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Chapter 3 
 

   

   

 Monitoring of polychlorinated biphenyls and 

polycyclic aromatic hydrocarbons by passive 

sampling in concert with deployed mussels 

 

 
Abstract 

From 1990 the National Institute for Coastal and Marine Management/RIKZ, runs a monitoring 

program to assess the water quality with regards to organic contaminants by deploying co-

genetic mussels (Mytilus edulis) at 8 stations along the Dutch coast. Because of the positive 

development of passive sampling from 2001 silicone passive samplers were deployed alongside, 

in order to investigate its applicability with reference to the mussels through learning by doing. 

Samplers were spiked with performance reference compounds and the degree of their release is 

used to estimate a sampling rate that was applied to convert the uptake contaminants to a freely 

dissolved concentration (CW). The uncertainty of this conversion, as well as the analytical and 

natural mussel’s variability, are evaluated. Final CW showed a strong correlation with 

concentrations in mussel–tissue and mostly followed the same seasonal profile. Consequently, 

resulting bioaccumulation factors often only varied within a range of 0.1 log unit. Main advances 

of passive sampling over monitoring by mussels are (1) the absence of an initial concentration 

and (2) no natural variability inevitably associated with alive material. 
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3.1 INTRODUCTION 

Passive sampling has been used for more than a decade for 

the sampling of hydrophobic contaminants in water. Since 1990 

the number of publications has increased exponentially each 

year. Huckins, Prest and coworkers first introduced the Semi-

Permeable Membrane Devices (SPMD), a polyethylene 

membrane filled with lipid (triolein) in 1990.1-3 Subsequently 

several modifications have been introduced to improve the 

performance of the design and field use of SPMDs. One of these 

was the introduction of Performance Reference Compounds 

(PRC) used to correct for differences in uptake rate caused by 

locally different flow conditions, temperatures or biofouling. 

PRCs are spiked in the sampler before deployment and their 

release rate supplies information on the uptake rate, corrected 

for the local conditions.4,5 Uptake rate has been optimized by 

increasing the ratio of surface area of polyethylene to mass of 

lipid. The increased mass of polyethylene makes a significant 

contribution to the uptake of pollutants. About half of the mass 

of compounds taken up are accumulated in the membrane.6 The 

percentage of lipid in an SPMD was standardized to 20%.7 For 

very hydrophobic contaminants polyethylene on its own 

behaves similar to that observed from the SPMD.4 Basically, 

any material with a non-polar structure can function as a passive 

sampler. In this monitoring program passive samplers made 

from polydimethylsiloxane (PDMS) sheets, better known as 

silicon rubber, were deployed. PDMS is also used for coating 

solid-phase micro extraction (SPME) samplers8 and stir bar 

sorptive extraction (SBSE).9 

SPMDs have been widely used in passive sampling 

campaigns reported in numerous publications. However, so far 

passive sampling has not been applied in routine monitoring. 

After several years of testing the National Institute for Coastal 

and Marine Management included passive sampling in their 

monitoring program. The trials revealed that silicone rubbers 

were excellent samplers that were strong, chemically resistant 

and robust in use. Only a few disadvantages are known. An 

additional theoretical reason for choosing silicone rubber as a 

sampler construction material is that for a single phase a single 

partition coefficient applies instead of two such as the lipid and 

polyethylene used in SPMDs. Furthermore, spiking with PRCs 

is easier and samplers can be reused. To investigate the validity 

of passive sampling the sampling was performed in concert 

with the existing mussel watch program. 

3.2 MONITORING 

In The Netherlands a number of important European rivers 

enter the North Sea, often via an estuarine area. Contaminants 

are transported to downstream areas in variable quantities 

depending on the pollution level up stream and the river flow. 

Precipitation of particulate matter in the mixing zone with 

saline water causes the accumulation of particle bound 

contaminants in the estuaries of The Netherlands. Marine 

particulate matter is also deposited in the Dutch estuaries. 

Turbulence caused by storms and elevated river flows can result 

in re-suspension and transport of particulate matter to the North 

Sea. In general, the precipitation is larger than the erosion. It is 

therefore necessary to dredge the waterways to maintain a 

sufficient depth for ships to pass. Low contaminated dredged 

material is deposited at sea and material that causes a risk is 

collected in a special storage place. The particulate material 

entering the North Sea is slowly transported north by the Gulf 

Stream. Part of the material that is entering in the south North 

Sea is deposited in the Wadden Sea which is very shallow and, 

because of the numerous tidal flats an important ecological area 

This is also the case for the Zeeland delta south in The 

Netherlands. This area is threatened by the Scheldt as well as 

the Rhine River. Intensive and complex environmental policy 

is protecting the aqueous environment of The Netherlands. To 

support that, and to indicate the positive effects, a monitoring 

network has been installed. This includes all kinds of programs 

for different parameters and matrices. One of those is the 

“musselwatch“ program. 

 History of mussel watch program 

The National Institute of Coastal and Marine Management 

(RIKZ) in The Netherlands has maintained a mussel watch 

program since 1990. The intention of the program was to follow 

the water quality for compounds that have a low solubility in 

the water phase e.g. polychlorinated biphenyls (PCBs), 

polycyclic aromatic hydrocarbons (PAHs) and heavy metals. 

Mussels were expected to accumulate these compounds during 

the deployment, and to provide a measure of the water quality 

integrated over time. Initially the program contained 17 stations 

that were measured three times a year, in Winter, Summer and 

Autumn. Spring was omitted as this would include the 

spawning period which was considered to add an uncontrollable 

variation to the data. In two evaluation rounds the program was 

reduced to 8 stations with deployment in only Winter and 

Autumn.10 The evaluations had shown that the time integrating 

properties of the mussels were limited and in some cases 

elimination of contaminants occurred when compared with the 

levels before deployment. This indicated that the area where the 

mussels were collected had a higher level of contamination than 

some of the stations. This moved the program towards trend 

monitoring, and the Summer deployments showed such a large 

variation that acceptable trend detection was impossible. The 

stations monitored in the present program are all situated in the 

central area of receiving water systems. Deployment directly in 

the water flows is not possible as the mussels (Mytilus edulis) 
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do not survive at lower salinity. Stations are listed is in Table 1 

and their positions shown in Fig. 1. 

 Passive samplers 

Since 2001 passive samplers have been deployed in parallel 

with the mussels. Passive samplers were made of silicone 

rubber (polydimethylsiloxane) sheeting to create a robust 

sampling system. Passive samplers were expected to give a 

good reflection of the level for hydrophobic contaminants to 

which the mussels were exposed. Moreover, monitoring by 

passive samplers has some advantages over the use of living 

organisms: 

 initial concentration of contaminants is negligible 

 passive samplers do not metabolize pollutants  

 are not mortal and can be deployed in all salinities 

 the uptake process is simple compared with that found in 

organisms. 

The contaminant uptake, or exchange, process of passive 

samplers has been widely investigated and can be better 

analytically quantified than for mussels. Organisms have 

several uptake/release routes and the exchange rate depends 

heavily on environmental variables such as temperature, food 

availability, stress factors, etc. that influence the activity of the 

mussels.11 While passive samplers take up from only the freely 

dissolved phase, mussels may also take contaminants through 

feeding. However, despite the better-defined uptake of passive 

samplers, the field conditions also may have a considerable 

influence on the results. Temperature, hydrodynamic 

conditions and biofouling are factors that influence the uptake 

rate and may cause different concentrations in the sampler for 

equal contamination levels.  The resulting variability may still 

be lower than data influenced by biological factors but much 

higher than common quality assurance targets for analytical 

variability. This is not an issue when applying passive samplers 

to compare heavily contaminated sites with reference areas, e.g. 

differences in contaminant level of a factor ten or more. 

However, in the case of monitoring the quality of (marine) 

surface waters in order to detect changes in contaminant levels, 

e.g. as result of measures to reduce pollution, it is of utmost 

importance to reduce variability to a minimum. This can be 

done in different ways: 

 “Isolate” the sampler from external turbulences using an 

increased layer of stagnant water by installing a cover of a 

more or less hydrophilic material. Diffusion through this 

layer is then the uptake rate limiting step.12,13 A 

disadvantage is that the uptake rate is considerably reduced 

and consequently the detection limits will increase 

substantially. Moreover, a hydrophilic layer could also act 

as a substrate for biofouling more than a strongly 

hydrophobic surface.  

 Another possibility is correcting for the influence of current 

and waves instead of regulating the uptake rate. This is 

performed through the use of PRCs that are spiked in the 

sampler and are released to the water phase by the same 

processes by which uptake occurs.4,5 In that way the uptake 

is not limited and a maximum sensitivity is obtained. 

 Booij et al. investigated a third method by mechanically 

rotating the sampler or creating a large flow that could 

overrule the differences in local hydrodynamic 

conditions.14 Basically, this would be the ideal approach as 

a very high sampling rate is obtained giving high sensitivity 

and the influence of local flow conditions is strongly 

reduced if not excluded. Moreover, when using rotating or 

otherwise moving samplers the risk of biofouling also 

diminishes. However, the large amount of energy needed 

for such non-passive sampling approach is generally not 

available at sampling stations.  

Thus, for correcting the influence of hydrodynamic conditions 

the use of PRCs is preferred over isolation. It allows a simpler 

sampler design and sample processing, and results in higher 

uptake i.e. better sensitivity.  

Table 1  Sampling stations descriptions 

No Station name Description 

1 Dantziggat This station is situated in the middle of the Wadden Sea. The area is highly influenced by tidal movement 
resulting in frequent sedimentation and re-suspension.  

2 Malzwin Situated in the west part of the Wadden Sea. This part is under frequent influence of North Sea water entering 
the Wadden sea at high tide, followed by a return stream 

3 Slijkgat This is the only station in the North Sea, although close to the coast. The station is influenced to a varying extent 
by the outflow of Rhine and Meuse water discharged from the Haringvliet Sluices.   

4 Vlissingen Station in the mouth of the Western Scheldt. Almost fully marine with influence of the Western Scheldt outflow.  

5 Hansweert Upstream in the Western Scheldt. Salinity is still sufficiently high for mussels to survive. 

6 Bommenede De Grevelingen is the largest marine water lake in Europe. Since it is a lake it has no tidal current. The station 
Bommenede is situated in the central part of De Grevelingen.   

7 Wissekerke  The Eastern Scheldt is essentially a lagoon. It is connected to the North Sea by an open dam that can be closed 
when necessary because of a spring tide or storm. The station Wissekerke is situated on the west side not far 
from the dam. 

8 Yerseke This station is also situated in the Eastern Scheldt but in the easternpart. Several mussel farms are situated in 
the surrounding area.  
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 Objectives 

Passive sampling in aquatic environments has been 

proposed as a promising technique since before 1990. The large 

amount of literature on passive sampling is mainly research 

orientated and comprises data from one time/year and a few 

sites with special pollution histories. So far passive sampling 

has not been widely applied in routine water quality monitoring 

programs. The objectives of the trial implementation of the 

passive sampling monitoring program reported here were: 

 to build experience and to optimize the procedure through 

‘learning by doing’; 

 application alongside mussels should validate the 

environmental relevance of the results obtained; 

 to obtain practical data that allow evaluation of the 

suitability for routine monitoring. 

In routine monitoring the methodology must be robust, 

repeatable and accompanied by a sufficient level of quality 

assurance. Over the years the sampler design has been adapted, 

extraction procedures have been improved and clean-up 

simplified. Several PRCs have been applied and evaluated. 

 Validation 

Validation of passive sampling methods is not as 

straightforward as for classical analytical methods. Further a 

distinction must be drawn between analytical and 

environmental validation. For classical analyses of water 

usually only analytical validation is considered, meaning that a 

true concentration is determined with a known uncertainty. 

However, due to sorption of contaminants to e.g. suspended 

matter, such a concentration does not necessarily reflect the 

(bio)available fraction. The conversion into an environmental 

risk is generally accompanied by a huge uncertainty and is hard 

to validate. A sound analytical procedure does not 

automatically mean that environmentally relevant data are 

obtained.15  

Passive sampling is a chain of actions and calculations 

using various constants (all with their uncertainty) that yields 

an estimate of the freely dissolved aqueous phase concentration. 

From an analytical point of view this will end in a higher 

uncertainty than a classical analytical method. However, one 

should be aware that a more environmentally relevant result is 

obtained as the freely dissolved concentration is directly 

proportional to the environmental threat for that contaminant. 

Moreover, the concentration obtained reflects the exposure over 

a long period of time. Therefore, in a risk assessment the result 

of passive sampling is likely  

to provide a better reflection of the risk than that of a 

classical analysis of a total water sample. Validation of passive 

sampling using whole or filtered water analyses will always 

suffer from the inability to isolate the free dissolved fraction, 

especially for hydrophobic compounds.16 Testing different 

filtration systems revealed that part of the free dissolved 

fraction is affected by sorption to the filter material and 

contaminants bound to dissolved organic matter pass through 

the filter to a different extent depending on the extent of 

clogging of the filter.15 Therefore, instead of trying to show 

agreement with large volume grab sampling followed by 

classical analyses, the validation of passive sampling would be 

better achieved by demonstrating that exposure concentrations 

experienced by organisms can be predicted sufficiently 

accurately.  

 

 

 

 Fig. 1  Position of sampling stations in the marine waters of The Netherlands. For sampling site names 

and description see Table 1. 
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Fig. 2  Sampler frame for mussels and passive samplers. (a) fastening ring (b) fixing eyes for and on samplers (c) passive sampler (d) mussels (e) 

silicone rubber sheets (f) U shaped fixing rod (g) cable tie, fixing the ‘U’ shaped fixing rod. 
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3.3 MATERIALS AND METHODS 

 Materials 

Silica chromatography powder (SiO2), acetone, ethyl 

acetate, n-hexane, isooctane (Mallinckrodt Baker), methanol 

(Lab-Scan) aluminum oxide (Al2O3) (ICN Biomedicals, Boom 

BV, Meppel, The Netherlands) and C18-silica (Bakerbond 

40µm PrepLCpacking) were all obtained from Boom BV, 

Meppel, The Netherlands). All standard compounds used were 

obtained from different manufacturers, all ordered through 

Boom BV, Meppel. A list of compounds and their abbreviations 

is given in Table 2. Thimbles for Soxhlet extraction were from 

Schleicher & Schuell MicroScience GmbH (Dassel, Germany). 

Sampler frame and other materials were tailor-made by a local 

workshop. Translucent silicone rubber sheeting (0.5 mm) was 

obtained from Technirub Vizo (Zeewolde, The Netherlands). 

Mussels 

 Deployment of mussels 

Mussels were obtained from a local mussel farm in the 

Eastern Scheldt. They were selected from a set of the same age 

and shell length (typically 45-50 mm). The selected 1100 

mussels were randomly distributed into 40 subsets of 25 

mussels (4 times 25 mussels are used for one station). Two 

samples of 100 mussels were frozen immediately to determine 

the concentrations of pollutants in the test organisms before 

deployment. The other portions were placed in holding nets and 

kept in aerated North Sea water until transport for deployment. 

For all stations an extra set of ten mussels was packed to replace 

any mussels that died before deployment. The live mussels 

were transported cool. When the deployment was delayed, e.g. 

in case of unsuitable weather, the mussels were stored in aerated 

seawater. The deployment frames were constructed from 12 

mm stainless steel rod capable of mounting four mussel cages 

(Fig. 2). A mussel cage consists of two baskets, each containing 

25 mussels, which were both mounted on a disc as shown in 

Fig. 2. Two cages were mounted at the lower position of the 

large frame using screws and safety nuts. Frames were fixed to 

a buoy or to the chain of the buoy at about 2 m below water 

surface.   

After a period of 6 weeks the mussels were recovered. Any 

visible fouling was removed from the mussels and any mortality 

was recorded. Dead mussels were not included in the sample. 

After collection mussels were packed in bags, frozen 

immediately and transported to the laboratory. Until analysis, 

that usually took place within six weeks, samples were stored 

at -20°C.  Water temperature was recorded at the start and end 

of the exposure.  

 Analysis of mussels. 

Mussels were taken from the freezer and washed with Milli-

Q water while still frozen. The shell length of each individual 

mussel was measured using a caliper. The average length and 

standard deviation were recorded. The adductor muscle was cut 

with a titanium knife, and during thawing with the shells open 

the mussels were placed with the internal surface facing 

downwards on a sheet of glass placed on a slight slope. In this 

way the water was drained from the soft tissue. The soft tissue 

was cut from the shell with the titanium knife and collected in 

a weighed glass beaker. The total mass and the number of 

mussels were used to calculate the average individual wet 

weight. A Büchi mixer (B400, Mettler-Toledo, Tiel, The 

Netherlands) equipped with ceramic knifes was used to blend 

the combined mussel tissue to obtain a fully homogeneous 

sample. From this sample a sub-sample was taken for 

determination of dry weight (1 h at 105°C) and ash content (4 h 

at 450°C). The mussel tissue was freeze-dried and 

homogenized using a ball mill (Retsch PM-400, Ochten, The 

Netherlands). The dried tissue was stored at <-20°C.   

For the extraction of lipids, PCBs and PAHs separate 

subsamples were identically extracted. An aliquot (2 g) of dry 

mussel tissue was weighed in a pre-extracted glass fiber thimble 

and extracted in a “hot” Soxhlet17 extractor for 8 h with acetone-

hexane mixture (1:3 v/v) (50 ml) on a water bath. Prior to 

extraction, PCB29 (50 ng) and PCB155 (50ng), or D12-

perylene (100 ng) was added to the sample for PCB or PAH 

analyses, respectively. The resulting extract was evaporated in 

a modified Kuderna-Danish (KD) apparatus to 1 ml using a 

water bath (85 °C). For determination of extractable lipid, the 

extract was evaporated to dryness for 1 h at 105 °C.  

For PCB analysis the sample extracts were cleaned up by 

elution with 25 ml n-hexane over a pre-eluted (30 ml n-hexane) 

column containing 1 g of SiO2 (dried overnight at 180°C) and 

topped with 8 g Al2O3 (deactivated with 10% water). An aliquot 

of isooctane (1 ml), and 50 ng of PCB143 (internal standard for 

quantification) were added to the eluate (after this the extract 

was evaporated in a KD followed by blowing down with 

nitrogen to obtain a volume of 1 ml. An aliquot (2 µl) of this 

extract was analyzed using a gas chromatograph fitted with 

electron capture detector (GC-ECD) equipped with an auto-

sampler (Perkin-Elmer Autosystem, Wellesley, MA, USA) 

Hydrogen was used as carrier gas and for separation of PCBs 

two columns were connected to the injection port; a SE-54 and 

a CPSil 19CB column, both 50 m×0.15 mm; 0.22 µm film 

(Chrompack, Middelburg, The Netherlands). Detection was 

performed by Electron Capture Detector and data processing by 

using Turbochrom software (Perkin-Elmer, Wellesley, MA, 

USA).  
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An extract produced as above was used for PAH analysis 

and eluted through a pre-eluted (30 ml n-hexane) column 

containing 8 g Al2O3 (deactivated with 10% water) with 30 ml 

n-hexane. The eluate was evaporated using KD on a water bath 

(85 °C) to less than 2 ml, an aliquot (10 ml) of acetonitrile and 

1 µg of 2-methylchrysene (IS for quantification) were added. 

The n-hexane was removed by evaporation on a water bath 

(100°C) using acetonitrile as an azeotrope. The resulting 

acetonitrile solution was further evaporated to a volume 1 ml 

with assistance of a nitrogen flow in the final stage. The extract 

was analyzed by HPLC (Model 1100, Agilent, Amstelveen, 

NL) using a methanol/water gradient on a Dionex Vydac 

201TP54 HPLC column (4.6 mm × 25 cm, 5µm C18 stationary 

phase). Two fluorescence detectors, Jasco FP920 (Jasco 

Benelux BV, IJsselstein, The Netherlands) were used in series 

running different sets of excitation and emission wavelengths. 

Data were processed as for GC. 

3.4 PASSIVE SAMPLING 

 Sampler deployment 

The silicone rubber sheeting (1 m wide and several meters 

long with 0.5 mm thickness) was washed with water and soap, 

cut into pieces.  Holes for fixing were made using a perforator. 

In the first design (not shown) the sheets were stretched over 

hooks in the sampler. However, because of the vigorous 

hydrodynamic conditions in the marine environment samplers 

were torn and sometimes lost. Although with another more 

robust fixing system sheets occasionally broke loose on one 

side but were not lost as they remained fixed on one side. 

Therefore, in the next generation of samplers, sheets were fixed 

only in the middle as shown in Fig. 2. Sheets were made shorter 

to prevent them from folding double but at the same time more 

sheets could be mounted on a given frame. In total, eight sheets 

of 9.5 cm × 5.5 cm (104 cm2) were used in each sampler. This 

last design has been used for the last three years of monitoring. 

Prior to deployment sheets were pre-extracted to remove 

any non-crosslinked oligomers that could interfere with later 

analyses. Initially, this was done by Soxhlet extraction with 

acetone/n-hexane (1:3 v/v). Later it was found that ethyl acetate 

was more efficient, while the swelling was much less. Silicone 

rubber can take up n-hexane to about twice its volume and is 

very vulnerable in that condition. Soxhlet extraction with ethyl 

acetate for 100 h ensured that the silicone rubber did not release 

any oligomers in the analytical process.  

At least 100 pre-extracted sheets were placed in a 2 l wide 

mouth dark glass bottle and washed twice with methanol (300 

ml) to remove the ethyl acetate (in the cases where n-hexane 

was used in the extraction, the methanol washing was preceded 

by a rinse with 300 ml acetone). An aliquot (300 ml) of 

methanol and a spike solution containing the PRCs were added 

to the washed sheets.18 After shaking for 1 h, an aliquot (60 ml) 

of water was added followed by another 250 ml after 4 h of 

shaking. This mixture was shaken overnight after which water 

(400 ml) was added to reach a final methanol concentration of 

30%. Shaking then continued for a further 24 h. Samplers were 

stored in this condition at room temperature until deployment 

or analysis. 

Sheets from only a single batch of spiking were used and at 

least six were stored for reference. Not more than one week 

before deployment nine samplers were prepared with eight 

sheets each. Samplers were placed in a stainless-steel container, 

the lid was taped down, the container packed in a double 

polyethylene bag and kept in the freezer or frozen condition 

continuously except during deployment. One container 

remained in the freezer and eight containers were sent to be 

deployed. For the deployment the samplers were mounted 

above the mussels the sampler frame as illustrated in Fig. 2. 

After exposure samples were packed again, returned to the 

laboratory and extracted within one week.  

 Analysis of passive samplers  

After deployment samplers were unpacked and split in two 

composite analytical samples of four sheets (~400 cm2). Sheets 

were cleaned with water and patted dry with a tissue. The sheets 

were “hot” Soxhlet extracted for 8 h with acetone-n-hexane (1:3 

v/v) (60 ml). The sheets swelled markedly, and therefore the 

volume of the sheets should not take up more than 25% of the 

volume in the Soxhlet extractor. The extract was concentrated 

by KD to less than 2 ml and quantitatively transferred to a 

column with 2 g Al2O3 (deactivated with 10% water) that was 

pre-eluted with n-hexane (25 ml). The compounds were eluted 

with n-hexane (25 ml). After KD evaporation down to 1 ml, 

acetonitrile (10 ml) was added, followed by KD evaporation 

down to 1 ml. This extract was loaded on a column containing 

300 mg C18 modified SiO2 that was pre-rinsed with acetonitrile 

(5 ml). After transfer of the extract to the column, it was eluted 

with acetonitrile (5 ml) and the eluate was KD evaporated to 1 

ml. Then of PCB143 (50 ng) and of 2-methylchrysene (1 μg) 

was added. After this the extract was split by taking 300 µl for 

analyses of PAHs by HPLC with fluorescence detection, as 

described for mussel analysis. To the remaining portion, n-

hexane (10 ml) was added and then reduced by KD evaporation 

to a volume of 1 ml to complete the transfer back to n-hexane.  

This extract was further purified using a column containing 2 g 

SiO2. After pre-elution with n-hexane (25 ml) the extract was 

transferred to the column and eluted with n-hexane (25 ml). 

Subsequently, isooctane (1 ml) was added, and the extract was 

KD evaporated to less than 2 ml. Using a nitrogen flow the 

extract was further concentrated to 0.5 ml in which PCBs were 

analyzed by GC-ECD as described for the mussel analysis. 
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 Table 2  Quality assurance data from mussel and PS over the period of 1999-2004 

 
Mussel RM  

(PCB n=37, PAH n=26) Passive Sampling duplicates 

Parametera DL SAb CV c CV-Sd DLe SA (n)f CV-S(n)g 

 µg kg–1 µg kg–1 % % ng Sampler–1 µg sampler–1 % 

Phen 3 [4] 8 3 3 nd 7 (84) 

Ant 1 0.2 [33] 7 1 0.7 (40) 14 (36) 

Flu 3 [4] 6 2 3 nd 6 (84) 

Pyr 3 [2] 6 1 3 nd 6 (84) 

BaA 3 0.8 [28] 4 3 0.9 (22) 7 (60) 

Chr 3 1.1 [16] 4 3 0.6 (4) 7 (76) 

BeP 3 1.1 [11] 5 3 1.0 (32) 8 (48) 

BbF 3 0.8 [12] 5 3 0.8 (22) 7 (56) 

BkF 4 0.4 [15] 6 4 1.7 (84) nd 

BaP 3 0.6 [60] 5 3 0.4 (66) 8 (10) 

BghiP 3 0.5 [14] 7 3 1.2 (84) nd 

DBahA 3 0.4 [65] 8 3 0.3 (86) nd 

Ind 3 0.5 [21] 8 3 1.0 (86) nd 

HCB 0.2 0.04 [11] 10 0.3 0.1 (8) 10 (76) 

PCB18 0.4 0.1 [26] 11 0.3 0.1 (30) 14 (54) 

PCB28 0.3 0.2 [26] 5 0.3 0.2 (12) 7 (70) 

PCB31 0.3 0.2 [23] 3 0.3 0.2 (20) 8 (62) 

PCB44 0.2 [0.2] 8 10 0.3 0.1 (22) 9 (58) 

PCB49 0.4 [0.6] 28 3 1.3 0.4 (54) 10 (30) 

PCB52 0.2 [0.2] 12 4 0.2 0.03 (4) 6 (62) 

PCB101 0.1 [0.5] 6 3 0.2 0.1 (6) 9 (74) 

PCB105 0.1 [0.1] 8 3 0.2 0.1 (60) 5 (14) 

PCB118 0.1 [0.4] 6 3 0.2 0.1 (22) 7 (62) 

PCB138 0.1 [1.1] 8 3 0.2 0.1 (20) 7 (62) 

PCB153 0.1 [1.1] 5 2 0.2 0.03 (4) 8 (80) 

PCB156     0.2 0.03 (68) Nd 

PCB170 0.1 0.03 [11] 16 0.2 0.1 (64) 6 (12) 

PCB180 0.1 [0.1] 9 6 0.2 0.06 (52) 10 (28) 

PCB187 0.1 [0.5] 7 4 0.2 0.05 (40) 8 (34) 

Ant-D10     1 0.6 (72) 9 (6) 

Flu-D10     3 3 (6) 9 (16) 

Pyr-D10     3 nd 6 (48) 

Chr-D12     3 nd 5 (84) 

Pe-D12     3 nd 7 (84) 

Cor-D12     6 nd 5 (48) 

PCB4     2 3 (24) 8 (10) 

PCB29     0.2 nd 6 (68) 

PCB155     0.2 nd 5 (68) 

PCB204     1.2 nd 3 (84) 
a  See Table 5 (page 53) for full names 
b  Standard deviation for data measured in mussel internal reference material Values placed between brackets indicate that the average concentration was 

> 10×DL 
c Coefficient of variation for data measured in mussel internal reference material which is placed between brackets if the average concentration was lower 

than 10 times DL < 10×DL. 
d Coefficient of variation calculated from the duplicate mussel samples taken prior to each deployment. Includes sampling and precision within a batch. 
e Detection limit listed in ng sampler-1, where a sampler was 12 g and had 400 cm2 surface area 
f Standard deviation calculated from passive sampling duplicates with concentrations < 10×DL. 
g Coefficient of variation calculated from passive sampling duplicates with concentrations > 10×DL 
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 Quality Assurance 

Several factors influence variability and uncertainty: 

 Analytical process,  

 Sampling, 

 Natural variability of mussels 

 Accuracy of partition coefficients, 

 Correction procedure for external factors influencing the 

sampling rate. 

The first three points are more analytical aspects and are 

discussed in this section. Other aspects are more related to the 

interpretation of data and are discussed later (section 3.5) 

including the analytical variability estimated here.  

Mussel analyses were performed in batches that contain 6-15 

samples, a blank, a standard solution for testing the recovery 

efficiency of the procedure, a reference sample and a duplicate 

from another batch. The yield of the recovery internal standards 

added to each individual sample before analysis is used as an 

indicator of whether the analytical process was performed 

correctly for an individual sample. Typical recoveries in 

samples are 99% (±4%) for PCB29, 97% (±4%) for PCB155 

and 98% (±6%) for D12-perylene. From standard solutions 

processed and analyzed as samples an average recovery of 95 

% (±5%) was measured for PCBs as well as PAHs. It should be 

noted that for anthracene, benzo(a)pyrene and the D12-perylene 

the recovery from standard solutions was always the lowest and 

sometimes below 80%. It is suspected that this is an effect of 

photo-degradation and occurs only when no light absorbing 

matrix is present. This was supported by the observation that 

the recovery of D12-perylene from standard solutions is 88% 

(±8%) while for samples 98% (±6%) was found. 

 Mussel reference material  

Detection limits (DL) were defined as three times the variability 

of long-term blank levels and subsequently rounded upward 

(Table 2) The final analytical variability for the individual 

parameters was calculated from the repeated analyses of the 

mussel tissue Internal Reference mussel Material (IRM). 

Analytical variability is calculated as standard deviation (SA). 

For compounds for which the average concentration level is 

higher than 10 times the detection limit not SA is dominating the 

variability but the coefficient of variation (CV). In these cases, 

the SA was placed between square brackets. Visa versa the CV 

was placed between square brackets when the average 

concentration was lower than 10 times the detection limit; i.e. 

the CV is not representing the method’s relative variability. All 

results are listed in Table 2. For several higher PAHs SA values 

lower than 1/3 of the DL were observed, indicating that the DL 

was set at a conservative level for those compounds. For 

concentrations above ten times the DL the CV ranged from 5-

9%, with the exception of PCB49 and PCB52. 

 Passive sampling - analytical aspects 

The QA for passive sampling is still in development. It is 

evident that the analytical variability of the actual analysis of 

the sampler is equal or better than that associated with matrices 

like mussel or sediment. Often better, because the sampler has 

a constant composition and consequently constant sorption 

properties. Furthermore, the sampling approach already 

includes an extraction step performed in the field and therefore 

the final extract contains only a minimal amount of matrix, 

where biotic samples contain large and sometimes variable 

amounts of lipids. Here the analytical QA for passive sampling 

is focused on blanks and duplicate samplings. For duplicates 

analyses of reference samplers stored in the freezer, PRCs 

levels occasionally differed more than could be explained by 

analytical variation. At the same time the ratios between the 

individual PRCs were remarkably constant.  

Initially it was feared that this was due to variation in 

sorption properties of the silicon rubber material but later it was 

concluded that this was due to swelling of the material with the 

extraction solvent and that this hindered the solvent flow in the 

Soxhlet extractor in some individual cases. In later samplings 

measures were taken to prevent this. A step to reduce the effect 

of this problem was to normalize all results using the PCB204 

content. This is possible as PCB204 does not significantly 

dissipate. Analytically there is no interference from any co-

eluting compounds for PCB204 in the GC analyses as 

compounds with equal hydrophobicity are present in the water 

phase at very low concentrations and consequently only small 

amount will be taken up by the passive samplers. The 

procedure, using PCB204 as internal standard was continued 

even after the extraction problems were solved.  

The blanks were used to set the DL in ng per sampler (Table 

2). From the duplicate results that were below 10 times the DL 

the standard deviation (SA) was calculated using: 

𝑆 =
∑(𝑁 − 𝑁 )

2𝑘
 1

where N1 and N2 are the duplicates and k the number of 

duplicates. Similarly, the results higher than ten times DL are 

used to calculate the CV (%) from the relative difference 

between the duplicate results: 

𝐶𝑉 =

∑
𝑁 − 𝑁

𝑁

2𝑘
 

2

In the equation Navg is the average of the duplicate samples. The 

S values for passive sampling agree well to what would be 

expected from the DL. Furthermore, the CVs are very similar to 

those calculated for the reference mussel tissue. It should be 

noted that this variability for passive sampling also includes the 
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sampling repeatability. For the PRCs spiked to the samplers, 

similar CVs were observed. Only PCB204 stands out by a value 

as low as 3 %.  

 Representativeness of mussel samples 

Mussels are living material with natural variation. For an 

accurate average a certain number of mussels is required. When 

deploying the mussels two samples of 100 mussels are kept in 

freezer as a representation of the starting situation. These are 

both analyzed and the duplicate results allow the calculation of 

a CV-S using eq. 2. The resulting CV-S (see Table 2) comprises 

the representativeness and the analytical variation. A lower 

value for CV-S than the CV for the reference material is 

explained by the fact that here only the within-batch variability 

is involved which is apparently substantially lower than the 

long-term variability. This means that sample variability using 

100 mussels does not contribute to the overall variability.  

 Partition coefficients 

The sampler/water partition coefficients KSW are the driving 

force for the uptake of compounds by passive samplers. The 

KSW describes the relation between the concentrations in the 

sampler (CS) and the water phase (CW) at equilibrium.  

𝐾 =
𝐶

𝐶
 3

Determination of KSW for highly hydrophobic compounds is 

easily biased through the overestimation of the concentrations 

in the water phase. The strong sorption of these compounds to 

any material like suspended particulate matter, stirring bars, 

wall of containers, etc., causes an overestimation of the 

concentration in the water phase when included in the analysis. 

To exclude these factors, the determination of the KSW was 

performed using the co-solvent approach.19,20 Compounds are 

equilibrated with samplers in a range of water-methanol 

solutions. The presence of methanol reduces the KSW and 

subsequently sorption to any solid phase. Since the log KSW is 

inversely related to the mole fraction methanol extrapolation to 

a pure water situation is possible. 

Briefly, solutions from 0-50% methanol in steps of 10% are 

equilibrated with a sampler spiked with the target compounds 

by shaking. After 20 days, sampler and aqueous phase are 

extracted with n-pentane or n-hexane and the extracts analyzed. 

Where necessary, samples are diluted with water to reduce the 

methanol content to 25% prior to extraction. Results are used to 

calculate the KSW and the log KSW is plotted versus the methanol 

content. Using linear regression, the intercept (the value 

corresponding to pure water) is determined. To increase the 

precision multiple equilibrations are performed. Fig. 3 shows 

examples of the results with applied regression for pyrene and 

PCB153. The open symbols are data that could be affected by 
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Fig. 3  Log KSW (L kg-1) versus the mole fraction methanol. Regression is 

used to estimate the log KSW for pure water. Only closed symbols were 

used for regression.  

. 

Table 3  Applied Log KSW values in L kg-1   

Parametere KSW Name KSW Name KSW 

HCB 4.87 PCB 18 4.99 Ant-D10 3.95 

  PCB 28 5.22 Flu-D10 4.33 

Phen 3.89 PCB 31 5.23 Pyr-D10 4.39 

Ant 4.00 PCB 44 5.56 Chr-D12 4.91 

Flu 4.38 PCB 49 5.66 Pe-D12 5.38 

Pyr 4.44 PCB 52 5.57 Cor-D12 6.35 

BaA 5.06 PCB101 6.03   

Chr 4.97 PCB105 6.17 PCB 4 4.38 

BeP 5.45 PCB118 6.20 PCB 29 5.18 

BaP 5.52 PCB138 6.53 PCB155 6.67 

BbF 5.51 PCB153 6.45 PCB204 7.46 

BkF 5.51 PCB156 6.58   

BghiP 5.92 PCB170 6.90   

DBahA 6.04 PCB180 6.84   

InP 5.99 PCB187 6.77   
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suspended particulate matter and were not included in the 

regression. For all compounds such a graph is constructed and 

a log KSW is calculated. The KSW values are given in Table 3. 

3.5 DATA PROCESSING 

 Mussels 

The concentrations in the mussels were expressed as µg kg-1 

dry weight. Lipid contents were used to calculate lipid–based 

concentrations. Knowing the starting concentration in the 

deployed mussels the uptake can be calculated taking into 

account the growth of the mussels during deployment.  

 Calculation of sampling rate 

The sampling rate was calculated from the release of the 

PRCs that were spiked on the sampler before exposure4. The 

release of compounds from the passive sampler (PS) follows: 

𝑁 = 𝑁 exp( − 𝑘 𝑡) 4

Where N0 is the mass of PRC measured in reference 

samplers that were not deployed, Nt is the mass of PRC 

remaining in the PS after deployment; ke (d-1) is the first order 

dissipation constant that rules the release process, and t the 

sampling time (d). After rewriting ke is calculated from: 

𝑘 = −
ln 𝑁 𝑁

𝑡
 5

From eq 5, using the mass of the sampler (m) (kg) and the KSW 

(kg  l-1), the sampling rate RS (L d-1) is calculated through: 

𝑅 = 𝑘 𝑚 𝐾 = −
ln 𝑁 𝑁

𝑡
𝑚 𝐾  6

For calculation of the RS the measured values for the PRCs are 

normalized to PCB204 to reduce the influence of differences 

between individual samplers as a kind of field internal standard. 

This possible because of the insignificant release during 

exposure.  

 Analytical precision of sampling rate 

As multiple values for RS are obtained from the different 

PRCs used these values were merged to give the best estimate 

of the sampling rate. However, this should apply only to the RS 

values that have adequate precision. Assessing the error that can 

occur in RS it can be noted that contribution of t and m will be 

negligible (eq. 6).  The uncertainty in KSW will be directly 

reflected in RS and will introduce a systematic error that reduces 

to the accuracy but will not influence the precision. In other 

words, it does not affect relative comparisons of data. Thus, the 

major variability arises from the ratio of Nt and N0. It must be 

noted that there is no suitable mathematical solution known to 

propagate the errors in the individual results in order to express 

the error in RS. An estimate of the precision in RS was therefore 

deduced only for the ratio of Nt and N0. This ratio ranges from 

0 to 1 what implies that –ln(Nt/N0) ranges from ∞ to 0, which 

are both irrelevant solutions. To calculate a measure for the 

significance of -ln(Nt/N0) it is rewritten to +ln(N0/Nt) for 

mathematical convenience. This factor N0/Nt is 1 if no depletion 

occurs and increases to ∞ for total depletion of PRCs. 

Consequently, ln(N0/Nt) equals 0 without depletion and rises 

with increasing release of PRC. Therefore, the significance of 

the extent N0/Nt is moving away from 1, is a measure for 

reliability of ln(N0/Nt). At the other limit Nt will approach the 

detection limit and the variability of N0/Nt will increase 

dramatically. It will result in a large but non-significant number 

for N0/Nt. The CV of (N0/Nt-1) was selected as a parameter to 

assess the quality of the RS measurement from analytical 

perspective. This CV for (N0/Nt-1) is calculated by summing the 

variances of the error components: 

𝐶𝑉 =

𝑁
 𝑁

  
𝑆

𝑁  

+ 𝐶𝑉 +
𝑆

𝑁
+ 𝐶𝑉

𝑁
𝑁

− 1
 

7

where S is the absolute component of the error, dominating 

close to the DL, and CV the relative component dominating at 

 

 

 

 Fig. 4  Error profiles for (N0/Nt -1) versus Nt. Left graph shows how the dependence from the DL and the right graph 

from the CV of the measurement. The horizontal line at 0.2 (20%) indicates the assessment criteria for use or not use 

of the corresponding RS.. 
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higher values. However, because S is not known for most of the 

PRCs the numeric value of DL was used instead. The values 

DL and CV were taken from Table 2 and apply for N0 as well 

as Nt. In practice only those RS values for which the result from 

eq. 7 was lower than 0.2 (20%) were used. 

Both error profiles are plotted as a function of Nt for a 

hypothetical PRC with a spike level of “1” in Fig. 4. The right-

hand graph indicates the importance of sufficiently low CV. 

Where the measuring error exceeded 12% no values would 

meet the criteria. The left-hand graph shows how better 

sensitivity extends the range where the precision meets the 

assessment criterion of 0.2. When the detection limit is ten 

times lower the range extends by almost a full order of 

magnitude. An effect similar to that observed with reduced DL 

can be achieved by increasing the amount of PRC spiked. The 

maximum amount of PRCs that can be added is governed by 

the linear range of the analytical method, but environmental 

factors should also be considered as the PRC compounds will 

deplete to the environment. During the monitoring program the 

number of PRCs used was increased, and higher concentrations 

were spiked. Thus, as the program continued, more PRCs fell 

more frequently in the application range.  

 Assessing sampling rates 

In addition to inaccurate analytical performance, sample 

properties and sampling processes may also affect the reliability 

of the estimates of sampling rate. As for internal standards used 

in analytical chemistry, it is important that PRCs do not occur 

in environmental samples. In the left-hand graph in Fig 5 the RS 

calculated for fluoranthene-D10 is plotted versus the one for 

pyrene-D10. The bubble diameter represents the amount of 

pyrene that was collected by the sampler. The majority of the 

RS values show an excellent agreement with a slope not 

distinguishable from 1. However, the RS values from samplers 

where the pyrene levels, and all other PAHs, are rather high 

show a much lower RS for pyrene-D10. A likely explanation is 

that the pyrene-D10 signal was elevated by co-eluting 

compounds. This can be partly explained by the area from 

which the samples came; stations 3, 4 and 5 are directly 

influenced by Western Scheldt, Meuse and Rhine rivers. A 

further factor is that a high sampling rate gives a high uptake 

that coincides with a large dissipation of PRCs. For 

fluoranthene-D10 5% or less was retained. So if analytes are at 

high level the PRCs are at low level. This increases the chance 

that interferences elevate the signal for the PRC and lead to 

anomalously low RS values which will pass the assessment 

described in the previous section. There is no simple objective 

way to detect these anomalies, except parallel exposure of 

samplers without PRCs. Questionable values may be found by 

plotting and comparing RS values. A further warning sign is the 

existence of a positive relationship between a contaminant and 

a PRC. The influence of interferences can be reduced by: (1) 

increasing the spike level of the PRCs, (2) use of slower 

samplers (made of thicker silicone rubber) that will dissipate 

less during the same sampling period, and (3) increase the 

selectivity. With respect to the latter more selectivity may be 

obtained by GCMS. The HPLC-fluorescence method used here 

is well applicable for the parent PAHs but has limited 

selectivity. 

In some cases, unexpected high values for RS can be 

observed for other reasons. This is the case for perylene-D12. 

In the right-hand graph of Fig 5 the RS calculated from 

perylene-D12 is plotted versus that from PCB4. The bubble 

diameter represents the assessment parameter (3.5.3) for D12-

perylene and in fact most do not comply (CV>0.2), explaining 

the larger variation. However, the duplicate samples from 

station 6 amply comply with this criterion but are way out of 

range. Outlying high RS values for perylene-D12 were observed 

at station 6 for each sampling. Smaller deviations occasionally 

occurred at some other sampling stations. Station 6 is a salt–

water lake where sampling rate is up to four times lower than in 

other stations. In addition, the biological activity at this station 

 

 

 

 Fig 5  Relation between sampling rates calculated from different PRCs. The left-hand graph shows the RS of Pyr-D10 

versus that of Flu-D10 (L d-1). The bubble diameter represents the pyrene content on the sampler. The regression line 

applies only to the gray shaded bubbles. In the right graph the RS from Pe-D12 is plotted versus that from PCB4. The 

bubble diameter is the CV for (N0/Nt-1). Data from winter 2005. 
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is likely to be very high as the growth of the mussels is higher 

than at any other station. A possible explanation is that 

biodegradation at the surface of the sampler causes this effect. 

If bacteria live at the sampler’s surface, they may be able to 

receive the compounds without a rate limiting diffusion through 

the water phase. Normally that only replaces the diffusion 

process to the outside of the bacteria but if degradation occurs 

that does not apply. Clearly the disappearance was not caused 

by analytical error. For the last two samplings the outlying data 

were confirmed by GC/MS analyses. 

 Results for RS 

The findings above support the necessity for including 

several PRC compounds for both analytical reasons, to improve 

the reliability of the RS values, and backup for unexpected 

environmental processes. During the monitoring program the 

number of PRCs used was increased, and higher concentrations 

were spiked. Consequently, as the program continued, more 

PRCs fell more frequently in the application range. The target 

set described above does not apply for the first two years of 

sampling where only few PRCs were applied and at relatively 

low concentrations. For those years the assessment criteria were 

less stringently applied to allow the inclusion of more data.  

The variability of RS values obtained through the different 

PRCs were in good agreement with the proposed assessment 

target of 20% and consequently are not distinguishable. As far 

as the variability allows there is slight tendency for RS to 

increase for more hydrophobic compounds. To confirm this, 

measurements over a larger KOW range are required. 

Nevertheless, for this work a single RS value was taken for 

calculation of the sampler equilibrium concentration and the 

free dissolved concentration in the water phase. Because of the 

unpredictable nature of interferences, the median of the values 

that applied to the, sometimes adjusted, assessment targets were 

used.  

The resulting median RS values are plotted versus time in   

Fig. 6. Although there is some crossing over of the lines the 

general profile is that the estimated sampling rate is higher in 

Autumn than in Winter and this is especially clear for the last 

years where the reliability of the measurements increased. The 

difference is, however, not very large, 20-30% on average, and 

only significant because it occurs at all stations simultaneously. 

Obviously in Winter the water temperature is lower as is shown 

in the right-hand graph. Lower temperature leads to a decrease 

of the first order rate constant ke
14

 and an increase in the KSW 

which may partly offset each other. The ke is determined in situ 

by using the PRCs and a decrease, already taken into account, 

in the sampling rates in winter. The 30% decrease of RS for 

10°C temperature change is in agreement with the observations 

by Booij et al.,21 who found a factor 2 increase in RS with a 30°C 

increase in temperature for silicon rubber. For SPMDs a 

twofold increase was reported for a 10°C rise in temperature.6 

Other variables are the flow regime, suspended particulate 

matter (SPM) content and salinity (Fig. 6). Generally, in winter 

there is a higher freshwater flow which at some stations lowers 

the salinity considerably (station 5 and to a lesser extent 1, 2 

and 4). All of these factors may influence the RS. At this stage 

it was assumed that these factors are accounted for by applying 

 

 
  Fig. 6  Seasonal variation of median sampling rates, temperature, and salinity for different stations. 
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PRCs, and no further attempt was made to correct for any of 

these variables. Furthermore, a correction of KSW has not been 

considered to date and this parameter has not been observed to 

be influenced consistently by temperature.14 It is reasonable to 

use uncorrected data when comparisons are being made with 

uptake by mussels since this may be affected in a similar way 

by the variables described above. 

 Aqueous concentrations from PS 

For estimation of the freely dissolved concentration (CW) in the 

water phase the full uptake model, valid for equilibrium and 

non-equilibrium is applied. The uptake is described by: 

𝑁 = 𝑁   1 − exp( −
𝑅 𝑡

𝑚 𝐾
  8

Here Nt is the amount of compound in the sampler after 

deployment for time t and corrected using the internal standard 

PCB204. RS is the sampling rate and N∞ is the final amount 

taken up in the equilibrium situation. N∞ can essentially be 

estimated from eq. 8 when RS and KSW are known. Using the 

mass of the sampler the equilibrium concentration in the 

sampler CS∞ can be calculated, and consequently CW can be 

determined using eq 3 

𝐶 = =  𝐶   𝐾     that gives      𝐶  =   
  9

Combining eqs. 8 and 9 the concentration in the water (CW) is 

given by: 

𝐶 =
𝑁

𝑚 𝐾
 

1

1 − exp( −
𝑅 𝑡

𝑚 𝐾

 10

The last term is important only when equilibrium is not reached. 

In the exponent RS t is the number of sampled liters and m KSW 

the “volume” of the sampler. When that ratio 𝑅 𝑡 𝑚𝐾⁄  

exceeds 2.4 equilibrium is approached within 10%. For RS is 10 

or 40 l d-1 equilibrium is obtained up to KSW = 4.1 or 4.7 

respectively.  

The RS values used were the median from the different 

PRCs added using the criteria and observations described 

above. For this work a single RS value was taken for calculation 

of the freely dissolved concentration (CW) in the water phase. 

3.6 RESULTS AND DISCUSSION 

 Concentrations in water and mussels 

For all target compounds concentrations could be 

determined in mussels and passive samplers. Most compounds 

were well above DL in the majority of the samplings. For 

mussels lower PCBs are mostly below the detection limit and 

while in PS they are generally easily detected. Higher PAHs are 

regularly close to the DL for mussels as well as for PS. At 

station 6 where the sampling rate was about four times lower 

than that at most other stations the results for these compounds 

were more often close to or below DL. To give an impression 

of the concentrations obtained, the 10 and 90% percentile of CM 

and CW are listed in Table 4. The relative values for mussel and 

PS are in reasonable agreement and are not skewed by too many 

values below DL (PCB18). An exception is phenanthrene  

 where the relative range for CW is over three times larger 

than that of the equivalent range for mussels. Over the set of 

compounds investigated there is a strong decrease in freely 

dissolved concentration as hydrophobicity increases.  

A simple comparison of mussel and water phase 

concentrations illustrated in Fig. 7 shows that the seasonal 

variation observed for pyrene in the water phase also occurs in 

mussels. A first glance suggests that the seasonal profile is 

related to the salinity, i.e. the freshwater fraction. However, the 

variation also occurs where there is little variation in salinity. 

Note that it is not a log scale and that the relative abundance for 

lower concentrations is of the same order of magnitude as the 

higher concentrations. A profile similar to that observed for 

 

 Fig. 7  Seasonal variability of freshwater fraction and pyrene concentrations in mussel (µg kg-1) and water (pg L-1). Freshwater fraction is calculated as 

(1-salinity/34). Data points are connected by lines to make profiles more clearly visible but do not necessarily represent the concentration between 

samplings. 
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salinity is seen for temperature across all stations. Furthermore, 

the sampling rate tends to have, with some scatter, a similar 

profile. However, the sampling rate would not affect the pyrene 

concentration as pyrene almost reached equilibrium for all 

stations except station 6. In this work no corrections were made 

for temperature. A correction would imply that a higher KSW 

should apply at lower temperature, leading to lower 

concentrations in the aqueous phase for winter periods and 

would indeed flatten the profile.  

 Equilibrium or uptake phase 

Passive sampling monitoring was introduced to measure the 

pollution as experienced by organisms, in this case mussels. 

The reasoning was that it would be possible to predict uptake 

by or concentrations in mussels (CM) from PS data. Passive 

sampling results are expressed as freely dissolved aqueous 

phase concentrations, the driving force for uptake by mussels. 

On this basis just as PS does not reach equilibrium for the more 

hydrophobic compounds it is also possible that the mussels are 

still in the uptake phase for these compounds when sampled 

after 6 weeks. Though equilibrium is more likely than for PS 

since when the mussels are in good shape, they actively pump 

water over the respiratory surface, and also take up pollutants 

through the food.11 Moreover, mussels do not start from zero 

concentration but already contain contaminants at the start of 

deployment. A factor that works against the achievement of 

equilibrium is the growth of mussels during deployment. In 

order to assess contaminant levels in mussel in relation to PS 

results it is important to know whether the mussel was in the 

uptake phase or whether approached equilibrium or steady 

state. When both mussels and samplers are in the uptake phase 

this would mean that the uptake of mussels may be related to 

the uptake of the passive sampler. Where equilibrium is 

achieved the final concentration is a function of the 

concentration in the water phase. To explore this the uptake by 

mussels is plotted versus the uptake of the PS for the Winter 

and Autumn samplings of 2003 (left-hand graphs in Fig. 8). 

These samplings were selected because of the large variation in 

growth and include a situation with only 28% survival. A non-

equilibrium situation will be more prominently visible for 

hydrophobic compounds and therefore PCB153 was selected 

for illustration. For PS this compound is still in the linear uptake 

phase and far from equilibrium and clearly. The measured 

(uncorrected) PS concentrations were used as a measure of the 

PS uptake. The uptake for mussels is calculated as the 

difference between the final concentrations minus the start 

concentration, i.e. the concentration the mussel would have had 

without uptake but corrected for growth. This is essentially a 

 

 
Fig. 8   PCB153 uptake by mussel in addition to the start body burden, plotted versus the uptake of PS is depicted 

in the left-hand graphs. Comparing the bubble diameter with that for the initial size indicates the mussel growth. 

The right-hand graphs show the concentration of PCB153 (CM) in mussel versus the concentration in the water 

phase (CW) estimated from PS. The arrows in the right-hand graph indicate the concentration of PCB153 at the 

start of the exposure. The upper graphs show winter 2003 data and the lower those from autumn 2003. 
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measure for the difference in body burden before and after 

exposure. In the graphs the bubble size represents the growth 

factor in relation to the initial size which is also indicated. The 

left-graphs of Fig. 8 shows that the amount taken up by the 

mussels correlates well with uptake by the PS, with the 

exception of station 5. For this station only 28% of the mussels 

survived and the remaining mussels had lost 25% weight. In 

this condition the uptake is limited. However, in the right-hand 

graph the same sample fits well when CM is plotted versus the 

CW. Another observation in the left graph is that there is a slight 

tendency for mussels that grow strongly also have a higher than 

average uptake; especially visible in autumn data. This, 

however, does not lead to larger concentrations as shown in the 

right-hand graphs where they appear on the low side of the line. 

Nevertheless, the results are encouraging, especially when 

considering that they are from living material that had grown 

by a factor 2 and still not became outliers.  

Further is notable that relations for the absolute uptake 

graphs go through the origin while for the relation between CW 

and CM a positive intercept is present. In equilibrium the slope 

of such a line equals the bioaccumulation factor (BAF) and 

should go through the origin. Examining all the data the 

following observations were made. 

 more hydrophobic compounds had higher intercepts 

 in Winter higher intercepts occur than in Autumn 

 initial concentrations were generally higher in Winter than 

in Autumn 

 loss of compounds was observed in only a few cases. 

The above observations apply especially to PCBs ranging from 

PCB52 and higher. The most logical conclusion is that for 

highly hydrophobic contaminants an intercept coincides with 

the initial concentration and indicates that mussels seem to have 

limited capabilities to eliminate those compounds and actually 

may not be in full equilibrium with the surroundings. 

Elimination does occur because when animals grow by a factor 

of 2, contaminants will also be taken up with the food and so 

when the body burden remains roughly constant this implies 

that mussels do lose contaminants. It is likely that uptake is 

from both food and by diffusion from the water whilst 

elimination (in the absence of significant metabolism) is mainly 

through exchange with the water phase, and this is a slow 

process for more hydrophobic contaminants.11 Since food for 

the mussel will have a pollution level representative of the 

environment that is monitored it is possible that equilibrium is 

attained faster when only uptake is involved; i.e. in the more 

polluted areas.  

For PAHs such a data analysis is not possible. The lower 

PAHs are no longer in the uptake phase in PS and a comparison 

of PS uptake and mussel uptake is not informative. Higher 

PAHs are quite scattered and show both positive and negative 

intercepts and a poorer correlation. For PAHs the compounds 

and stations seem to behave in a more independent manner.  

This evaluation shows that:  

 clear relations exist between the PS and mussel 

concentrations 

 the issue of whether equilibrium is attained for the mussels 

or not is very complex 

 growth did not result in outlying results 

The concentration in mussels is a better assessment parameter 

than the uptake during deployment. A strong indication that 

equilibrium is obtained or approached is found in the 

observation that for about the same CW similar concentrations 

in the mussel occur for stations with a large growth compared 

with stations where only limited growth took place. This was 

valid even for most hydrophobic compounds. This statement 

applies when uptake is required to reach an equilibrium 

situation. In cases where loss would be required to obtain 

equilibrium no concise conclusion can be drawn from these 

 

 

 

 Fig 9  Relationship between CM and CW for benzo(a)pyrene marked according to station (left). The right graph shows the same 

for PCB 52 but symbols identify the sampling event. In the legend the number is the year after 2000 and the letter the season 

(A is autumn, W is winter). 
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data. Literature observations indicate that equilibrium is usually 

attained after the six weeks’ deployment period that is used 

routinely.11,22 Offloading experiments showed half-life times 

for lower PAHs up to pyrene of only a few days.23  

 BAF values 

For hydrophobic contaminants freely dissolved 

concentrations in the water phase act as an indicator of the 

contamination level in the environment25 and the concentrations 

found in mussels are considered to be related to CW. Such a 

relationship is represented by the bioaccumulation factor 

(BAF). The BAF is the ratio between CM and CW, in analogy to 

the KSW for passive samplers. However, where KOW and KSW 

are thermodynamic properties, i.e. have a constant value the 

BAF obviously depends on the species and possibly 

environmental variables like growth, reproductive status, food 

availability, and pollution. In addition to temporal and spatial 

differences the variables temperature, salinity and growth were 

measured. Temperature variability is sufficiently reflected by 

the season and the extent of variation in salinity (station 5) was 

also associated with the season. 

In Fig 9 CM is plotted versus CW for benzo(a)pyrene and 

PCB 52 to illustrate the observed variability. For 

benzo(a)pyrene the data are identified per station and it is clear 

that data from within one station are rather wide spread, for both 

more polluted stations as well as those with lower 

concentrations. Concentrations in mussels do not always give a 

good reflection of concentrations in the water phase, and this is 

especially marked in Station 6. For PCB 52 (right-hand graph 

in Fig 9) the relationship is clearer. In terms of concentration 

the stations are equally spread as for benzo(a)pyrene, and so the 

data points were marked by sampling event. For PCB 52 there 

is a better relationship observed between CM and CW compared 

to for benzo(a)pyrene, especially near the origin. In Autumn the 

CM values seem a little higher than those in winter periods. An 

examination of the regression parameters revealed in general 

that when they were based on data for all stations for a single 

sampling period, very good correlations were observed between 

the concentrations of a pollutant in mussels and the 

concentration in the water. For some PAHs, an R2 in the range 

of 0.70-0.95 was observed with the exception of anthracene, 

chrysene, and for higher PAHs with CM near DL. The 

correlations were always better for autumn samplings. For 

PCBs an R2 of 0.95 was very common and the decrease in this 

for winter samplings was less than observed for PAHs. 

Investigating the correlations within a single station for all 

sampling periods generally shows no or little correlation. This 

is due to there being only a narrow range of concentrations and 

any correlation is overwhelmed by the larger seasonal 

variability in uptake by the mussels.  

A remarkable exception was fluoranthene. Within one station 

good correlations were found between the concentrations of 

fluoranthene in mussels and that in water over time, including 

samples in Autumn and Winter, with an average R2 of 0.82 for 

eight stations. However, the data within one sampling were 

usually showing considerable scattered. To give equal 

importance to situations with low and higher concentrations all 

BAF values were calculated by the ratio of CM to CW. BAF 

values were averaged for all data and for each station for 

Autumn and Winter separately, excluding data below DL. 

Table 4  Concentration ranges and BAF values for a 

set of organic pollutants 

 CM (µg kg-1) CW (pg L-1)     

Comp. Lowa Highb Lowa Highb Log KOWc Log BAFd s n e 

Phen 15 36 962 8001 4.57 3.92 0.26 60 

Ant 1 5 62 168 4.54 4.50 0.28 34 

Flu 32 100 1379 4476 5.22 4.42 0.14 60 

Pyr 24 138 811 3289 5.18 4.49 0.12 60 

BaA 5 34 45 214 5.91 5.15 0.17 46 

Chr 9 40 66 229 5.86 5.14 0.20 56 

BeP 11 78 39 162 6.04 5.58 0.16 58 

BbF 11 55 50 118 5.80 5.51 0.23 58 

BkF 5 19 16 42 6.00 5.66 0.18 35 

BaP 4 24 7 38 6.04 5.79 0.20 38 

BghiPe 6 28 8 23 6.50 6.01 0.20 49 

DBahA 3 7 1 4 6.75 (6.21)f 0.22 16 

InP 4 17 6 14 6.50 6.06 0.23 34 

HCB 0.3 1 9 29 5.50 4.41 0.15 20 

PCB 18 0.4 2 4 46 5.24 4.53 0.32 11 

PCB 28 0.4 2 8 28 5.67 4.84 0.18 31 

PCB 31 0.3 2 6 20 5.67 4.90 0.21 16 

PCB 44 1 5 4 34 5.75 5.14 0.12 49 

PCB 49 2 8 4 51 5.85 5.25 0.16 26g 

PCB 52 1 11 8 76 5.84 5.18 0.16 60 

PCB 101 7 27 7 54 6.38 5.84 0.16 60 

PCB 105 1 4 1 4 6.65 5.99 0.15 60 

PCB 118 5 16 4 17 6.74 6.05 0.12 60 

PCB 138 13 40 4 24 6.83 6.36 0.15 60 

PCB 153 22 58 8 39 6.92 6.36 0.14 60 

PCB 170 0.3 2 0.4 3 7.27 5.89 0.13 37g 

PCB 180 1 7 1 6 7.36 6.16 0.15 59 

PCB 187 8 19 2 6 7.17 6.60 0.15 54g 
a Low means 10% percentile 
b High means 90% percentile  
c KOW values as collected by Booij et al.24  
d Only data twice the detection limiet were used 
e Less than 60 data points generally means other data are below 2xDL 
f Also data lower than twice DL were used to calculate the BAF for DBahA 
g PCB 49, PCB 170 and PCB 187 were not always analyzed 
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Fig. 10  Relation of time averaged log BAF for a range of pollutants per station, separately for autumn and winter sampling periods. The lines connecting 
data points have no meaning other than visual convenience. 
 
 

Fig. 11  All station average log BAF through seasons for a range of organic pollutants. The x-axis denotes the year after 2000. Lines connecting data 
points have limited meaning as no samples were taken in spring and summer. 

 

  
 

 Fig. 12  Relationship of BAF with KOW. In the right graph the average for each compound is plotted versus the KOW. The relationship of the regression 

(dotted line) is given above in the graph. Filled symbols were not used in regression. The solid line is the relationship given by Booij et al24 calculated 

to dry weight. The left graphs contain all data > DL. 
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 Variability for station and season 

In Fig. 10 BAF values are plotted for all stations for a 

number of compounds. The profile of fluoranthene clearly 

indicates that BAF values are different for the separate stations, 

whereas for pyrene there is relatively less variation between 

stations both in Autumn and in Winter, with the exception of 

station 6 where the level is lower in Winter. The BAF values 

for benzo(a)pyrene are markedly higher in Winter than in 

Autumn for all stations. This large variability is typical for most 

of the PAHs, including anthracene. Excluding fluoranthene and 

pyrene, BAF values for PAHs were all found higher in Winter 

than in Autumn with an average difference of 0.2 log units 

(60%). The average within station standard deviations of the 

BAF for PAHs were 0.13 and 0.18 for Autumn and Winter, 

respectively.  

Average BAF values of PCB44 for all stations were 0.1 log 

units (25%) lower in Winter than in Autumn. This is also the 

case for PCB52. For higher PCBs the difference slowly declines 

with increasing molecular size to become negligible around 

PCB118. The higher PCBs show little variation with only 

station 8 slightly standing out. This is the only station where 

release of e.g. PCB153 from mussels is observed and the station 

has the lowest CW values for PCB153. It is possible that CW is 

even lower than in the area from which the mussels originated. 

Since release is slow the mussels may still not have reached the 

lower equilibrium concentration than belongs to that station. 

The average within station standard deviations of the BAF 

values for PCBs were 0.11 and 0.09 for Autumn and Winter 

respectively, quite lower variation than observed for PAHs. 

 Variability over time 

Following the above analysis of the data for the separate 

seasons and stations, the average BAF values based on all 

stations combined were investigated for the same set of 

compounds, and the data are shown in Fig. 11. Although the 

BAFs vary markedly between stations, for both fluoranthene 

and pyrene, the average across all stations varies little between 

both seasons and year to year. For benzo(a)pyrene and the PCBs 

there is a marked variation visible in Fig. 11 that cannot be 

linked to season and there are no visible trends. Although 

around Winter 2003 there is a minimum that coincides for all 3 

PCBs, the overall variation is likely to be considered as natural 

variability. 

 Average BAF values 

In spite of difference between stations and between seasons 

overall average BAF values and associated standard deviations 

were calculated, excluding values below two times the 

detection limit. The data are listed in Table 4. The highest 

standard deviations coincide with compounds (e.g. anthracene, 

indeno(1,2,3-cd)pyrene, PCB18 and PCB31) that are mainly 

present in concentrations close to the DL, i.e. of which the 90% 

percentile was only 5 times the DL.  

The uptake into mussels is by a partition process and the 

BAF is therefore expected to be related to the KOW. In the right-

hand graph of  Fig. 12 all the obtained log BAF values are 

plotted versus the log KOW. In the left-hand graph of Fig. 12 the 

relationship between the average log BAF and the log KOW 

(data listed in Table 4) is plotted. Three compounds were not 

included in the regression. Anthracene was excluded since there 

was no correlation between CM and CW, and a negative slope 

was observed. Furthermore, two of the higher PCBs, 170 and 

180 were outliers. It is known that higher PCBs often show a 

lower uptake than can be explained by the KOW. It has been 

suggested that the size hinders passage through the membrane. 

However, it is not clear why PCB187 does not show a similar 

deviation 

No statistically significant differences were found between 

slopes or intercepts for PAHs and PCBs when calculated 

separately for Autumn or Winter data. The differences in BAF 

values between Autumn and Winter discussed earlier do not 

significantly affect slope and intercept. The natural variation of 

the data as shown in the right-hand graph of Fig. 12  highlights 

the fact that small differences will not be statistically 

significant. In the graph some outliers are identified. The 

deviations of indeno(1,2,3-cd)pyrene and PCB18 probably 

result from analytical variability and that of PCB31 from 

chromatographic co-elution with an unknown compound. 

The average concentration of lipid in the mussels was 81 

g kg-1 and showed little variation (±11%). As a consequence, 

the wet weight and the lipid based BAF values showed exactly 

the same slope with the KOW. Only the intercept increased from 

–1.27 to –0.30. Similarly, expressing CM in terms of wet weight 

will affect only the intercept, and results in a decrease to –2.1 

The observed relationship was compared with the common 

slope and intercept from different studies in literature as 

combined by Booij et al.24 This average relationship became, 

after recalculation to dry weight: 

This relation is shown as a solid line in Fig. 12. For 

compounds with lower KOW values there is agreement between 

the observed and average literature BAF values but for those 

with higher KOW the BAF values were higher by up to a half 

order of magnitude. Given the variation in literature data the 

present results would fall in the upper range but not really be 

outliers. For example, the obtained slope and intercept for lipid 

based log BAF were in close agreement with Hofelt and Shea.26 

Literature BAF reported in are generally based on classical 

methods and the presence of particulate and dissolved organic 

carbon may easily lead to an overestimation of the freely 

log BAFdw =0.840 log KOW +0.2 11
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dissolved concentration in the water phase.15 

In this data set the CW is derived from PS data which moves 

the uncertainty of the BAF to the KSW and the RS. For this work 

the determination of the KSW is much less sensitive to 

overestimation of aqueous phase concentrations (see 3.4.7) and 

the KSW is generally higher than reported in the literature for 

similar materials. These higher KSW values lead to higher 

calculated sampling rates (RS) and consequently lower CW, 

particularly for the more hydrophobic compounds that are in the 

linear uptake phase, so the CW depends entirely on the estimated 

sampling rate. This may explain why BAF values from 

compounds that generally reach equilibrium have closer 

agreement with average literature values.  

3.7 USEFULNESS OF PS FOR MONITORING  

The ultimate aim of passive sampling is to obtain a measure 

of the level of pollution that represents the exposure of 

organisms. In order to demonstrate the capabilities of PS for 

that purpose the calculated BAF values were used to estimate 

the expected concentration in the mussel (CM-W). However, in 

fact that is only a comparison with CW that has been 

recalculated to give the concentration in the mussels.  One 

effect of this is that the values to be compared have the same 

units (µg kg-1). This is illustrated in Fig. 13 for a number of 

compounds where the measured time averaged CM and the CM 

calculated as CW × BAF, are plotted for the different stations. 

The overall results agree quite well, but better for PCBs than 

for PAHs. The latter tend to behave individually and vary 

between stations and between seasons. For example, at station 

6 the mussels always showed lower concentrations of PAHs 

than calculated, and this is likely to be a result of the very high 

biological activity with consequently more potential for 

metabolism. Separating the seasons, the PAHs show better 

agreement in autumn samplings where mussels commonly were 

more active. Furthermore, for compounds that achieved 

equilibrium during PS deployment, changes in mussel 

concentrations were often very closely followed by the PS 

derived concentrations throughout the seasons. 

Also, the patterns for the different compounds are in good 

agreement with those found in the PS. The spatial distribution 

is similar to that observed in the PCBs. For example, at station 

3 there is a dependence on the pattern of the outflow of the 

Rhine/Meuse that resulted in an enhanced presence of lower 

PCBs (Fig. 13). This is observed in both mussels and PS.  

It is notable that the concentration of pyrene is elevated at 

station 5 while chrysene is more evenly distributed. These 

differences in pattern are sometimes very distinct and allow the 

identification of sources of pollution. The ratio between pyrene 

and fluoranthene is very high (2.2) at station 5 indicating 

changes to the pattern introduced by the Scheldt River. Further 

downstream the ratio reduces to about 1.0 for station 4. At 

 

 

 

 Fig. 13  Comparison of measured and calculated time averaged concentrations in mussels for all stations and a range of organic 

pollutants.  Black bars are the average concentrations measured in mussels and open bars represent the average concentrations 

calculated as CW × BAF. 
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station 3 that is influenced by the Rhine/Meuse River outflow a 

similar value was found. At stations like 6 and 7 without direct 

flow from the rivers, the pyrene is even lower than fluoranthene 

and the ratio becomes 0.4. Ratios for other stations are in the 

range between 0.4 and 1. These ratios are strikingly similar to 

those observed in both mussels and PS. When the two sets of 

ratios are as close as this it indicates that the residual differences 

between concentrations in mussels and PS are probably not 

caused by sampling and measuring variability of the passive 

sampling process, but are more likely to be a consequence of 

variations in the behavior of the mussels due to changing 

environmental conditions such as availability of food, 

temperature, and salinity. This is in spite of the uncertainty that 

is inseparably connected with the estimates of sampling rate. 

Finally, the following conclusions can be drawn from the 

monitoring reported here: 

 the program provided a very useful learning experience, 

and a foundation for future work; 

 close relationships between concentrations found in 

mussels and those derived from passive sampling confirm 

the environmental relevance of passive sampling;  

 not only were the differences in pollution level reflected by 

the two methods but seasonal variations were often 

followed in the same way by both mussels and PS; 

 PS and mussels show the same detailed changes in the ratios 

of the various compounds.  

Passive sampling may be an even better tool for measuring 

bioavailability than the mussels themselves. As discussed 

earlier (Section 3.2.2) in PS there is no initial concentration (as 

confirmed by construction and field blanks), no metabolism, 

and no mortality and these are all valid reasons for using passive 

sampling. In addition, there is still a degree of uncertainty 

associated with the achievement of equilibrium, especially for 

the more hydrophobic compounds. One solution would be the 

inclusion of PRCs in mussels if it were not unethical. In PS the 

PRCs essentially give information on the equilibrium level. 

More accurate determination of the sampling rates over a wider 

KOW range could further improve the accuracy of results 

obtained using passive sampling.  

 

 

 

 

 

 

 

 

 

 

 

Table 5  Compound’s short and full names 

Short Name  Short Name 

Ant Anthracene  HCB Hexachlorobenzene 

Phen Phenanthrene  PCB18 2,2’,5-trichlorobiphenyl 

Flu Fluoranthene  PCB28 2,4,4’-trichlorobiphenyl 

Pyr Pyrene  PCB31 2,4’,5-trichlorobiphenyl 

BaA Benz(a)anthracene  PCB44 2,2‘,3,5‘-tetrachlorobiphenyl 

Chr Chrysene  PCB49 2,2’,4,5’-tetrachlorobiphenyl 

BbF Benz(b)fluanthene  PCB52 2,2’,5,5’-tetrachlorobiphenyl 

BkF Benz(k)fluanthene  PCB101 2,2’,4,5,5’-pentachlorobiphenyl 

BaP Benzo(a)pyrene  PCB105 2,3,3’,4,4’-pentachlorobiphenyl 

BeP Benz(e)pyrene  PCB118 2,3’,4,4’,5-pentachlorobiphenyl 

BghiP Benz(ghi)perylene  PCB138 2,2’,3,4,4’,5’-hexachlorobiphenyl 

DBahA Dibenz(a,h)anthracene  PCB153 2,2’,4,4’,5,5’-hexachlorobiphenyl 

Ind Indeno(1,2,3-cd)pyrene  PCB156 2,3,3‘,4,4‘,5-hexachlorobiphenyl 

   PCB170 2,2’,3,3’,4,4’,5-heptachlorobiphenyl 

Ant-D10 Anthracene-D10  PCB180 2,2’,3,4,4’,5,5’-heptachlorobiphenyl 

Flu-D10 Fluoranthene-D10  PCB187 2,2’,3,4’,5,5’,6-heptachlorobiphenyl 

Pyr-D10 Pyrene-D10  PCB4 4-chlorobiphenyl 

Chr-D12 Chrysene-D12  PCB29 2,4,5-trichlorobiphenyl 

Pe-D12 Perylene-D12  PCB155 2,2’,4,4’,6,6’-hexachlorobiphenyl 

Cor-D12 Coronene-D12   PCB204 2,2’,3,4,4’,5,6,6’-octachlorobiphenyl 
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