
2.18, 2.39 and 2.96, respectively, the temperature dependence
of the sampling rate R, can then be described by the Arrhenius-
type equation:

InR=InA - AE, 4)

RT
where:

R is the universal gas constant (kJ-mol'-K™")

A is the pre-exponential factor expressing the maximum

sampling rate at infinite temperature

T is the absolute temperature (K)

AE _is the activation energy (kJ-mol").

Values of AE, were obtained by plotting the natural logarithm
of R, against the reciprocal value of absolute temperature (1/7)
(Fig. 4). The intercept gives the value of In 4. The activation
energy AE_can be calculated by multiplying the slope of the
regression line (AE /R) by R.

The sampling rates Rs obtained in the exposure experi-
ments conducted at 100 pg-0' water concentration and various
temperatures are shown in Table 1.

The calculation of the activation energy AE, using Eq. (5)
was performed on 3 sets of calibration data, obtained at stag-
nant water. The activation energies range between 12 and 17
kJ-mol". The average of all AE_ values was 14 kJ-mol" with a
standard deviation of 3.4 kJ-mol.

For a comparison, Vrana et al. (2005) calculated an aver-
age activation energy for Chemcatcher of 93 kJ-mol'. The
difference in activation energies is likely caused by the main
resistance to mass transfer in the 2 samplers. This also depends
on the polarity of the compounds. In a Chemcatcher, the main
barrier to mass transfer for the PAHs studied is the aqueous
boundary layer. In MAPS, the silicone layer also plays a critical
role since analytes have to dissolve and diffuse through. Thus,
the effect of temperature on the MAPS uptake kinetics appears
to be less significant than that on Chemcatcher sampling
rates. Note that the calculation of AE, was not performed for
2-chlorophenol because of very poor precision of the R values.

The degree of trapping in the acceptor phase
The degree of trapping or ionisation of the target compounds in

the acceptor phase is very important for quantification pur-
poses of the sampler. This can also affect the exposure time. If
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Figure 4

A plot of the natural logarithm of R against the reciprocal value
of absolute temperature (1/T). The intercept gives the value of
In A. The activation energy AE, are calculated by multiplying the
slope of the regression line (AE /R) by R.

all analytes in the acceptor phase are completely trapped, there
is a linear relationship between extraction time and amount
accumulated in the acceptor phase. A similar linear relationship
also exists between the extracted concentration and the amount
of the target compounds accumulated in the acceptor phase.
From theory (Chimuka et al., 1998; Jonsson and Mathiasson
1999; Jonsson et al., 1993), once the pK  of the compound is
known, it is possible to decide the pH of the acceptor solution
at which all compounds will be almost or completely trapped.
Co-extraction of other matrix compounds, especially if these
are at high concentration, can lead to the acceptor solution
reducing its pH value. This is due to neutralisation reactions of
the acceptor solution with matrix components.

Figure 5 shows the concentration of chlorophenols deter-
mined in the acceptor solution of the hollow fibre after expo-
sure to un-spiked deionised water (acceptor solution 1) and
river water (acceptor solution 2). The acceptor solution was
spiked with ~ 1.0 mg-0"! before filling it into the hollow fibre in
each case. The control was the spiked buffer kept in the refrig-
erator during the passive sampler exposure period. The results
in Fig. 5 generally indicate that there was no change in the
spiked concentrations of the acceptor solution with time. The
same results were obtained from deionised water spiked with
20 mg 0" humic substances (Fig. 6). The differences seen in
both Figs. 5 and 6 could be experimental error emanating from
pH adjustment before HPLC analysis. This means that com-
pounds were almost completely trapped in the acceptor solution
and could not diffuse back and that the matrix component in
river water or humic substances had no effect on the trapping
capacity of the buffer solution.

Table 1
Summary of calculations of the sampling rates and activation energy at different exposure
temperature
2-chlorophenol 4-chlorophenol 2,4-dichlorophenol

T(°C) 4 16 40 4 16 40 4 16 40

En 17 72 101 42 50 93 69 110 129
Rs (nl°h) 189 £1 819+9 (114517 474+2 | 565+4 [1062+7| 782+5 |1252+£15|1467+17
AE (kJ- mol") Not determined 17 12

NB: Exposure time =72 h, V, = 819 ut, M, = 0, C,, = 100 ug-t'
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Determined concentrations in the acceptor solutions of the
hollow fibres previously spiked with about ~ 1.0 mg-¢' after
3-day passive extraction of deionised water and river water in
comparison to a control buffer solution (kept in the refrigerator).
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Figure 6
Determined concentrations in the acceptor solutions of the
hollow fibres previously spiked with about ~ 1.0 mg-{'after
passive extraction of deionised water (acceptor solution) spiked
with 20 mg-¢'humic substances and control buffer solution (kept
in the refrigerator).

Influence of humic substances in the sampler on the
mass transfer

Figure 7 shows that there was no difference in the amount
extracted in the acceptor solution of the passive samplers from

a spiked deionised water sample and from one also containing
humic substances. This means that the humic substances in the
sampled water should not interfere with the extraction process
of the chlorophenols under investigation. Humic substances may
form weak or strong complexes with target compounds. This can
reduce the dissolution of these compounds into the hollow fibre.

Reproducibility of the passive sampler
Table 2 indicates the reproducibility results of the passive sam-

pler in deionised water and wastewater. The percentage relative
standard deviations are typical of those found in other passive
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Concentrations in the acceptor solutions of the hollow fibres
after extraction of deionised water sample (control) spiked with
0.1 mg-£" chlorophenols only and one spiked with 0.1 mg-¢
chlorophenols and 20 mg-£" of humic substances (acceptor
solution).

samplers under laboratory conditions (Vrana et al., 2005; Stuer-
Lauridsen, 2005). For 4-chlorophenol, the percentage standard
deviations were high in wastewater. This is due to the low
extraction efficiency which was irreproducible. This suggests
that the passive sampler behaves in the same manner as com-
mercially available ones. The reproducibility under laboratory
conditions also competes well with other active extraction
techniques such as solid phase extraction.

Table 2
The reproducibility of the passive sampler in spiked
deionised water and wastewater. Number of spiked
deionised water samples (n) =9 and number of
wastewater samples (n) =3
Enrichment factor, En

Compound Deionised water Wastewater
2-chlorophenol 150 (3.8) 89 (8)
4-chlorophenol 95 (3.2) 2.5 (61)
2,4-dichlorophenol 294 (7.6) 295 (5)

Numbers in brackets are % RSD values.

Rate of accumulation

In applications of passive samplers, the sampling rate or rate of
accumulation is used for quantification purposes. It is a measure
of the mass transfer coefficient times sampler area (k, 4) and is a
constant at specified conditions. The rate of accumulation was also
calculated directly from Eq. (3). Calculated apparent Rs values,
from the results in Table 2, in deionised water are 2 604 uh! for
2-chlorophenol, 1 074 pt-h! for 4-chlorophenol and 5 089 peh
for 2,4-dichlorophenol. For wastewater, the apparent sampling
rates from Table 2 are 1 544 pl-h! for 2-chlorophenol, 28 ue-h for
4-chlorophenol and 5 106 pt-h for 2,4-dichlorophenol.

The apparent rate of accumulation in wastewater for
4-chlorophenol is much lower than that found under compa-
rable conditions in deionised water. This agrees well with the
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calculated enrichment factors. Vrana et al. (2006b) reported on
a study of the sampling rates in a membrane-enclosed sorptive
coating (MESCO) passive sampler for a variety of compounds.
The sampling rates were found to differ by 10-fold and ranged
from 100 to 983 pl-h', which is a narrow range in comparison to
the broad K range of nearly 5 orders of magnitude for the com-
pounds studied. The sampling rates obtained in our sampler in
wastewater are slightly low compared to those in deionised water
but are within the range of sampling rates found in the MESCO
sampler. This means that the mass transfer in the passive sam-
pler, especially through silicone rubber, into the acceptor phase
is not slow.

Wastewater samples and comparison with solid
phase extraction technique

There were no chlorophenols detected in any of the deployed
passive samplers in the field after 3 days of deployment.
Similarly, there were no chlorophenols detected from grab
samples extracted by solid phase extraction and from the passive
sampler under laboratory conditions. This means that concentra-
tion of the target compounds, if present in the wastewater, is at
trace levels. Table 3 shows the obtained detection limits, which
ranged from 1.00 to 100 pg-€"! for the passive sampler and from
1.80 to 2.45 pg-C! for solid phase extraction. The detection limit
was taken as the concentration that gives a signal to noise ratio of
3. The detection limits of the passive sampler after 3 days expo-
sure is comparable to those obtained from solid phase extraction.
Increasing the exposure time in the passive sampler from 3 days
to 7 or more days can further lower the detection limit to sub-
pg-L! levels. This is equivalent to increasing the sample volume
in solid phase extraction. For 4-chlorophenol, the detection limit
was high. The same observation was obtained in the previous
application of the passive sampler to river water (Chimuka et
al., 2008). In deionised water, 4-chlorophenol (Table 2) was
extracted well, but it was extracted poorly in wastewater, perhaps
due to its interaction with matrix components.

Tables 4 and 5 compare the obtained enrichment fac-
tors and extraction efficiencies of the chlorophenols using
the passive sampler and solid phase extraction with spiked
wastewater samples. The enrichment factors obtained with the
passive sampler and solid phase extraction are comparable, as
previously discussed for detection limits. Of more interest is
the comparison of extraction efficiency between the passive
sampler and solid phase extraction (Table 5). The extraction
efficiency in the passive sampler was 3 and 11% for 2-chlo-
rophenol and 2, 4-dichlorophenol, respectively. In solid phase
extraction, the extraction efficiency was 41% and 67% for
2-chlorophenol and 2, 4-dichlorophenol, respectively. The low
extraction efficiency in the passive sampler supports the idea
that it is not an exhaustive extraction technique. The target
analytes are not depleted in the bulk sample solution. The pas-
sive sampler therefore can be used as an equilibrium sampling
and extraction technique. Equilibrium sampling and extraction
does not change the chemical equilibrium of the components
in the sample. This means that the passive sampler measures
the truly dissolved bioavailable fraction of the chlorophenols.
This is important in toxicity studies and ecological assessment
of water bodies. Solid phase extraction, on the other hand, is
an exhaustive technique and disturbs the chemical equilibrium
of the sample. It therefore does not measure the truly bioavail-
able fraction of the compounds. The extraction efficiency in
solid phase extraction was generally low, perhaps due to matrix
components found in wastewater. It is common to have close to
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Figure 8
Chromatograms obtained after passive sampling (a) and after
solid phase extraction (b) of wastewater grab samples obtained
from Groudkoppies wastewater treatment plant west
of Johannesburg. 1 = 2-chlorophenol, 2 = 4-chlorophenol,
3 = 2,4-dichlorophenol.

100% extraction efficiency in solid phase extraction.

Another interesting comparison between the passive sam-
pler and solid phase extraction is the selectivity. This is shown
in the resulting chromatograms after passive sampling and
solid phase extraction of wastewater (Fig. 8). From the passive
sampler, a very clean chromatogram is obtained, whereas some
matrix components are seen in a solid phase extraction chro-
matogram. The basis of the selectivity of the passive sampler
has been discussed in detail in Chimuka et al. (2008). Most of
the commercially available passive samplers are also not very
selective since they use non-selective solid phase extraction
sorbents as trapping media.

In solid phase extraction, each extraction consumed about
11 m€ of methanol in conditioning, rinsing and elution. For
routine analysis, this adds up to sizeable amounts of organic
solvents. In the developed passive sampler, no consumption of
organic solvents is performed, which is an additional benefit of
the sampler, besides its selectivity.

Table 3
Comparison of detection limits by direct injection
(deionised water) and after hollow fiber passive and SPE
in wastewater

Sample type Detection limits (ug-€)
2-chloro- 4-chloro- 2,4-dichloro-
phenol phenol phenol
Direct injection 250 250 300
MAPS 2.81 100 1.04
SPE 2.45 2.21 1.80

Conclusions

The type of protective cover does matter and can influence

the mass transfer. Temperature was found to influence the
mass transfer while humic substances did not. The membrane-
assisted passive sample is comparable to solid phase extraction
in terms of the most important parameters (enrichment factor,
reproducibility and detection limits) that are needed for identi-
fication and quantification of target compounds in water under
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Table 4

Enrichment factors obtained after solid phase extraction (SPE)
and passive sampler extraction of 500 me€ of wastewater spiked
with 50 mg-€"' of the chlorophenols under laboratory conditions

new approach to monitoring the bioavailability of lipophilic

contaminants and estimating their bioconcentration potential.

Chemosphere 20 533-552.

JONSSON JA and MATHIASSON L (1999) Liquid membrane
extraction in analytical sample preparation: II. Applications.

Comparison of % extraction efficiencies in a maps and s
technique. For conditions, see Table 4.

pe

Sample MAPS SPE Trends Anal. Chem. 18 325-334.
no. 2- 4- 2,4- 2- 4- 2,4- JONSSON JA, LOVKVIST P AUDUNSSON G and NILVE" G

Chloro | Chloro | Dichloro | Chloro | Chloro | Dichloro (1993) Mass transfer kinetics for analytical enrichment and
1 94 Nd 304 102 113 167 sample preparation using supported liquid membranes in a
2 90 Nd 302 103 113 168 flow system with stagnant acceptor liquid. Analytica Chimica
3 84 Nd | 277 | 101 13| 166 Acta 277 9-24.

KINGSTON JK, GREENWOOD R, MILLS GA, MORRISON
Mean 89 Nd 295 102 113 167 GM and PERSSON LB (2000) Development of a novel passive
%RSD 5.6 Nd 5.1 0.01 0.00 0.01 sampling system for the time-averaged measurement of a
range of organic pollutants in aquatic environments.
Table 5 J. Environ. Monit. 2 487-495.

KOT-WASIK A, ZABIEGALA B, URBANOWICZ M,
DOMINIAK E, WASIK A and NAMIESNIK J (2007)

Advances in passive sampling in environmental studies.

MAPS SPE Analytica Chimica Acta 602 141-163.

Component 2- 4- 2,4- 2- 4- 2,4- LIU JF, HU XL, PENG JF, JONSSON JA, MEYER P and

Chloro | Chloro | Chloro | Chloro | Chloro | Chloro JIANG GB (2006) Equilibrium sampling of freely dissolved
Sample 1 34 nd 11 41 45 67 alkyl phenols into a thin film of 1-octanol supported on a hol-
Sanpls2 | 03 | aa [ 0| a [ s [ e | e b crn iens
Sample3 | 31 nd 10 41 45 67 JF, an (2005) Equilibrium sam-

pling through membranes of freely dissolved chlorophenols in

Mean 3.3 nd 11 41 45 67 water samples with hollow fiber supported liquid membrane.
% RSD 4.6 - 5.4 0.0 0.0 0.0 Anal. Chem. 77 4800-4809.

laboratory conditions. The passive sampler was found to be
superior in selectivity towards the target compounds compared
with solid phase extraction with C  cartridges. The passive
sampler also does not disturb the chemical equilibrium of the
sample and therefore measures the bioavailable fraction during
exposure as opposed to exhaustive solid phase extraction.
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