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0B0BChapter 10  

  

Discussion 
    

 

10.1. CHEMICALS IN THE ENVIRONMENT 

Partitioning passive sampling (PS) using semipermeable 

membrane devices (SPMD) was initially developed for time 

integrative in-situ sampling of hydrophobic organic 

contaminants (HOC) from the water phase in order to determine 

their concentrations.1,2 Another motivation for the further 

development of the PS methodology is that resulting HOC 

concentrations in the passive sampler (PSd) material are well 

comparable because they are expressed on a constant basis. 

Such constant basis is often lacking in conventional monitoring 

in water, sediment and biota. Whole water samples from the 

same location containing different suspended particulate matter 

(SPM) contents result in different HOC concentrations for the 

same pollution status. The variable composition and sorption 

properties of the SPM hinder a straightforward normalization. 

Sediment properties vary even more than SPM. HOC 

concentrations in raw sediments and SPM are mainly useful for 

assessing contaminant loads and fluxes, respectively, but are 

less reflecting the risks for organisms. A large fraction of the 

HOC concentration present in sediment can be strongly bound 

to particles, and is, therefore, hardly or even not at all accessible 

for organisms.3 Consequently, total HOC concentrations may 

exceed quality standards, whereas the available concentrations 

may not.4  

 For explaining the toxicity of HOC, and uptake by 

organisms, the freely dissolved concentration (CW) was 

identified as a key parameter quantifying bioavailability.5 

However, the observed relation between concentrations in 

organisms and CW is associated with the fact that CW is 

proportional to the chemical activity (CA).6 Uptake by 

organisms also occurs from SPM, sediment or via other routes, 

for which CA is also represented by CW, assuming that they are 

at equilibrium with the water phase. This model was also used 

for establishing sediment quality criteria.7 For strongly 

hydrophobic HOC (KOW≥105) the determination of CW is 

troublesome, because the isolation of the freely dissolved phase 

is technically not possible.8 At the same time CW are 

increasingly lower for HOC of higher KOW, challenging 

analytical capabilities, especially in pore water for which the 

available water volume is limited. Similar as above for CW, also 

the HOC concentration in the PS at equilibrium (CP
 ∞) with the 

aqueous phase, sediment, biota or air, represents CA for all 

these compartments, ignoring compositional variation such as 

the SPM content in water, the grain size composition, the nature 

of the organic carbon in sediment or the tissue composition in 

biota. It has been suggested that environmental quality criteria 

be expressed on a polymer basis, i.e. the polymer used as the 

PSd. This would allow a direct assessment of CP
 ∞ without the 

need for conversion.9 Although this is scientifically justifiable, 

it requires regulators and the general public to accept that HOC 

contamination is evaluated on the basis of its concentration in a 

polymer. Alternatively, CP
 ∞ can also be converted to a lipid 

basis (CL⇌medium) through division of CP
 ∞by a polymer–lipid 

partition coefficient (KPL)10,11 Such CL⇌medium essentially 

indicates the HOC concentration in lipid (of an organism) at 

equilibrium with the sampled medium, e.g. CL⇌water or 

CL⇌sediment This is a realistic approach, considering that HOC 

accumulation mainly occurs in the lipids of organisms.  

 In addition, conversion of CP
 ∞ to any other defined medium 

is possible, provided the medium–PSd partition coefficient is 

available. Converting all results from PSd exposures in various 

media to concentrations in one medium, is an ideal approach for 

multi–media monitoring.  

 The PS concept is discussed for ideal situations with PS 

attaining equilibrium as well in case equilibrium is not achieved 

and results are acquired via in-situ calibration. PS results can be 

converted to equivalent values in many other matrices but is 

that also accepted for comparison with environmental quality 

criteria? A final discussion on the merits of PS of HOC in terms 

of strengths and weaknesses compared to monitoring using 

biota completes this discussion. 

10.2. PS APPROACHES 

For sampling HOC, SPMD or permeable polymers like low-

density polyethylene or silicone are inserted into a sample 

medium. PS can be performed in several modes of operation: 

1   Equilibrium PS (EPS) 

2   Kinetic PS  

Both can be performed in-situ (in the field) and ex-situ (the 

sample of an environmental medium is transferred to the 

laboratory). 

 EPS would be the most accurate method because CP
 ∞ is as 

accurate as analytical methods allow, while CP
 ∞ can be one to 

one compared, making interpretation straightforward.12 
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10.2.1  PS in the field 

Ideally in-field EPS should be used to let CP
 ∞ optimally 

resemble CA under field conditions. However, EPS has only 

limited applicability in field conditions where the uptake can 

result in equilibrium for HOC of low polymer–water partition 

coefficients (KPW), but is in the kinetic mode for HOC of higher 

KPW. For aqueous sampling the uptake is in most cases 

controlled by the diffusion through the water boundary layer 

(WBL), of which the thickness is larger in quiescent compared 

to turbulent conditions (note that for silicone PSd the internal 

diffusion of HOC in silicone elastomer is very fast and not 

limiting the uptake rate.13,14) The time to reach equilibrium is 

proportional to 𝑑PKPW
 , where 𝑑P is the thickness of the PSd. 

Equilibration of highly hydrophobic HOC requires very long 

exposure times, high turbulence to assure a thin WBL, and thin 

PSd with a low affinity for HOC (lower KPW
 ). Nevertheless, it 

remains challenging to extend equilibrium for HOC with KPW
  

higher by more than one or two orders of magnitude, while the 

above measures can have a negative effect on the measurement 

sensitivity. A thinner PSd with a low KPW
  will have a lower 

sensitivity if not compensated by a larger PSd mass. The 

associated larger surface area may physically complicate 

exposure.  

 With static exposure of PS in sediment in the field (and the 

laboratory) the uptake is rather slow. The first (small portion of) 

uptake is from contact with sediment particles and goes 

relatively fast due to the short diffusion distance. Next, if the 

available HOCs associated with particles in contact with the PSd 

are depleted, uptake depends on mass transport from more 

distant sediment layers, and the process becomes increasingly 

slower when the depleted sediment layer gets thicker.  

 In-situ EPS in fish, actually in-vivo EPS, is possible but 

impractical for routine monitoring as it requires surgery to 

implant the PSd inside the fish and, to assure PSd recovery, 

caging15 or GPS-tracking is required. The stress of caging may 

have an adverse influence on fish well-being, which could 

affect its physiological status and associated HOC 

concentrations or lipid content. In contrast, ex-situ (in-

laboratory) EPS in fish tissue is an easy and reliable method, 

and allows sample pooling (see below). 

 The above methods always require monitoring and 

calibration of the HOC exchange process; this is typically based 

on the release rates of performance reference compounds (PRC) 

dosed to the PSd prior to exposure.16,17 For EPS in e.g. tissue, a 

complete PRC release confirms that EPS was working and no 

depletion of HOC from the sample has occurred. 

10.2.2  PS using agitation 

In the laboratory, application of shaking and tumbling allows 

increasing the uptake rate of PSd. For the aqueous phase this is 

not realistic. For a HOC of moderate hydrophobicity (KPW
 =106) 

a PSd of mass mP
  has an uptake capacity equivalent to mP

 KPW
 , 

i.e. 1000 L water per gram PSd, and the tenfold of that volume 

is required to prevent sample depletion. This is an 

unrealistically large sample volume to be transported to the 

laboratory. Consequently, only if HOC uptake capacities of the 

sampled medium and the PSd are in the same range, practical 

sample amounts allow non-depletive PS to be executed in the 

laboratory in suitable jars and using shaking to enhance 

equilibrium rates. To assure <1% depletion by EPS of sediment, 

for a given PSd mass (mP) the sediment mass (mSED ) should be 

selected to comply: 

mP

mSED 
KPS-SED

mPKPW

mSED 𝑓 𝐾
0.01 1

where KPS-SED, fOC and KOC are the PSd–sediment partition 

coefficient (capacity ratio), the organic carbon (OC) fraction 

and the organic carbon–water partition coefficient, 

respectively. The KOC can be approximated by the octanol–

water partition coefficient (KOW). Because KPW and KOW are in 

the same range, clearly the fOC level is a key factor determining 

the sediment capacity. For a typical OC content in sediment 

(1%, fOC = 0.01) and a PSd of 100 mg, equilibration with 1 kg 

sediment is required to fulfill the above condition. Clearly, ex-

situ PS of very sandy sediments having OC contents down to 

below 0.02% poses a real challenge, if feasible at all. 

10.2.3 PS in biota 

EPS in the tissue of organisms like fish is typically performed 

in the laboratory after dissection and filleting of the fish. 

Equilibrium attainment is mostly well feasible,18,19 following 

methods tested and applied as described in Chapters 8 and 9, 

respectively. Two-sided static exposure of thin PSd (e.g. 0.125 

mm) at 4 °C with relocation to fresh tissue at 1–4 h time 

intervals is a suitable EPS approach except for very lean fish. 

The contact sampling is generally applied for individual fish 

and especially useful to study species variability. However, 

given the possible large variability between individuals, pooled 

samples are commonly applied for monitoring. In that case 

rolling or tumbling the pooled sample of a fish tissue (or a 

portion of each individual) cut into small pieces (~1.5 cm) with 

a PSd, presents a more appropriate approach. At 4 °C exposure 

times up to three days are realistic and provide HOC partition 

equilibrium for very lean tissue samples. The PSd is preferably 

fixed stationary in the jar20 and to ensure that the tissue pieces 

flow during tumbling, addition of some water may be needed. 

This should not be more than required to fluidize the tissue as 

an excess of water reduces the HOC exchange rate. Because the 

inner part of the tissue pieces may less efficiently take part in 

the exchange process, an excess amount of tissue is required, 

suitably connected to pooling samples.19 The lipid-based 

concentration derived from EPS (CL⇌tisue
 ) through division of 
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CP
 ∞ by KPL

  is expressed on the basis of a defined lipid and, 

therefore, has a more stable proportionality to CA19 than CL
  

determined by conventional extraction as any uncertainty 

associated with the lipid determination or the lipid composition 

is excluded. This especially applies if lipid contents are very 

low. Another advantage of EPS in tissue is the low amount of 

lipid co-sampled with the HOC, enabling a simpler sample 

processing than is needed for tissue extracts. 

10.3. PARTITION COEFFICIENTS 

When the concentration in the PSd attained equilibrium with the 

water, sediment or biota phase, conversion of Cp
 ∞ to CW and/or 

CL , is done by a straightforward division of Cp
 ∞ by KPW or the 

polymer–lipid partition coefficient (KPL), respectively. 

Consequently KPW and KPL are crucial and required for in-situ 

and ex-situ PS. The higher the partition coefficient, the more 

challenging its estimation is. Partition coefficients are generally 

measured at 20 °C in the laboratory, but values will be different 

at temperatures prevailing in the field.  

10.3.1  Passive sampler–lipid partition coefficients 

Numerically KPL are of a rather small magnitude and, 

consequently, the concentrations in both phases are within one 

or two orders of magnitude form each other, making them 

relatively easy to measure. Especially for persistent HOC (PCB, 

OCP, BDE, etc.) that are stable and survive a sulfuric acid 

cleanup destructing the lipid, the analytical procedure is very 

robust. The method for other HOC, e.g. PAH, by acetonitrile–

pentane partitioning at low temperature (–20 °C) is more 

troublesome and the quality depends on proper recovery 

confirmation. New cleanup methods that separate lipid and 

target HOC by preparative HPLC may be an appropriate 

approach for a complete removal of lipids. Available data from 

different researchers show good agreement and KPL are also not 

significantly dependent on the type of lipid10,11 nor the 

temperature.11 Furthermore, the limited lipid uptake by the 

PSd’s polymer seems not to affect the KPL. Presently, KPL are 

available for PAH, OCP and PCB. For BDE provisional data 

are available derived from EPS in fish tissue.20 

10.3.3  Passive sampler–water partition coefficients 

Compared to KPL, the determination of KPW is more 

challenging and, therefore, data in the literature show more 

variability.21 In addition there are many polymeric materials 

used for aqueous PS and a large number of researchers, 

including the author of this thesis, have reported KPW data.22-24 

Generally, difficulties in the determination of KPW increase 

when their KOW increases over 105 due to the associated 

decreasingly low CW that needs to be measured. Overestimation 

of CW can be caused by (1) insufficient equilibrium attainment 

as when HOC are dosed to the aqueous phase, the equilibrium 

time increases with KPW, and (2) HOC sorbed to non-dissolved 

matter (NDM) present in the aqueous phase and included in the 

analytical result as dissolved. Both can contribute to 

underestimation of KPW. 

Typically, distilled or Milli-Q water is dosed with target HOC 

in a glass bottle and a PSd added. After equilibrating HOC 

between water and PSd by shaking or stirring for a set period, 

KPW are determined as the concentration ratio in the PSd and 

dissolved in the water phase. Often data are accompanied with 

analytical quality control by mass balances and replicates. 

However, equilibrium confirmation and assuring a freely 

dissolved CW are more difficult to include in QA.  

(1) Confirming equilibrium  

Modeling algal uptake in a closed system (Chapter 9) showed 

that the concentrations in the algae rapidly approached 

equilibrium whereas the aqueous phase required progressively 

longer time as HOC’s hydrophobicity increased. This is the 

same for PSd uptake and so proving that a Cp
  is constant over 

time does not confirm that the concentration in the aqueous 

phase likewise achieved equilibrium. Conversely, when dosing 

the HOC to the PSd for release to the aqueous phase, 

equilibrium in the aqueous phase is much faster achieved while 

Cp
  hardly decreases if the capacity of the PSd is sufficiently 

higher than the volume of the aqueous phase, i.e. 

mPKPW VW⁄ ≥100. In this case the equilibrium time is 

theoretically proportional to VW with little relation to KPW. 

However, since also the wall surface area (A, dm2) of the vessel 

sorbs HOC, by including wall-sorption the volume to be 

equilibrated becomes VW AKAW where KAW is the wall 

surface–water partition coefficient (L dm- 2). Likely, KA,W 

increases with hydrophobicity and at a certain level AKAW may 

exceed VW, causing the expected equilibrium time to 

progressively increase with hydrophobicity. Thus, also in this 

case only monitoring of HOC in the water phase can confirm 

equilibrium. Alternatively, equilibrium can be confirmed if 

equal KPW are obtained for equilibrations where the aqueous 

phase was dosed and other equilibrations where the PSd was 

dosed. 

(2) Validation of freely dissolved condition  

In equilibrations that are obtained after stirring or shaking for 

periods of e.g. three months, NDM can develop by e.g. bacterial 

growth, but also from wearing of the PS during shaking, or from 

glass particle abrasion when using a glass covered magnetic stir 

bar in a glass vessel. This NDM will progressively sorb more 

HOC as HOC’s hydrophobicity increases. Consequently, the 

finally measured aqueous concentration may present an 

overestimation of the freely dissolved concentration (CW). 

These artifacts can be prevented, namely by adding a biocide, 

not using magnetic stir bars and preventing PSd wearing by 

fixing the PS as a kind of flag on a rod in the vessel and mixing 
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on an orbital shaker. Such system is also more beneficial for the 

PS–water exchange as a freely floating PS moves with the 

(same) water surrounded by a rather thick WBL, causing slow 

mass transfer in spite of vigorous shaking.  

The ultimate proof that influence of NDM is absent is by 

applying the co-solvent method.22 Addition of methanol to the 

aqueous phase reduces partitioning, also to NDM. The partition 

coefficient of the water–methanol mixture KPM has a negative 

log–linear relation with molar fraction of methanol (fM) for 

0-0.3 (0–50% v/v methanol). After performing equilibrations 

at various fM  levels the log KPM values are regressed versus fM 

and agreement between the intercept and log KPW confirms the 

negligible influence of NDM binding.  

A guidance for the determination of partition coefficients has 

recently been published.25 

10.4. IN‐SITU PS CALIBRATION 

HOC uptake by the PS is primarily driven by the CA gradient 

between the sampled medium and the PS. Although the uptake 

is proportional to this CA gradient, the actual transport rate 

depends on the effectivity of the mass transfer from the bulk 

medium to the PS. For aqueous sampling the uptake is mostly 

controlled by the diffusion through the WBL, of which the 

thickness is larger in quiesfigcent compared to turbulent 

conditions. Note that this requires that the internal diffusion of 

HOC in the PS polymer is sufficiently high, so it does not limit 

the uptake process. For the commonly used silicones and LDPE 

this was confirmed.26 In polyoxymethylate (POM) diffusion 

coefficients are too low and the mass transfer inside the 

polymer needs to be taken into consideration in the model 

describing the uptake process. This largely increases the 

complexity of the modeling. POM is therefore not 

recommended as a suitable material for PS. 

10.4.1  Calibration in PS 

Equilibrium 

PS in sediment and fish tissue is commonly performed in the 

laboratory with a procedure designed to attain equilibrium 

using thin PSd. Sediment–PSd equilibrium is achieved with 

sufficiently long and intensive shaking.4,27 Also, guidance to set 

a PS/sample mass ratio to avoid depletion is provided for 

sediment (Chapter 6) and biota tissue (Chapter 8). For fish 

tissue tumbling at 4 °C allowed equilibrium before tissue decay 

occurred (3 d).19,20 Quality control assuring that sufficient 

equilibrium was obtained as well as no depletion occurred, can 

be performed by demonstrating that Cp
∞ is equal in exposed PSd 

of different thicknesses28 or from complete release of 

performance reference compounds (PRC) dosed to the PSd prior 

to exposure and covering the KOW range of the of the target 

HOC.29 With equilibrium assured, apart from the analytical 

variability, the accuracy of CW and CL
  is largely determined by 

that of the KPW and the KPL, respectively.  

Non–equilibrium  

For aqueous phase PS, depending on the PSd configuration e.g. 

PSd thickness, exposure time and local water turbulence, 

equilibrium is only achieved for HOC of KPW up to 104 for 

quiescent conditions and up to 106.5 for high turbulence cases in 

fast-flowing water or using mechanic flow generation, i.e. 

dynamic PS.30,31 Nevertheless, in practice, it is always 

necessary to measure the PRC release to determine the 

exchange kinetics. The uptake process by partitioning PS is 

considered isotropic, which means that uptake and release 

follow the same exchange model, and measured release rates 

for PRC during exposure allows estimation of the uptake rate. 

The uptake/release rate of a PS is usually expressed as a 

sampling rate (RS, L d ) explained as being the daily volume 

of water from which the HOC diffused into the PSd and 

described by: 

RS AP𝐹𝐷 ⁄  2

Here AP is the surface area of the PSd in contact with the 

aqueous phase, F a proportionality factor containing the effect 

of turbulence in the field and the unit conversions, and DW
  the 

aqueous diffusion coefficient of the HOC or PRC. The F can be 

estimated by fitting modeled released PRC fractions to 

experimentally measured fractions.17,32 For HOC however no 

distinct DWvalues are available in the literature and its values 

are mostly predicted from HOC’s molecular volume: Vm
 –0.6,33 

and Vm
–0.589,34 or molecular weight; e.g. M 

–0.71,35 or M 
–0.53.36 

This was discussed in Chapter 5 showing that the 

Figure 1. Diffusion proportionality expressed by M–0.71 versus that by 

MacGowen molar volume, Vm
 –0.6, for various compound classes. 
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experimentally determined slopes between RS and 

hydrophobicity were not significantly different from those 

predicted using the various DW calculation methods in the 

literature.33-36 The proportionality of DW
  with M 

–0.71 as derived 

by Schwarzenbach,35 was finally suggested for representing 

HOC’s aqueous diffusion based on the arguments that its 

application showed the best fit to the experimental data set, and 

moreover, M was an always available unambiguous parameter.  

 Despite the above choice to use M for approximating DW, 

it seems obvious that the physical size of a molecule is more 

relevant to molecular diffusion in water than its molecular 

mass. With a better Vm availability37-40 a re-evaluation on how 

to include a proportionality for the DW in eq  may be 

appropriate. Note that only a proportionality factor for DW is 

needed, because all other parameters, e.g. temperature, 

viscosity, solvent association parameter in diffusion equations 

are the same for target HOC and PRC, and automatically 

represented in the factor F. Various methods to estimate  

Vm
 37-40 show systematically different values but have a good 

correlation among each other (R 
2 0.99), so the ratio between 

Vm
  of target HOC and PRC will be the same if Vm

  is used from 

the same source.37-40 The impact of whether Vm
 .  or M 

 .  is 

used to represent aqueous diffusion is reflected in Figure 1. E.g. 

for BDE, PCB, PAH, musks, etc. the same Vm
 .  is associated 

with values of M ranging by a factor 2. Consequently, research 

is recommended to further optimize the diffusion term in eq 2, 

including a wider variety of compound structures than applied 

in Chapter 5. This may improve the accuracy of aqueous PS. 

10.4.2  Temperature and salinity: correct or not 

The CW is important for risk assessment because of its 

proportionality to CA.5,7 However, where CW depends on 

temperature and salinity, CA is independent of temperature and 

salinity. CA can be understood as the ratio of CW SW⁄  

(solubility in water). If in a large waterbody the temperature 

decreases, SW will decrease, causing the KOC to increase. Due 

to this higher sorption to SPM and sediment CW will decrease. 

Matrix–water partition coefficients are inversely proportional 

to SW and with decreasing temperature, also KPW increases as 

much as SW decreases. So, although the KPW becomes higher 

when temperature decreases and/or salinity increases, Cp
 ∞ is 

expected to remain the same. In sediment EPS the equal effect 

of temperature on KOC and KPW allows using enhanced 

temperatures to increase the equilibration rate.41 Also, addition 

of methanol to enhance the aqueous solubility, showed faster 

PS–sediment equilibrium with limited effect on Cp
 ∞.42 

 Interpretation is more complicated when concentrations are 

obtained by kinetic PS where the RS estimated from PRC 

release plays a key role in the calculation of CW or/and Cp
 ∞. 

Under equal flow conditions the RS is expected to decrease with 

decreasing temperature because of the associated lower 

diffusion in the WBL. Booij & Chen43 estimated the effect of 

temperature (diffusion and viscosity) on the mass transfer 

coefficient to be a factor 1.3 for a 10 °C temperature change. 

This is not a dramatic effect and automatically corrected for by 

PRC releasing more slowly. To estimate CW for HOC in the 

kinetic uptake mode under the actual temperature (4–15 °C) 

and salinity (3–30‰), RS must be estimated from PRC release 

using KPW valid for the actual temperature and salinity. 

Parameters adjusting partition coefficients to actual 

temperature and salinity were provided by Jonker et al.44 

Application to the data monitoring data presented in Chapter 3 

and including data up to 2011, showed that CW calculated for 

the actual temperature (3-15 °C) and salinity (1-30‰) were in 

average lower by 0.2 log unit (factor 1.6). This is illustrated in 

Figure 2, upper panel, where the distribution of the ratios 

between CW calculated for actual and standard 20 °C and 0 Sal 

condition shows a 0.2 log-unit shift in concentration. However, 

when using the same data to estimate Cp
 ∞ for actual and 

standard conditions, the obtained Cp
 ∞ were more comparable, 

with only 20% of the data differing more than 0.1 log unit 

Figure 2 The upper panel shows the frequency distribution of the ratios 
between CW calculated using KPW for the actual temperature and 

salinity, and the KPW at standard conditions of 20 °C and no salinity. In 

the lower panel for the same samplings the ratios of the (calculated) Cp
 ∞ 

between both conditions are depicted. Data close to LOQ were excluded. 
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(25%). These deviating Cp
 ∞ are mainly of highly hydrophobic 

HOC. For these HOC the Cp
 ∞ are relying on KPW which have 

often higher uncertainties as hydrophobicity increases. An in-

depth evaluation of the monitoring data may reveal more issues 

that help to understand partitioning PS and to correctly design 

calibration experiments to improve or validate the current 

status. 

The evaluation above confirms that Cp
 ∞ is the most stable 

parameter reflecting the CA in the aqueous environment12 with 

a result virtually independent of the matrix or conditions under 

which PS is applied. Next Cp
 ∞ can be converted to the 

concentration in any matrix for which KPmatrix is known, Cp
 ∞ 

can be converted to CW at any temperature and salinity if the 

KPW for these conditions is known. The question is if it is 

relevant to report the concentration at the actual temperature as 

quality criteria are not set for a specific temperature or salinity. 

Consequently, applying the KPW for pure water known at 20 °C 

is as good as any other temperature or salinity, but ensures that 

the proportionality to CA is preserved by expressing CW for 

defined conditions. A proportionality to CA is also assured if 

HOC’s Cp
 ∞ is converted to CL⇌water

 allowing direct comparison 

with CL⇌tisue
  or CL measured directly in tissue. Especially for 

highly hydrophobic HOC the concentration units on a lipid 

basis are more comprehendible than freely dissolved.45 

10.5. ENVIRONMENTAL BIOTA MONITORING  

For the monitoring of HOC in biota under the WFD or the 

OSPAR Convention, the results of the research in Chapter 9 are 

of key importance. Following the partitioning theory,7 quality 

assessments would be more straightforward if levels in 

environmental compartments (sediment, water, biota, etc.) as 

well as environmental quality standards (EQS) were expressed 

on the basis of CA.6,46 They would be independent of the matrix 

analyzed, similar as equilibrating the same polymer type in all 

various matrices. Although PS provides no direct prediction of 

an organism’s internal concentration, it is able to predict the 

HOC concentration that a lipid phase would have if it was at 

equilibrium with the water or sediment phase. The rationale of 

converting PS data to a lipid weight basis is that the HOC levels 

in water and sediment can be compared with those in organisms 

expressed on the same basis (equal units), which reveals how 

the thermodynamic level in the water or sediment phase relates 

to that actually in organisms. This is a more direct approach of 

assessing the HOC risk to organisms compared to converting 

aqueous concentrations using bioaccumulation or 

bioconcentration factors (BAF or BCF). These mostly 

operationally defined parameters are associated with a large 

natural variability within and between species and increase with 

species trophic level (TL). It is therefore interesting to evaluate 

uncertainties in the present EU WFD procedure for chemical 

monitoring of biota.47  

Initially, the EU WFD had set EQS on a wet-weight basis48 for 

fish of TL = 4. During the preparation of the biota monitoring 

guidelines, this developed to data standardization to a dry 

weight fraction of 0.26 or lipid fraction of 0.05.47 If fish at 

TL = 4 are not available, it is suggested that monitoring data be 

converted to a level in fish at TL = 4 before testing compliance 

with EQS. This conversion should be done using a HOC-

specific trophic magnification factor (TMF). Trophic 

magnification is actually the increase in fugacity or CA with 

increase in trophic level,49,50 and is more associated to  CL
  than 

Ctissue. Consequently, using a lipid-based TMF is more suitable 

as the scientifically more sound standard.51 The availability of 

appropriate TMF is a critical issue as they vary for different 

ecosystems and among food chains. Using guidance for 

selecting and determining TMF for application under the EU 

WFD52 did not lead to confident TMF for the sites investigated 

in Chapter 9. Also, the TMF estimated here using over 20 fish 

samples provided barely significant TMF (Chapter 9, S17).  

 A further source of uncertainty is the TL estimation method. 

The δ15N determination is generally sufficiently precise, but the 

estimation of the baseline for setting δ15N at TL=2 is not 

unambiguous as different mussel species and size classes 

showed a range in δ15N of 2 ‰ (Chapter 9, S5). If only mussels 

of higher δ15N had been collected, the extrapolated result at 

TL=4 would have been two-fold higher. On the other hand, 

application of TL retrieved from www.fishbase.org would have 

yielded two-fold lower results. In addition, the consensual value 

of 3.4 ‰ for ∆15N equaling one TL, (Chapter 9, eq 3) comes 

with a 1 ‰ standard deviation, implying a 95% confidence 

range of about 1.4–5.4 ‰.53 This ∆15N was derived as the mean 

for 25 lakes located in the north-east of the USA and one may 

critically question the generally applicability for all freshwater 

ecosystems on other continents.  

10.6. CONSIDERATIONS AND IMPLICATIONS.  

The accuracy of CL⇌water
  relies on uncertainties of the analysis 

of HOC and PRC amounts in the PSd, KPW and KPL, and that of 

the model used for in-situ sampler calibration. The KPW and KPL 

are physical constants determined at standard conditions (20 °C 

in pure water) that have no natural variability. Provided 

equilibration was completed, the accuracies of KPW and KPL 

only depend on the accuracy of the applied analytical 

procedures used to determine the concentrations in the 

individual phases. The KPW depend on temperature, pressure, 

ionic strength, etc. Therefore, values measured at standardized 

conditions should be applied in order to assure comparability 

over time, space and matrices. The uncertainty of the 

experimentally confirmed PSd–water exchange model 

(Chapter 5) used to calibrate the equilibration rate for HOC that 
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cannot attain equilibrium is a weaker point of aqueous PS. The 

exchange model agrees with theory on WBL controlled 

uptake13 and can be applied optimally,32 but validation studies 

are rare31,54 and challenging. Although the present in-situ 

sampling rate calibration model13 is well supported, repeating 

and refining the model is suggested by experiments using HOC 

with more compound classes and should include investigation 

of the use of Vm
 .  versus M–0.71 as proportionality of the 

diffusion, in order to further improve the accuracy of PS.  

 The afore mentioned uncertainty of the present PS 

methodology is, however, no reason to postpone 

implementation of PS in spatial and temporal trend monitoring 

programs. Guidance for performing PS is available in the 

literature.17 Compared to classical water or biota monitoring, 

the relevance of PS towards risk assessment is much higher 

because of its direct relation to CA being the basis for 

establishing quality criteria.7 The concept of PS is very 

straightforward, essentially adding an artificial medium, a PSd, 

a polymer of constant properties without biotransformation, to 

the ecosystem. For in-situ aqueous PS, the outcome averages 

the variability of the aqueous concentrations, generally 

reflecting a time-weighted average. 

 The properties of PSd being constant is a great advantage 

over natural samples of living organisms, which are inevitably 

associated with considerable natural variability within species, 

and even more between species. Indeed, Chapter 9, S24 and 

S25, show that for persistent HOC monitored by PS using only 

four samplings, the 95% confidence intervals of CL
  were on 

average two times lower than CL
  at TL=4 estimated using 20 

fish sample groups. The  CL
  at TL=4 from fish sampling and 

regression further happen to be of the same level as CL
  by PS, 

or even somewhat lower for fish. This indicates that practically 

speaking, compliance monitoring based on PS would be equally 

protective as chemical monitoring in biota and suitable for 

compliance testing versus the EQS under the European Water 

Framework Directive. Moreover, CL⇌water
  is also a better 

reflection of the actual HOC exposure of organisms, as HOC’s 

CL in fish may be reduced or diminished due to 

biotransformation in fish, e.g. of some DDT compounds and 

BDE 99. PS quantifies the external exposure to HOC and 

includes HOC that are not detected in the tissue but may have 

affected fish’s well-being.  

 To bridge both approaches it was earlier suggested to 

routinely apply PS and apply chemical monitoring of biota only 

in cases where PS data indicate the EQS is approached or 

exceeded.55  

 We should here recall the requirements for fish species for 

monitoring (Section 1.4):  

“Selected species should be abundantly present; 

widespread over the catchment areas, requiring them 

to be adaptable to a wide range of environments, in 

order to avoid the need to use multiple species. 

Although such ideal species for monitoring can thrive 

in all conditions, they should be sedentary to reflect the 

local concentrations of contaminants. Further, the 

species must live long enough to accumulate 

contaminants, have sufficient tissue mass for analysis, 

be of no socio-economic interest and not have a 

protected status. And last, but not least, they should be 

of a size and trophic level to be relevant for the 

protection goal.” 

The application of PS for monitoring HOC is a viable and cost-

effective alternative to biota monitoring, while achieving the 

same protection goals. A SWOT analysis is provided in Table 1 

for information and evaluation. The current practices work, and 

the opportunity to expose PS permanently as fish and sediment 

are, is worth considering, always having a sample of defined 

properties available.  

Table 1   SWOT analysis for chemical monitoring in biota and passive sampling 

  Chemical monitoring in biota  Aqueous passive sampling  
St
re
n
gt
h
s  Direct comparison with EQSbiota 

Risk assessment to human health via fish consumption 
Included in EQSbiota 
Understood by the regulators 

Physical measurement, limited natural interferences 
Applicable if fish are absent 
Includes biodegradable substances 
Low detection limits 

W
e
ak
n
e
ss
e
s 

Suitable fish species may not be available 
Large natural variability of fish data 
Lipid determination and normalization  
High uncertainty in trophic magnification factors 
Trophic chain baseline level required 
Unsuitable for biodegradable compounds 
Both  molluscs/crustaceans  and  fish  must  be  sampled  to 
cover all priority substances 

Long exposure time  
Needs PRC to quantify sampled volume 
Sampler–water partition coefficients are needed  
Only suitable for neutral hydrophobic contaminants 
Comparison with EQS needs conversion 

O
p
p
o
r‐

tu
n
it
ie
s  Find  more  ethical  and  environmentally  friendly  ways  of 

pollution monitoring 
Expose PS permanent like organisms and sediment are  
Long‐term trend monitoring  
Improve understanding by regulators and public 

Th
re
at
s  Diminishing fish stocks 

Negatively affects fish population 
Public aversion to fish killing for monitoring 
Inherent variability gives poor trend detection 

Vandalism, theft of sampler systems 
Negative attitude to PRC use 
Prejudice towards passive sampling as a semi‐quantitative method 
Regulators may remain less interested in passive sampling 
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