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Abstract

Passive sampling relies on the uptake of contaminants into appropriate sampling devices along a diffusion gradient without using pumps or
bailers. Thus, for example, in groundwater sampling, changes to flow due to pumping can be avoided. If the diffusion gradient can be maintained
for extended periods, contaminants can be sampled continuously over time without any action, allowing to determine time-weighted average
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ontaminant concentrations. We here show that the Ceramic Dosimeter, a solid receiving phase passive sampler using a ceram
s sorbent container and diffusion barrier, can be used without calibration for the long-term monitoring of polycyclic aromatic hydr
PAHs) in groundwater.

2004 Elsevier B.V. All rights reserved.
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. Introduction

One of the most important steps in analyzing water sam-
les for contaminants is the sampling of water itself[1]. Dis-

urbances of water composition during sampling as well as
lterations during transport and storage, all can irreversibly
ffect the outcome and subsequent interpretation of water
nalysis results. The conventional, and most common, sam-
ling technique is the active removal or so-called snap-shot
ampling, of a defined volume of water at a given time us-
ng bailers or pumps. The caveats of such an active sam-
ling technique are well known. Contaminants can sorb to

ubes and sampling containers. As well, they may be de-
raded and/or may decay during transport. For groundwater,

n particular, disturbed flow regimes due to pumping may
ead to the pulling in of clean or contaminated water from
ones not intended for sampling. Pumping can also cause

∗ Corresponding author. Tel.: +49 341 235 2699; fax: +49 341 235 2401.
E-mail address:kristin.schirmer@ufz.de (K. Schirmer).

losses of volatile compounds[2]. For these reasons, alt
natives to the common way of water sampling are b
sought.

One alternative to the conventional snap-shot sam
approach is the passive water sampling. In passive sam
contaminants are being taken up into appropriate sam
devices along a diffusion gradient without the use of pu
or bailers[3]. The diffusion gradient is established and m
tained by means of a receiving sorbent with a high a
ity to the analytes to be explored. If the diffusion grad
can be maintained over extended periods by providing
ficient sorption capacity, contaminants can be accumu
continuously over time and time-weighted average con
inant concentrations determined. Thus, in addition to
viding undisturbed water sampling, passive approache
be used to integrate fluctuations in contaminant conce
tions over time without the need for excessive snap-
sampling.

A variety of passive sampling devices are available
water sampling[3,4]. However, only a few samplers ha
021-9673/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2004.12.049
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so far been applied to groundwater (e.g.[5–10]). Among
them, the Ceramic Dosimeter[11] is a time-integrative pas-
sive sampling device which is based on a ceramic tube as
diffusion-limiting barrier enclosing a receiving phase that
consists of solid sorbent beads. Recently, the utility of the
Ceramic Dosimeter as a robust groundwater sampling device
was shown for benzene, toluene, ethylbenzenes, xylenes and
naphthalenes, using Dowex Optipore L-493 as the receiving
phase[10]. Over up to 90 days of sampling in a contaminated
aquifer, the Ceramic Dosimeters showed an excellent perfor-
mance, which was judged by comparing time-weighted aver-
age contaminant concentrations derived from the Dosimeters
with average aqueous concentrations determined by frequent
conventional snap-shot sampling. Based on the same princi-
ple, the same group postulated the use of Amberlite IRA-743
as a solid receiving phase for the sampling of polycyclic aro-
matic hydrocarbons (PAHs). This is an ion exchange resin on
polystyrene basis which was chosen due to its capacity for
binding hydrophobic contaminants and its wettability, which
is of importance for use in a water-saturated sampling device
[12]. Indeed, initial laboratory and field experiments focusing
largely on phenanthrene showed promise for the long-term
sampling of PAHs by means of Amberlite IRA-743 in the
field [12–14]. Among the important features determined in
these studies were the high affinity of Amberlite IRA-743
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2. Experimental

2.1. Passive sampler material and chemicals

The ceramic tube, caps as well as the stainless steel holder
of the Ceramic Dosimeter passive sampling device were pro-
vided by IMW (Tübingen, Germany). More detailed prop-
erties of the ceramic tube can be found inTable 1. The
cap material was PTFE. Caps had an inner diameter of
1 cm, thus closing the ceramic tube by a tight fit. Filled
ceramic tubes were fixed in stainless steel holders of 6 cm
length. Amberlite IRA-743, which was used as the receiv-
ing phase, was from Sigma–Aldrich (Steinheim, Germany).
Cyclohexane (99.9%) and acetone (99.9%) for sample ex-
traction were purchased from Roth (Karlsruhe, Germany)
and Merck (Darmstadt, Germany), respectively. The internal
standard for GC–MS analysis of PAHs was from Dr. Ehren-
storfer (Augsburg, Germany) and contained 200�g/mL
deuterated PAHs ([2H8]naphthalene, [2H10]acenaphthene,
[2H10]phenanthrene, [2H12]chrysene and [2H12]perylene,
prepared using PAH Mix 31). Standard mixtures for deter-
mination of response factors were prepared by mixing PAH
Mix 14 and PAH Mix 31 (Dr. Ehrenstorfer).

2.2. Passive sampler preparation
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f PAHs even when the Ceramic Dosimeters were plac
AH-free, de-ionized water for up to 100 days[12].

The aim of the current study was to explore the abilit
he Ceramic Dosimeter passive sampling device, filled
mberlite IRA-743, to perform well under field conditio
ith regard to the sampling of PAHs. Over the course
ear, a total of 51 Ceramic Dosimeters were deployed in
roundwater boreholes at a former gas works site know
e contaminated with PAHs.

able 1
arameters required for time-weighted average contaminant concent

Symbol according to
Eqs.(1) and (2)

Value

arameters defined by the membrane
Thickness �x 0.15 cm
Surface area (tube length: 5 cm;

tube diameter: 1 cm)
A 8.5 cm2

Porosity ε 0.305
Archie’s law exponent m 2.0
Pore size – 5 nm

nalyte-specific parameters
Diffusion coefficient in water Dw 6.69× 1

to 4.44×
(dibenz

Accumulated mass M �g

arameter of sampling environment
Temperature – ◦C
A total of 51 ceramic tubes were filled with the Amber
RA-743. Amberlite was pre-cleaned by rinsing it with wa
ollowed by careful shaking in acetone. The acetone wa
anted and replaced by new acetone until the solvent s
lear with no signs of discoloration. The Amberlite was
o dry before about 1.5 g were filled into each ceramic t
he tubes were then filled with distilled water, closed w

he PTFE caps and clamped into stainless steel holders.
he devices were placed in a bottle filled with distilled w

eterminations using the Ceramic Dosimeter

Comment

Flux-controlling barrier; diffusion distance
Taking reduction of total surface area due to PT
caps into account
Measured using capillary pyknometer[13]
As determined and applied by Martin et al.[10,12]

Prevents entry of microorganisms and thus biod
dation of accumulated analytes

2/s (naphthalene)
cm2/s
thracene)

Calculated for each PAH according to Worch[25]

Measured upon extraction of the sorbent mate
Amberlite IRA-743

Measured during sampling; a determinant of w
viscosity thus influencing diffusivityDw
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and evacuated in an exsiccator in order to remove any air
within the tube and to ensure complete water saturation of
the ceramic tube. Ceramic Dosimeters prepared in this way
were stored in amber glass bottles filled with distilled water
until deployment.

2.3. Field deployment of the Ceramic Dosimeters

Samplers were deployed in groundwater at a former gas
works site in southern Germany from September 2003 until
September 2004. Results from previous snap-shot sampling
campaigns indicated total PAH concentrations of up to about
5000�g/L for the sum of 16 EPA PAHs. No unusual aquifer
attributes had previously been noted. Three different ground-
water boreholes (referred to as boreholes 1–3, borehole diam-
eter = 5 or 6 in.) were chosen for sampling, with two of them
being situated within 40 m of one another (boreholes 2 and
3) and the third being within a distance of 175 m (borehole
1). Groundwater flow velocity was about 2.4 m/day. Ground-
water levels were 3.5 and 5.5 m below surface corresponding
to 217.6–217.8 m above sea level.

Ceramic Dosimeters were transported to the field site
stored in the water-filled amber glass bottles. For each
sampling time and borehole, a string containing three Ce-
ramic Dosimeters was prepared. The samplers were tied to
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ume of 1.5 mL of the cyclohexane phase was then transferred
into GC vials and directly injected into the GC–MS system
within 24 h upon arrival in the laboratory (see Section2.6).

Removal of passive samplers was done in triplicate after
1–4 months of sampling. Because the sampling behaviour re-
mained as expected over the entire 4 months, confirming the
robustness and the high capacity of the Dosimeters, it was de-
cided to extend the exposure time to up to 1 year. Thus, after
6 months of exposure only two samplers per borehole were
removed in order to leave one sampler for full 12 months of
sampling. In addition to these single samplers, two new sam-
plers were added per borehole during the 6-month sampling
event. These new samplers were then removed together with
the 12-month sampler so that they were exposed for 6 months
in the second half of the year of this study (April–September
2004). Samplers were wrapped in tissue, soaked in distilled
water, and packed in zip plastic bags. They were transported
to the laboratory and processed within 24 h.

Because temperature influences diffusion coefficients of
chemicals and thus the uptake of contaminants into the pas-
sive sampling devices, water temperature was determined in
parallel to all sampling activities. It was found to be constant
at 13.5◦C.

2.5. Processing of passive samplers after field
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polyethylene string using separate nooses. The leng
he string and the place where the samplers were atta
as chosen such that the samplers could be positioned
iddle of the screened portion of each borehole in 6–
epth. Five strings were hung in each of the three bore
o that triplicate samplers could be collected from each
or several sampling events.

Parallel to the deployment of the passive samplers, m
ressure pumps (IMW) were installed in the three boreh

n order to allow for regular snap-shot water sampling.
ini-pressure pumps are positive displacement mini ga
umps for low flow sampling, which keep disturbances o
atural groundwater flow regime to a minimum.

.4. Sampling

Snap-shot water sampling using the mini-pressure pu
as performed every second week in duplicate for the
months and once in parallel to the last Ceramic Dosim

ampling after 12 months. If Ceramic Dosimeters were
oved on the same day, snap-shot samples were take

n order to avoid erroneous PAH concentrations in the s
hot water samples due to mixing of water during pas
ampler removal. For each sample, approximately 700 m
ater was collected into 1 L amber glass bottles which

eady contained 10 mL of cyclohexane and 10�L of internal
euterated standard for later extraction and chemical ana

The exact water sample volumes were determined g
etrically immediately upon arrival in the laboratory. T

amples were then rigorously shaken for 1 h in order to
ract the aromatic hydrocarbons with the cyclohexane. A
t

eployment

Ceramic Dosimeters were processed as previously
cribed by Piepenbrink[13]. In brief, Amberlite IRA-743
as transferred from the Ceramic Dosimeters to stain
teel cylinders, coupled to a vacuum manifold. The sor
aterial was extracted three times with 10 mL of ace
ith 10 min contact time for each extraction step and
× 10 mL combined. Ten microlitres of internal deutera
AH standard were added to 5 mL of the combined ace
xtracts for direct GC–MS analysis. Extracts contained a
% of water. Experiments with varying water contents u
% did not lead to significant variations in analyses resu

.6. Instrumental analysis

Samples were analyzed according to Griebler et al.[15]
nd Grathwohl et al.[16]. In brief, a HP 5890 Series
as chromatograph with a HP 6890 autosampler was

n combination with a HP 5972 A mass spectrometer
nalyses of water samples and Ceramic Dosimeter ext
he GC column for separation of PAHs was a Zebron
MS (30 m× 0.25 mm i.d., 0.25�m film thickness; Phe

omenex, Aschaffenburg, Germany). Samples were inje
plitless. The MS was operated in single ion mode (SIM).
ection masses corresponded to the molecular masses
ubstances. For some of them, additional qualifier ions
etected for definite identification. The internal standard
euterated PAHs was used for quantification of the ana
esults. For determination of response factors, an addit
AH mixture was utilized, containing 0.49 mg/L of the
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EPA PAHs plus 1- and 2-methylnaphthalene (PAH Mix 14,
Dr. Ehrenstorfer) and 0.2 mg/L of the deuterated PAHs from
PAH Mix 31 (Dr. Ehrenstorfer). Limits of detection for the
PAHs were between 0.03 and 0.08�g/L for the water sam-
ples and between 20 and 80 ng accumulated mass per sam-
pler for the Ceramic Dosimeters. Dosimeter detection limits
corresponded to calculated average water concentrations of
0.6–1.2�g/L at the first sampling time point (first month) and
to 0.1–0.3�g/L after 12 months of sampling.

2.7. Data evaluation

Chemical analysis of the passive sampler solvent extracts
yielded the mass (M) of PAHs that traversed through the avail-
able surface area (A) of the ceramic membrane over the sam-
pling period (t) and accumulated on the sorbent material, Am-
berlite IRA-743. Assuming that the movement of the PAHs
to the inner part of the Ceramic Dosimeter is based solely on
diffusion, the accumulated mass can be described according
to Fick’s first law[10,12]:

M = FAt = De
�C

�x
At (1)

In (1), De is the effective diffusion coefficient. It accounts
for the altered diffusion of analytes in the porous membrane
compared to water according to Archie’s law:
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Fig. 1. Appearance of Ceramic Dosimeters before exposure (left side) and
after 2 months of exposure in borehole 2 (right side). The tar oil phase
led to a brownish-black discoloration of the stainless steel cage and the
ceramic membrane. No such alterations to Ceramic Dosimeter appearance
were observed upon exposure to borehole 1 or 3.

pelling discolorations ranging from yellow-reddish to dark
black (Fig. 1). These alterations in colour were visible from
the first sampling point (1 month) on. They were attributable
to a tar oil phase occurring unexpectedly in this borehole
upon an operational change at the gas works site. The tar oil
phase filled the borehole from the bottom to about half of the
borehole depth and remained on the bottom due to its den-
sity, which is higher than that of water. Thus, the samplers
were hanging within the oil phase. No oil phase was observed
on the groundwater surface, so that no non-aqueous product
was drawn down by deploying the samplers. Smeary films or
biofilms were not observed on Dosimeter surfaces for any of
the samplers.

3.2. Prediction of time-weighted average aqueous PAH
concentrations by means of Ceramic Dosimeters

The accumulated amounts of PAHs in the Ceramic
Dosimeters were applied to Eq.(1) in order to calculate the
time-weighted average aqueous concentration predicted for
each PAH by the passive sampling device. These values were
compared to the average PAH concentrations determined by
the conventional snap-shot sampling approach (Figs. 2 and 3).
Dosimeter replicates showed a variation coefficient of 10%
at an average. Details for three exemplary compounds can be
f ntra-
t nths
a , 36-
a
h lene,
v ore-
h or 2-
m ions
g re,
f A) in
F ling
e ight
f

e = Dwεm (2)

hereDw is the diffusion coefficient in water,ε is the poros
ty of the ceramic membrane andm is Archie’s law expo
ent, which in porous media generally ranges from 1.
.5 [17]. Further, the term�x in (1) is the diffusion path

ength, i.e. the thickness of the ceramic membrane, and�C
s the difference in aqueous analyte concentration bet
he sampling environment and the inner sampler part. G
he high affinity of the PAHs to bind to Amberlite IRA-74
he aqueous concentration in the inner part of the sample
e assumed to approach zero. Thus, Eq.(1) enabled the pre
iction of average water concentrations from the amoun
AHs collected in the Ceramic Dosimeter. The factors

rolling the accumulation of PAHs in the Ceramic Dosim
er and Dosimeter-specific parameters required to calc
ime-weighted average PAH concentrations are provide
able 1. Dosimeter sampling rates (R) for the various PAHs
orresponding toR=DeA/�x, were calculated to be betwe
.5 and 2.5 mL/day at 14◦C.

. Results

.1. Appearance of the Ceramic Dosimeters after field
xposure

Sampling devices removed from boreholes 1 and 3
asionally displayed a slight greyish discoloration whe
eramic Dosimeters obtained from borehole 2 showed
ound inFig. 2. Snap-shot sample aqueous PAH conce
ions, determined every second week for the first 6 mo
nd then once again after 12 months, varied up to 32-
nd 7-fold for naphthalene (Nap, see alsoFig. 2) in bore-
oles 1–3, respectively. For the 1- and 2-methylnaptha
ariations were up to about 4-fold with the exception of b
ole 3, where differences up to 16-fold were observed f
ethylnaphthalene (2-MNap). Variations in concentrat
enerally were below 2-fold for all other PAHs (compa

or example, phenanthrene (Phe) and fluoranthene (F
ig. 2). Detectable levels were observed for all samp
vents and locations for PAHs ranging in molecular we
rom naphthalene to fluoranthene/pyrene.
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Fig. 2. Comparison of snap-shot sample determined and Ceramic Dosimeter-derived time-averaged aqueous PAH concentrations in the three boreholes.A
two-ring (naphthalene, Nap), a three-ring (phenanthrene, Phe), and a four-ring (fluoranthene, FA) PAH were selected to give three examples. Grey bars represent
the average of Ceramic Dosimeter samples with the vertical lines representing standard deviation of triplicate samplers for sampling point 1–4 months, and
deviation from the mean for duplicate samplers after 6 months of exposure. After 12 months of exposure, only one single sampler was removed per well. The
plus connected with a dashed line represent aqueous PAH concentration in the first of duplicate snap-shot samples (the deviation between the duplicate samples
was negligible with a median deviation of 2%). The barbells represent the time-averaged PAH concentrations determined from the snap-shot samples over
each corresponding exposure period. Thus, if the Ceramic Dosimeter yields aqueous concentrations equal to the concentrations derived by averagingrepeated
snap-shot sample results, the upper end of each grey bar and the corresponding barbells should exactly match.

Dosimeter-derived time-weighted average PAH concen-
trations very well matched those obtained by averaging re-
sults from extraction and analysis of conventional snap-shot
sampling obtained over time (Fig. 3). The greatest differences
ever observed were a 3.1–4-fold lower Dosimeter-derived
concentration for 1-methylnapthalene in borehole 1 after 1–4
months of sampling, and a 3.7-fold underestimation of 2-
MNap in borehole 3 after 12 months of sampling. Overall,
the PAH concentrations predicted by the Ceramic Dosimeter
were lower than the snap-shot sample-derived PAH concen-
trations by a median factor of 1.2 (83% of snap-shot sample-
derived concentrations). Differences were observed between
the boreholes. Whereas Dosimeter-derived PAH concentra-

tions in boreholes 2 and 3 were lower than snap-shot sample-
derived concentrations by a median factor of, respectively, 1.1
(91%) and 1.2 (83%), the same median factor was 1.5 (66%)
for borehole 1. A greater than snap-shot sample-derived PAH
concentration was predicted in 13% of all cases with the
greatest level of overestimation being 2-fold for one value
of anthracene in borehole 2 (Fig. 3, middle panel).

3.3. Accumulation of PAHs in the sampling device

The PAHs naphthalene (Nap), 1-methylnaphthalene (1-
MNap), acenaphthene (Ace), acenapthylene (Any), fluorene
(Flu), phenanthrene (Phe), anthracene (Ant), fluoranthene
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Fig. 3. Comparison of Ceramic Dosimeter-derived and time-averaged snap-shot sample determined aqueous PAH concentrations for all sampling times within
the three boreholes. For absolute agreement between the two sampling methods, symbols should lie on the diagonal line.
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Fig. 4. Accumulated PAH masses in the Ceramic Dosimeters exposed in the three boreholes over period of 1–12 months. Insets show a magnification for the
lower concentrated PAHs. Vertical lines represent standard deviation of triplicate samplers for sampling point 1–4 months, and deviation from the mean for
duplicate samplers after 6 months of exposure. After 12 months of exposure, only one single sampler was removed per well.
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(FA) and pyrene (Pyr) were encountered in all the Dosime-
ters deployed irrespective of the sampling locations. 2-
Methlynaphthalene (2-MNap) was consistently detectable in
boreholes 2 and 3 but was found only after 6 and 12 months
of sampling in borehole 1. As well, benzo[a]anthracene
(BaA) and chrysene (Chr) were detectable only in bore-
hole 1 and only after 6 and 12 months of sam-
pling. The PAHs benzo[k]/[b]fluoranthene, benzo[a]pyrene,
dibenzo[a,h]anthracene, benzo[ghi]perylene as well as
indeno[1,2,3-cd]pyrene never accumulated in the sampling
devices sufficiently to be reliably detectable above the de-
tection limits of the analytical method applied. Overall, the
spectrum of PAHs detected by the Ceramic Dosimeters was
the same as for the snap-shot water samples.

With a few exceptions, all detectable PAHs were found
to increasingly accumulate within the Ceramic Dosimeters
with sampling time (Fig. 4). The exceptions were 2-MNap
in borehole 3 and Nap in boreholes 2 and 3, where uptake
appeared stagnant in some time intervals, which however co-
incided with large drops in aqueous concentrations for these
substances. In theory, if PAH concentrations in the water
are constant, the Ceramic Dosimeter passive sampling de-
vice should accumulate the analytes linearly with time. This
indeed was observed. When the accumulated amounts for
each of the PAHs with less than 2-fold changes in aqueous
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well agreed with those obtained by repeated conventional
snap-shot sampling over several months. As well, laboratory
and preliminary field experiments using Amberlite IRA-743
in the Ceramic Dosimeters had illustrated the suitability of
this receiving sorbent for the sampling of PAHs[13,16]. We
here show that Amberlite IRA-743-filled Ceramic Dosime-
ters are capable of continuously accumulating PAHs over
many months without exceeding the sorption capacity of the
Amberlite IRA-743, thus allowing for time-weighted average
concentration determinations for PAHs in a polluted aquifer.

The average aqueous PAH concentrations predicted by the
Ceramic Dosimeters closely reflected those derived by aver-
aging conventional snap-shot sampling results obtained over
time. If at all perceptibly different, the Dosimeter-derived
PAH concentrations tended to be lower than the snap-shot
sample-derived concentrations. In the case of the snap-shot
samples, whole water is extracted irrespective of particulates
or colloids potentially carrying contaminants whereas in the
case of the Dosimeter, only truly dissolved PAHs are be-
ing monitored. Although turbidity was not observed in the
water samples and particulates were not specifically investi-
gated, they indeed appear to be one plausible cause for the
differences obtained by the two sampling approaches. This is
supported by the fact that borehole 1, where the greatest dif-
ferences between snap-shot sampling and Dosimeter-derived
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unction of time, the uptake was found to be significantly
ar with the coefficient of determination,R2, being generall
lose to 1.

To support the 12-month determinations with one sam
n each borehole, a second set of samplers (two per bore
as deployed after the first 6 months for the second half o
ear between months 7 and 12. When the sum of PAH m
ccumulated in the samplers during the two half-year i
als was compared to the total mass detected after a w
ear, an excellent agreement was found with one excep
he 2-MNap in borehole 3 (Fig. 5). Thus, samplers deploy
or 1 year behave no differently than samplers deploye
horter periods. This confirms the suitability of the Cera
osimeter for long-term monitoring due to the high sorp
apacity of Amberlite IRA-743 as well as the robustnes
he ceramic diffusion barrier.

. Discussion

The Ceramic Dosimeter was originally developed
rathwohl[11] for the passive, time-integrative sampling
ater or air. Two key features to this simple, small device

ts robust ceramic membrane and the solid receiving p
hich has to be chosen according to the analytes under

igation. Previously, Martin et al.[10] had filled the cerami
ube with Dowex Optipore L-493 as the solid receiving ph
n order to derive time-weighted average concentration
TEX and napthalenes in groundwater. They showed

he Ceramic Dosimeter-derived contaminant concentra
AH concentrations were observed, was situated at o
0 m distance to a steep slope toward a river valley, im

ng a higher susceptibility to particulate mobilization du
nfiltrating water. On the other hand, it could be argued
n the case of sorption to particulates, higher logKow sub-
tances, such as chrysene, should be attenuated more s
nd thus be underrepresented in the Dosimeter more s

ower logKow substances, such as naphthalene. Such a d
nce however was not observed even in borehole 1. Tak
ether, while the slightly lower Dosimeter-derived PAH c
entrations cannot yet fully be explained, they highlight
mportance of keeping in mind the differences in whole
er extraction, as in the case of snap-shot sampling, an
xtraction of only truly dissolved substances, as in the
f the Ceramic Dosimeter. Overall, however, the differen
ere minor in this study, considering that average aqu
AH concentrations derived with the two approaches va
y a median factor of 1.2.

A direct comparison of snap-shot sample water con
rations versus passive sampler derived water concentr
as so far only rarely been attempted. For various typ
assive samplers applied for 2–4 weeks in lakes, rive
arine environments, deviations of passively determ

ontaminant concentrations and directly analyzed w
amples were within factors of 2–5[18–20]. Even fewe
xamples exist for the use of time-integrative passive
ling devices in groundwater. Martin et al.[10] found a very
ood agreement for BTEX and naphthalene concentra

n groundwater determined by Dowex Optipore L-493-fi
eramic Dosimeters and snap-shot samples. Slight d

ions were explained by the fact that snap-shot samples r
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Fig. 5. Comparison of accumulated PAH masses collected over the whole exposure period in the 12 months exposed Ceramic Dosimeters and the sum of
accumulated masses in the samplers exposed for the first (months 0–6) and the second 6 months (months 7–12) of the 1-year sampling campaign.
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only instantaneous concentration values. Thus, their mean
may differ from the average concentrations determined by
the Dosimeters which collect analytes throughout the entire
exposure time without interruption. Gustavson and Harkin
[6] deployed semipermeable membrane devices (SPMDs)
in groundwater at a PAH contaminated site. Deviations
between the passive and active sampling results were be-
tween 5- and 10-fold. SPMD-derived average aqueous PAH
concentrations were larger than snap-shot sample-derived
concentrations in one well, which was found to contain free
product. The latter, a black viscous material, had coated the
SPMDs and this coating was suspected to facilitate transfer
of PAHs into the devices. Such effects can be excluded for
the Ceramic Dosimeter, where the presence of a tar oil phase
in borehole 2 did not affect the sampling behaviour. SPMD-
based average aqueous PAH concentrations were, however,
lower than snap-shot sample determined concentrations in
the other wells[6]. These lower concentrations were at-
tributed to particle-bound PAHs not available for the SPMDs
but included in the analysis of unfiltered water samples,
which is along the lines of our arguments presented above.

The simplicity of the Ceramic Dosimeter is based, in part,
on the ceramic membrane. This membrane serves to protect
the solid receiving sorbent but as well as a diffusion bar-
rier. The ceramic tube represents a relatively thick diffusion
b re a
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sampler types. Another influence on sampling behaviour of-
ten reported especially in surface water sampling, namely the
formation of biofilms, has to be considered but was not ob-
vious in the sampling of groundwater in this and previous
studies[10,16]. This might be due to lower microbial activ-
ity in groundwater compared to surface waters or a reduced
ability of microbes to form biofilms on that particular ce-
ramic membrane. Application of the ceramic membrane to
a surface water rich in microorganisms, such as an effluent
treatment pond, may shed light on this thus far unexplored
characteristic of the ceramic membrane.

5. Conclusions

The Amberlite IRA-743-filled Ceramic Dosimeter proved
to be a reliable device for long-term groundwater monitoring
of PAHs at contaminated sites. It greatly reduces the sam-
pling and analysis efforts compared to active snap-shot sam-
pling and due to its robust design, does not require labori-
ous calibration steps. Thus, the Ceramic Dosimeter can be
recommended as a simple and straightforward alternative to
conventional snap-shot sampling if contaminated groundwa-
ter needs to be monitored for extended periods of time. The
only restriction that applies is that contaminant sampling rates
through the ceramic membrane are relatively low so that long
e ncen-
t t 15
d sses
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o , for
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lish-
arrier. Therefore, even under low-flow conditions whe
ignificant aqueous boundary layer may form outside o
ampling device, the sampling behaviour can be assum
e dominated by diffusion through the ceramic alone. Fo
mple, Gale[21] reported an aqueous boundary layer th
ess of 100–400�m in quiescent aqueous systems, wh

s about 1/15 to 1/4 of the thickness of the ceramic t
his is in contrast to many other sampler types which
ased, e.g. on organic polymer membranes, where the
us boundary layer can greatly influence sampling beha
e.g.[18,22,23]). It is difficult to quantitatively include thes
ffects in calculation of time-weighted average aqueous
entrations, because of difficulties in assessing flow flu
tions in field situations or calibrating for them in the la
atory. The Ceramic Dosimeter’s independence of hydr
amic parameters is of advantage because no labor-inte
alibration steps have to be performed in order to accou
arying flow. Likewise, the application of performance re
nce compounds, which frequently are injected into sam
evices as a means to account for varying flow in the

24], are not required. In fact, temperature remains the
arameter to be determined during sampling because

mpact on diffusivity. A temperature increase of 1 K co
ponds to an increase of diffusion coefficients of about 3
n the range from 12 to 25◦C.

The role of the ceramic membrane as protector an
ust diffusion barrier was also illustrated in this study by
naltered performance of the Ceramic Dosimeters in the
nce of an unexpectedly occurring tar oil phase in bore
. This represents an extreme situation which would li
ave led to the disintegration of a number of other pas
-

xposure times are required if aqueous contaminant co
rations are rather low. For example, it would take abou
ays for reaching the detection limit for accumulated ma

n the Ceramic Dosimeter when exposed in water conta
�g/L PAHs, as well as 150 days at water concentrat
f 0.1�g/L. Suitable areas of application therefore are
xample, sites where Monitored Natural Attenuation is
epted as a remediation strategy. Likewise, a groundw
ite that underwent active remediation could be continuo
onitored with little effort in order to ensure that conta
ant levels stay at the envisioned levels. The applicatio

he Ceramic Dosimeter to the monitoring of other cont
nant groups as well as other sampling environments
ttractive future goal.
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