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Abstract 

Sampling rates (Rs) for silicone rubber (SR) passive samplers were measured under two different 

hydrodynamic conditions. Concentrations were maintained in the aqueous phase by continuous 

equilibration with SR sheets of a large total surface area which had been spiked with polycyclic 

aromatic hydrocarbons (PAHs) and/or polychlorinated biphenyls (PCBs). Test sheets made of 

the same SR but of much smaller surface area were used to measure the uptake rate. Measured 

Rs decreased with increasing passive sampler-water partition coefficient (Kpw) according to Rs~
-0.08
pwK  under both hydrodynamic conditions. This decrease is not significantly different from 

modeled Rs if the uncertainty of the diffusion coefficients in water (Dw) is included. Modeling 

also confirmed that uptake of the test compounds under the experimental conditions was entirely 

controlled by diffusion in the water phase. A model using Rs ~ M-0.47 is suggested for 

extrapolation of Rs estimated from the dissipation of performance reference compounds (PRCs) 

to target compounds in a higher hydrophobicity range 
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5.1. INTRODUCTION 

Application of passive samplers to monitor the concentrations 

of hydrophobic organic contaminants (HOCs) in aqueous 

media requires calibration data to link the amounts absorbed in 

the sampler to the freely dissolved concentrations (Cw) of target 

compounds1. For substances that attain equilibrium between 

water and the sampling media, passive sampler-water partition 

coefficients (Kpw) are used. If equilibrium is not attained and 

uptake is in the linear phase, sampling rates (Rs) are required in 

order to calculate Cw. Rs is controlled by a range of 

environmental factors including water flow velocity,2,3 

temperature4 and the degree of biofouling on the surface of the 

sampler,5,6 Differences in all these factors are reflected in 

variations in Rs. Correction for this variability can be achieved 

by estimation of Rs from the dissipation rates of performance 

reference compounds (PRCs) spiked into the passive sampler 

prior to exposure. The dissipation rate is equal to the rate of the 

uptake process, and it is equally affected by variability in 

environmental factors.2,7 However, the use of PRCs only allows 

determination of Rs over a small range of hydrophobicity 

(octanol-water partition coefficient, Kow) because PRCs with 

low hydrophobicity (logKow < 5) are released from the sampler 

completely during typical exposure periods of 4 – 6 weeks, 

while very hydrophobic substances (logKow > 6) may need 

months to years to show sufficient dissipation for accurate 

quantification. Knowledge of the relationship between Rs and 

Kow is required in order to apply Rs estimated from dissipation 

of PRCs to compounds in a higher Kow range. 

The reported Rs for semipermeable membrane devices 

(SPMDs) show a linear increase with logKow from low to 

moderately hydrophobic compounds (logKow= 3 to 5), and 

relatively constant Rs for compounds with logKow between 5 

and 6. The lower Rs for the less hydrophobic substances arises 

from the larger transport resistance of the membrane compared 

to the diffusive transport through the water boundary layer 

(WBL). Typically, there is a strong decline of Rs towards very 

hydrophobic compounds (logKow > 6).8,9,10 Huckins et al1 

described the above profile by a third order polynomial function 

of logKow, based on 19 calibration experiments. Vrana et al11 

recently published a similar empirical model for the 

Chemcatcher sampling device using a polynomial that 

described the relation of Rs with Kow, with much stronger 

decline of Rs in the higher Kow range. All these approaches have 

in common that the effects of differences in flow and 

temperature conditions are collected into a single factor that can 

be determined from the dissipation of PRCs. 

Booij et al4 predicted that, for uptake controlled by diffusive 

transport from water to a passive sampler, the Rs value is 

expected to decrease with molecular weight (M) according to 

Rs~M-0.35 or with hydrophobicity according to Rs~Kow
-0.044. A 

much weaker decline than the above polynomials has also been 

observed in some other studies.12,13 

A dosing system that regulates exposure concentrations at 

known constant levels throughout an experiment is necessary 

for the successful calibration of passive samplers. Several 

approaches have been used, including flow-through systems 

with a continuous supply of freshly contaminated water,3,16 

“semi-static” designs with a periodic replacement of exposure 

water,17 and static dosing systems using a C18 silica-bonded 

material spiked with the target compounds,4 a sediment 

suspension2 or a size sorted sediment fraction (63-1000 μm) 

spiked with the target compounds.18 Dosed nominal 

concentrations, however, are easily affected by sorption of 

HOCs on the surface of glassware, and sorption to particulate 

matter or dissolved organic carbon (DOC). To measure the 

freely dissolved concentration in the water phase (Cw) is a 

particular challenge for compounds of high Kow.
14 

Overestimation of Cw can easily occur due to the presence of a 

fraction of the HOC of interest being sorbed to DOC or the 

particulate matter15 that easily will appear during long 

exposures. This fraction will be co-extracted with the freely 

dissolved fraction during the liquid-liquid extraction of water. 

An overestimation of the Cw would lead to underestimation of 

Rs with increasing Kow, particularly for compounds with 

logKow > 6.  

In this study, the relationship between Rs and logKow was 

investigated for a range of polychlorinated biphenyls (PCBs) 

and polycyclic aromatic hydrocarbons (PAHs). An excess 

number of spiked silicone rubber (SR) sheets was used for 

dosing the water phase. The uptake rate of target compounds by 

non-spiked SR passive samplers exposed in the same chamber 

was used to estimate the Rs over large hydrophobic range. The 

concentration in the dosing sheets is equal to the equilibrium 

concentration in the uptake samplers, while Cw in water can be 

calculated from the passive sampler-water partition coefficients 

(Kpw) and data interpretation is not hampered by uncertainty in 

measurement of Cw.  

5.2. THEORY 

The exchange process between a passive sampler and water is 

described by Booij et al2 as: 

)1)(( toot ekeCCCC  
 

1

where t is exposure time for the passive sampler, Ct, Co and C 

are the concentrations of a target compound in the sampler at 

times t, zero, and infinity, respectively, and ke is an exchange 

rate coefficient. Equation 1 is applicable to the uptake of 

contaminants as well as to the release of PRCs. For uptake, Co 

will be zero and eq 1 can be reduced to: 
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)1( tt ekeCC  
 

2

In the dosing system as described here, the equilibrium 

concentration, C∞, of the uptake SR sheets is equal to the 

concentration in the dosing sheets and ke can be estimated from 

measured uptake by the sampler after different exposure 

periods. Note that C∞ equals CwKpw and in that way is linked to 

the concentration in the aqueous phase. 

The uptake SR sheets ca be spiked with a known 

concentration (Co) of the PRCs and their release from the sheets 

will lead to C=0. Consequently, for dissipation of PRCs, eq 1 

can be rewritten as: 

tot ekeCC   
3

Both, eq 2 and 3 can be fitted to experimental data with ke 

as an adjustable variable. From ke, the Rs value can be calculated 

by: 

spwes mKkR 
 

4

where ms is the mass of the sampler. 

A model for estimation of Rs that combines the resistance 

to transport in both the water phase and the sampler, is often 

applied in the passive sampling literature:1  

pwpw

os 11

Kkk

A
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5

where ko is the overall mass transfer coefficient and A is a 

surface area of the sampler, kw and kp are the mass transfer 

coefficients through the WBL and the sampler, respectively. 

The kp can be calculated by:4  

p

pwp
p 

KD
k 

 
6

where δp is half-thickness of the sampler, and pD  is the 

diffusion coefficient in the passive sampler.  

According to hydrodynamical theory kw is considered 

proportional to 2/3
wD ,1,4,19 where wD  is the diffusion 

coefficient in water. By defining F as a proportionality constant 

that depends on flow rate and sampler geometry kw can be 

expressed by: 

3/2
w  DFk 

 
7

Combining eq 5, 6 and 7 results in the following model for Rs: 

pwp
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5.3. EXPERIMENTAL 

5.3.1 Experimental section 

Chemicals and materials used in this study are listed in SI-S1. 

SR sheets of a large total surface area spiked with PCBs and 

PAHs were used as a static dosing system for water in the 

exposure chamber. SR sheets of much smaller surface area 

(uptake sheets) spiked only with PRCs, were deployed in the 

same exposure chamber (Figure 1). The total mass of the dosing 

sheets was more than 10 times greater than that of the uptake 

sheets, ensuring that depletion caused by uptake will not exceed 

10%. Water in the exposure chamber was continually mixed 

during the whole experiment. Two different degrees of 

turbulence were selected to study the rates of uptake of the 

target compounds and of release of PRCs (Figure 1). 

5.3.2 Experiment A 

SR dosing sheets were spiked with PAHs at the level of 1200 

ng g-1 and PCBs at 110-880 ng g-1. They were placed on the 

bottom of a 60-L aquarium which was filled with tap water 

(Figure 1, Experiment A). The dosing sheets were organized in 

the aquarium in such a way that the effective surface area was 

about 13000 cm2. Over the whole experimental period, the 

water temperature was maintained at 18 ± 2C and water was 

continuously circulated. The effective flow velocity of water in 

the aquarium (0.14 cm s-1) was calculated from the volume flow 

rate and the cross-sectional area of the aquarium. The system 

was initially equilibrated by circulating water in the aquarium 

 
Figure 1. The set-up of the calibration experiments: 1-aquarium filled with tap water (experiment A); 2-SR dosing sheets; 3-SR uptake sheets; 4-water pumps 

(experiment A); 5- shaking water bath filled with distilled water (experiment B). 
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for 48 hours. 

Twelve SR uptake sheets (5×10 cm) spiked with deuterated 

PAHs at the level of 30-80 ng g-1 were mounted on the copper 

wire to avoid a contact with each other in the aquarium (Figure 

1, Experiment A). The surface area of the uptake sheets was 

8.5% of the total area of all SR sheets. Exposure periods ranged 

from 0.2 to 63 days, increasing stepwise by a factor of  1.5 

over 12 time steps. Dosing sheets were analyzed at the start of 

the experiment, and after 21 and 63 days of exposure to monitor 

the dosing concentration. Two uptake sheets spiked with 

deuterated PAHs were extracted without deployment for 

estimation of the initial concentrations. 

5.3.3 Experiment B.  

About 100 SR sheets of 13×5 cm, giving a total surface area of 

~14000 cm2, were used as a dosing system. They were spiked 

with PAHs at the level of 1200 ng g-1. Dosing sheets were 

mounted at 7 mm separation distance in two stainless steel 

frames that were fixed to the left and right hand sides of a 

shaking water bath, leaving space in the middle of the bath for 

deployment of uptake sheets (Figure 1, Experiment B). The 

bath was filled with distilled water and temperature was 

maintained at 30 ± 2°C. The bath was covered with a glass plate 

to prevent evaporation and insulated externally with foam to 

avoid temperature gradients in the water compartment. The 

frames carrying the dosing sheets were shaken continuously in 

the water bath, resulting in the effective water flow velocity of 

9 cm s-1. The system was initially equilibrated by shaking the 

bath for 65 hours. 

Twenty-two SR uptake sheets (6.5×5 cm) spiked with 

deuterated PAHs at the level of 500-800 ng g-1 were deployed 

for various time periods using a maximum of 6 sheets at any 

one time. Consequently, the exposure surface area was ~3% of 

that of the dosing sheets. The exposure periods ranged from 0.1 

to 93 days increasing stepwise by a factor of  1.4 resulting in 

22 time steps. Four SR uptake sheets spiked with deuterated 

PAHs were extracted without deployment for estimation of the 

initial (reference) concentrations. In order to assess a possible 

depletion of the target compounds over the exposure period, 

dosing sheets were sampled at the first day of the experiment 

and subsequently after 4, 47, 63 and 93 days. 

5.3.4 Analysis and data processing 

After exposure, each individual SR sheet was wiped with a 

paper tissue, soxhlet-extracted for eight hours in methanol and 

analyzed on GC-MS as described in SI S2.  

A decrease up to 90% in the concentration of naphthalene 

in the dosing sheets was observed at the end of the experiments 

and other more volatile compounds (logKow 3.4-4.5) also 

showed some decrease. This was more prominent in experiment 

A, as the system was open. Naphthalene was excluded from the 

analysis of data from experiment A. For all compounds uptake 

data were excluded if the concentration in the dosing sheets had 

decreased by more than 10%. The remaining uptake data of the 

target compounds for various time periods were fitted in a first 

order uptake model following eq 2 using ke as an adjustable 

variable and optimizing the sum of the squared differences 

between the actual and modeled values to a minimum. The Kpw 

used were adopted from Smedes et al.20 

When estimating ke from the dissipation of PRCs (eq 3), 

release data were included in the model only if the amount in 

the uptake sheets was still more than 5 times that observed in 

the dosing sheets. Due to the dissipation of PRCs from the 

uptake sheets, toward the final stage of the experiment the 

dosing phase became contaminated with a maximum of 5% of 

the initial concentration in the uptake sheets. 

5.4. RESULTS AND DISCUSSION 

5.4.1 Release Versus Uptake 

The use of several pairs of deuterated and non-deuterated PAHs 

allowed direct comparison of the uptake and release processes. 

Curves describing the uptake of chrysene and the release of 

d12-chysene (Figure 2) intersect at about 50% of the 

concentration interval, indicating that the exchange process is 

isotropic. Similar profiles were also observed for other uptake 

compounds and their deuterated analogues. Therefore, the 

release of PRCs can be used for in situ calibration of the uptake 

process.  

The logke estimated from the uptake and dissipation results 

were plotted against logKow and logKpw (SI S3). The relations 

of logke to logKpw have considerably lower standard errors, 0.15 

and 0.09 for experiment A and B respectively, than to logKow 

(0.31 and 0.18). This is likely because logKpw describes the 

affinity of the sampling material better than logKow.  

Figure 2. The uptake of chrysene () and release of d12-chrysene (○) by 

the SR passive sampler. Concentrations are plotted relative to the dosing

concentration C∞ for the uptake and to the initial concentration Co for the 

release.  
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5.4.2 Rs – Kpw Relationship 

Using eq 4, Rs were calculated from the estimates of ke (SI S4) 

and in Figure 3 logRs were plotted versus logKpw. For both 

experiments, the slopes are significantly different from zero 

(p < 0.002), but not from each other. Combining the results of 

both experiments and using an average slope gives the 

following relation for Rs: 

log log 08.0log pws  KR     or 

                                                 08.0
pws
KR   

9

where logβ equals the intercept in Figure 3 and fulfills a similar 

function as the exposure adjustment factor (EAF) described by 

Huckins et al.7 The impacts of variables like temperature and 

hydrodynamics are collected in such a factor. Consequently, the 

intercept in Figure 3 is larger for the higher flow conditions in 

experiment B than in experiment A. However, whereas the EAF 

is a unitless factor to represent the difference between field and 

laboratory conditions, β has the same units as Rs and the value 

equals the hypothetical sampling rate for Kpw=1.  

In field conditions, β can be estimated from Rs calculated 

from the measured dissipation of PRCs (eq 3 and 4). When both 

β and Kpw are known, Rs for target compounds can be calculated 

(extrapolated) to a higher hydrophobicity range. It should be 

noted that the reliability of Rs obtained is strongly dependent on 

the uncertainty of β. The reliability of β depends (1) on the 

precision of the dissipation measurements for PRCs (Ct/Co) and 

(2) on the accuracy of their Kpw. Note that the Rs obtained from 

PRCs is directly proportional to Kpw (eq 4), therefore accurately 

measured Kpw are required. However, in the extrapolation of Rs 

to a higher hydrophobicity range of target compounds, the 

dependency of Rs on Kpw is much weaker, i.e. Rs ~ 
-0.08
pw K . 

Therefore, Kow or M can be used as approximate alternatives if 

Kpw is not available. For the compounds investigated in this 

work, Rs was proportional to -0.079
ow K  and 76.0M  (SI S5). 

5.4.3 Theoretical Model for Sampling Rate 

In addition to the empirical approach described above, Rs can 

also be derived from mass transfer coefficients, as in eq 8. 

Basically all parameters, except for F, are known or can be 

estimated. The surface area A (m2) and a half thickness δp (m) 

of the sampler are predetermined by the sampler selection. 

Diffusion coefficients of the compounds in the SR polymer 

(m2 s-1) are available from Rusina et al.21 Experimental Dw 

(m2 s-1) of HOCs in water are scarce but several empirical 

equations exist that predict Dw from molecular volume 

(Vm)22,23,24 or M.25,26 Calculated Dw vary by a factor 1.3 to 1.8 

between models and Dw decreases by a factor ranging between 

1.3 and 2.4 from naphthalene to PCB204.  

It is outside the scope of this paper to evaluate which 

method may be the most reliable. We chose the Hayduk and 

Laudie equation22 to estimate the Dw, adopting the Vm collected 

by Huckins et al.1 No Vm were available for deuterated 

compounds. For these substances, Dw was lowered equal to the 

shift in Dw observed with their hydrogenated analogues when 

applying the M based equation for Dw.25 

Predicted Rs using eq 8 were recalculated to L d-1 and fitted 

to the experimental Rs with F as an adjustable variable. In 

Figure 4, the fitted model predicted and measured logRs are 

plotted against logDw. For the extension of the model to the left 

(higher Dw), Dp and Dw were estimated from their relation with 

Kpw. The model fitting eq 8 to the data (solid line) shows for Rs 

a downward curvature at higher Dw where uptake gets 

controlled by transport resistance in the polymer mainly as an 

effect of decrease in Kpw. This decrease in Rs occurs at higher 

Kpw when flow conditions increase (A to B) and consequently 

Figure 3. Plot of logRs normalized per 100 cm2 versus logKpw in the

experiments A and B for PAHs ( ), deuterated PAHs used as PRCs ( ) 

and PCBs (○).  

 
Figure 4. Relation of measured log Rs normalized per 100 cm2 to logDw (22) 

(dashed line with the regression data on the right hand side). The grey area 

represents the confidence interval of the regression line. The solid line 

represents the modeled log Rs using eq 8 and the dotted line using eq 10. 

The upper x-axis shows the log Kpw approximately corresponding to the 

compounds plotted. The symbols are as specified in Figure 3. 
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transport through the water phase increases. The tested 

compounds, however, all fall in the linear range of the curve 

where uptake is controlled by diffusion in the WBL. Note that 

in experiment B for naphthalene an experimental Rs value of 25 

L d-1 was observed while for F=, infinite fast transport 

through the WBL, eq 8 gives a Rs of over 500 L d-1 (A=100 

cm2). This means that in the applied flow and Kpw range uptake 

is entirely controlled by transport through the WBL, and eq 8 

simplifies to:  

2/3
ws   DFAR 

 
10

Basically eq 10 has a similar form as the empirical relation (eq 

9) but 2/3
wD  is used instead of

08.0
pw
K . In Figure 4, logRs 

calculated using eq 10 is plotted versus logDw (dotted line). Due 

to the log scale, the slope is equal to 2/3. 

5.4.4 Using Different Diffusion Equations 

The fitted model relations in Figure 4 agree well with the 

experimental data, but for both experiment A and B the actual 

slopes for the experimental data (dashed line) are about a factor 

two greater than the slope of the model (1.5 instead of 2/3). 

Individually, the slopes are not significantly different from the 

model but the average slope of both datasets is. Similar 

significant differences were observed between the modeled and 

experimental results when related to logKpw, logKow, logM and 

logVm (S7). However, this assessment ignores the uncertainty 

in the estimates of Dw, while, as noted above, different 

equations give different estimates of Dw.  

In Table 1 the slopes (average of experiment A and B) are 

listed when relating experimental logRs to the logDw obtained 

from 5 different equations. The slopes ranging from 1.07-2.7 

are all larger than the 2/3, applied in the theoretical model. The 

Sutherland-Einstein24 equation shows the largest difference 

(factor 4 higher) and Schwarzenbach26 the lowest (factor 1.4 

higher). The latter is the only equation for which the slope is 

not significantly different from 2/3. 

The slopes of experimental logRs related to logs of Kpw, Kow, 

M and Vm (Table 1, row, headed experimental) compared to 

slopes of modeled logRs related to the same variables show 

similar significant differences. This is not surprising as Dw, Kpw, 

Kow, M and Vm are all somehow related. Again, the model using 

Dw according to Schwarzenbach et al26 gives the closest 

agreement with the experimental data.  

5.4.5 Uncertainty of LogKpw  

Experimental Rs are heavily depending on Kpw. If the Kpw has a 

negative bias, a lower value will be obtained for Rs. The Kpw 

used in this study20 were obtained using a cosolvent model that 

limits the potential impact of non-dissolved material present in 

the water phase on the final result. Published data for the same 

SR polymer are rare.27,28. Yates et al27 applied the cosolvent 

model but used volume instead of mole fraction for 

extrapolation; a model that was shown to be inadequate (20). 

For PCB Ter Laak et al (28) reported Kpw for PCBs which agree 

very well with Kpw from Smedes et al,20 except for a bias of 0.25 

log units what will not affect the trend of Rs. In addition for 

other PDMS polymers Kpw for PAHs and PCBs are available in 

literature that often agree with or without a bias, or show lower 

values for the more hydrophobic compounds.20 Lower values 

for the more hydrophobic compounds would cause a steeper 

and curved slope in the experimental data more differing from 

the theoretical model. 

5.4.6 Other Models or Approaches 

Various hypotheses or empirical relationships have been 

developed to relate Rs to hydrophobicity. All approaches apply 

PRCs which correct for variability in field conditions. From the 

model of Booij et al,4 only the term for WBL controlled uptake 

(~Kow
-0.044), valid for logKow > 5, is relevant in the current 

study. Other published relationships are the polynomials of 

Huckins et al1 for SPMDs and Vrana et al11 for Chemcatcher. 

In Figure 5, these models are plotted against logKow, together 

with the experimental relations from the current study, and the 

theoretical model using Dw from 5 different equations.  

Table 1 Average slopes of experimental and modeled logRs correlated with various compound properties 

  logDw
a  logKpw  logKow  logM  logVm 

  Experimentalb  ‐0.08 (0.03)c  ‐0.08 (0.03)  ‐0.76 (0.28)  ‐0.93 (0.38) 

Hayduk & Laudie22  1.56 (0.65)c  ‐0.030d  ‐0.033  ‐0.26  ‐0.39 

Schwarzenbach26  1.07 (0.39)  ‐0.053  ‐0.057  ‐0.47  ‐0.67 

Wilke & Chang23  1.53 (0.64)  ‐0.030  ‐0.033  ‐0.27  ‐0.40 

Worch25  1.44 (0.52)  ‐0.040  ‐0.042  ‐0.36  ‐0.50 

Sutherland‐Einstein24  2.71 (1.19)  ‐0.016  ‐0.018  ‐0.14  ‐0.21 

a Column shows slope of experimental logRs versus logDw, (Dw from 5 different literature sources). b Row shows slope of experimental logRs versus 

compound property parameter in head-row. c The confidence intervals are given between brackets. d Data in italic are slopes of modeled logRs (using 

Dw from 5 different literature sources, left-column) versus various compound property parameter as listed in the top-row. 



    Calibration of silicone rubber passive sampler–water exchange 

91 

The variation in Dw causes about a factor 3 difference in the 

slopes of the models for extrapolation of Rs to higher 

hydrophobicity, i.e. Rs ~ -0.02
ow K  – -0.06

ow K . All theoretical 

models using Dw have slightly lower slopes than the 

experimental relation (~ -0.08
ow K ). The model of Booij et al4 is 

based on Dw adopted from Worch25 and consequently the slope 

is equal to the modeled line based on Dw following Worch.25. 

Examining the graphs in (Figure 4) indicates that under WBL 

controlled uptake the experimental Rs seems to decrease 

slightly more with hydrophobicity than the model prediction, 

similar to the findings in this paper. 

The polynomial models of Huckins et al1 for the SPMD and 

of Vrana et al11 for the Chemcatcher include membrane 

controlled uptake in the low logKow range and in the higher 

range (logKow > 5) the uptake is considered WBL controlled. 

The shapes of the polynomial curves are broadly similar, but 

the latter is steeper on the hydrophilic as well as on the 

hydrophobic side. In the range where uptake is WBL controlled 

(logKow > 5) the polynomials suggest Rs ~ Kow
-0.26 and ~ Kow

-0.85 

for SPMD and Chemcatcher, respectively. The experimental 

data for SR in this paper show Rs ~ Kow
-0.08, which is in closer 

agreement with theoretical models. It can also be noted that for 

SR samplers no decline in Rs is observed towards more 

hydrophilic compounds as low as logKow=3 (see also Figure 4). 

This is the effect of the 2.5 log units higher diffusion 

coefficients in SR compared to low density polyethylene21 that 

is used as membrane in both SPMD and Chemcatcher. 

5.4.7 Practical Application 

Specific Rs are required for all compounds to estimate freely 

dissolved concentration in water from uptake by passive 

samplers. The uptake by SR passive samplers is purely WBL 

controlled, resulting in a simple relation between Rs and Dw. 

Considering the uncertainty in the modeled values as well as the 

experimental results, the choice of which values to use for Dw 

is pragmatic. We suggest that the model based on Dw using the 

relation of Schwarzenbach et al26 for Dw is used until future 

measurements provide a more accurate model. The values using 

this model were not significantly different from the 

experimental data (Table 1). Inserting this relation26 for Dw in 

eq 10 gives: 

BMAR   -0.47
s 

 
11

where B is a constant that combines F and all factors that are 

required to fit the units. In situ calibration includes the 

determination of Rs from dissipation of PRCs using eq 3 and 4. 

Before using Rs values obtained from PRCs, it should be 

verified that they were not reduced by membrane resistance. If 

F=, eq 8 will give hypothetical Rs for pure membrane-

controlled uptake: 

p

pwpmem
s 

KD
AR 

 
12

The Rs values measured through PRCs should be, for 

example, more than 20 times lower than the sampling rate of 

the membrane controlled uptake only. If so, the measured Rs 

values can be used for calculation of B values (eq 11). Outliers 

for B can easily occur from incidental high uncertainty in Ct/Co 

if dissipation of PRCs is very low or very high. To exclude such 

outliers, the median B value gives a practical final estimate. 

Alternatively, a weighted averaging method can be applied 

using the uncertainty in Ct/Co and possibly in Kpw of the PRCs, 

to compose a weighting factor. Using B, the Rs of individual 

target compounds in the higher hydrophobicity range can be 

estimated on the basis of eq 11. Extrapolation to a lower 

hydrophobicity range is only possible if it can be verified that 

membrane resistance is not relevant. Normally such an 

extrapolation is not required, as compounds more hydrophilic 

than the PRCs will have achieved equilibrium. 
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Figure 5 Modeled (solid lines) and experimental (dashed lines) relations of
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for estimation of Dw. Further is shown: a model described by Booij et al (4), 

the experimental relation of this work and two empirical polynomial
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arbitrary chosen to make the figure readable and have no meaning. 
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S1  Materials 

 

Standards of 16 PAHs used for dosing, and a number of their deuterated analogues used as PRCs (see S4), were 

obtained from Supelco (Sigma-Aldrich, Prague, Czech Republic). The technical mixture of PCBs Clophen A50 (Dr. 

Ehrenstorfer, Augsburg, Germany) was used for spiking dosing sheets. p-terphenyl (Oekanal, Labicom, Czech 

Republic) and PCB 121 (Dr. Ehrenstorfer, Augsburg, Germany) were used as the quantification internal standards. 

All solvents used in this work were pesticide grade or equivalent. A HAAKE SWB25 shaking and heating water bath 

was obtained from Fisher Scientific (Landsmeer, The Netherlands). SR sheets (AlteSilTM translucent material, 

0.50.05 mm thickness) were purchased from Altecweb (UK). All SR sheets were pre-extracted in ethyl acetate and 

methanol prior to experiments to remove oligomers and other impuritiesS1. SR sheets were spiked with the target 

compounds and PRCs according to Booij et al.,S2, with a final mixture of 30% (v/v) methanol in water. 

 

S2  Analysis and QA/QC measures. 

 

After exposure, each sheet was wiped with a paper tissue and Soxhlet-extracted for eight hours in methanol. Extracts 

were concentrated in a Kuderna-Danish apparatus to ~1 mL and solvent-changed to hexane (15 mL of hexane was 

added and the solution was concentrated in a Kuderna- Danish apparatus to ~1.5-2 mL). The final extract was reduced 

to 1 mL under a gentle N2 stream. Internal standards (p-terphenyl and PCB 121) for quantification were added to the 

concentrated extracts. Analysis was performed using a gas chromatograph coupled to mass spectrometry (GC/MS: 

HP 6890-HP 5972) equipped with a fused silica column (60 m, 0.25 mm i.d.) coated with 0.25-m film of a stationary 

phase (5%-phenyl-95%-methylpolysiloxane, J&W Scientific, Folsom, CA, USA), using He as a carrier gas. Samples 

(1 µl) were injected in a splitless mode with the injector temperature set to 250 C. The temperature program started 

at 80 C, held for 1 min, raised to 180 C at 15 C min-1, and to 300 C at 5 C min-1, with a final hold of 20 min at 

300 C.  

The internal standard calibration method used standard solutions prepared from Promochem PAH MIX 27 standard 

mixture, NIST PCB standard mixture, p-terphenyl and PCB 121. The calibration solutions at high and low 

concentration levels were periodically checked between the sample measurements. The results varied by less than 

10%. Laboratory blanks were processed following the same extraction and analytical procedures as the samples to 

assess the purity of solvents and possible contamination during the sample preparation. Laboratory blanks were always 

lower than 1% of the amount found in the samples. Furthermore, two pre-extracted non spiked SR sheets (6.5×5 cm) 

were treated as the samples to determine the blank level in the SR sheets.  
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S3   Log ke values plotted versus log Kow and log Kpw 

 

Plot of measured log ke values versus log Kow and log Kpw for PAHs ( ), deuterated PAHs used as PRCs  

( ) and PCBs (○). 
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S4  Selected properties of PAHs and PCBs and sampling rates (Rs) measured for SR 
passive sampler 

 

  M 

(g mol‐1) 

log Kowb,c  log Kpwe 

(L kg‐1) 

measured Rs    

(L d ‐1 for 100 cm2) 

        Exp A  Exp B 

Naphthalene  128.2  3.37  3.03  ‐  25.6 

Acenaphthene  154.2  3.92  3.62  0.9  23.5 

Acenaphthylene  152.2  4.00  3.26  0.7  19.1 

Fluorene  166.2  4.18  3.79  1.1  22.5 

Anthracene  178.2  4.54  4.21  1.5  19.6 

Phenanthrene  178.2  4.57  4.11  1.5  23.9 

Pyrene  202.3  5.18  4.68  2.0  21.9 

Fluoranthene  202.3  5.22  4.62  1.9  23.6 

Chrysene  228.3  5.86  5.25  1.7  19.4 

Benz[a]anthracene  228.3  5.91  5.32  1.5  14.5 

Benzo[b]fluoranthene+ 
Benzo[k]fluoranthene 

252.3  5.90  5.74  1.8  17.1 

Benzo[a]pyrene  252.3  6.04  5.69  ‐  14.2 

Dibenz[a,h]anthracene  278.3  6.75  6.24  0.9  9.8 

Benzo[ghi]perylene  276.3  6.50  6.02  1.3  14.1 

Indeno[1,2,3‐cd]pyrene  276.3  6.50  6.06  1.1  9.5 

d8‐Naphthalenea  136.2  3.32d  3.02  ‐  19.3 

d10‐Anthracenea  188.2  4.49d  4.19  2.8  ‐ 

d10‐Phenanthrenea  188.2  4.52d  4.06  ‐  12.9 

d10‐Fluoranthenea  212.3  5.17d  4.56  2.6  16.2 

d10‐Pyrenea  212.3  5.13d  4.64  3.2  ‐ 

d12‐Chrysenea  240.3  5.81d  5.21  1.8  16.5 

d12‐Benzo[e]pyrenea  264.3  6.00d  5.58  ‐  20.1 

d12‐Perylenea  264.3  6.20d  5.49  ‐  17.9 

PCB 18  257.5  5.24  5.23  1.0  ‐ 

PCB 28  257.5  5.67  5.53  1.1  ‐ 

PCB 31  257.5  5.67  5.49  1.0  ‐ 

PCB 44  292.0  5.75  5.82  1.0  ‐ 

PCB 47  292.0  5.85  5.78  0.8  ‐ 

PCB 49  292.0  5.85  5.88  0.9  ‐ 

PCB 52  292.0  5.84  5.80  1.0  ‐ 

PCB 56  292.0  6.11  6.04  1.0  ‐ 

PCB 66  292.0  6.20  6.03  0.9  ‐ 

PCB 85  326.4  6.30  6.24  0.6  ‐ 

PCB 87  326.4  6.29  6.34  1.0  ‐ 

PCB 97  326.4  6.29  6.21  0.7  ‐ 
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S4   continued 

 

  M 

(g mol‐1) 

log Kowb,c  log Kpwe 

(L kg‐1) 

measured Rs    

(L d ‐1 for 100 cm2) 

        Exp A  Exp B 

PCB 99  326.4  6.39  6.37  0.8  ‐ 

PCB101  326.4  6.38  6.28  0.7  ‐ 

PCB105  326.4  6.65  6.42  1.0  ‐ 

PCB110  326.4  6.48  6.30  1.1  ‐ 

PCB118  326.4  6.74  6.42  0.9  ‐ 

PCB128  360.9  6.74  6.76  1.0  ‐ 

PCB137  360.9  6.83  6.82  0.9  ‐ 

PCB138  360.9  6.83  6.77  1.0  ‐ 

PCB141  360.9  6.82  6.70  0.9  ‐ 

PCB149  360.9  6.67  6.64  1.0  ‐ 

PCB153  360.9  6.92  6.72  1.5  ‐ 

PCB156  360.9  7.18  6.72  0.8  ‐ 

PCB170  395.3  7.27  7.10  0.8  ‐ 

PCB180  395.3  7.36  6.99  0.7  ‐ 

PCB187  395.3  7.17  6.87  0.6  ‐ 

adeuterated PAHs used as PRCs 
blog Kow for PAHs adopted from Mackay et al.S3 
clog Kow for PCBs adopted from Hawker and Connell.S4 
dfor deuterated PAHs log Kow was set 0.05log units lower than for their non-deuterated analogues.S5 
elog Kpw adopted from Smedes et al.S5 
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S5   Plot of experimental log Rs values versus log Kow and log M 

 

Relationships of experimental log Rs (normalized per 100 cm2) versus log Kow (S5a) and log M (S5b) for 

PAHs ( ), deuterated PAHs used as PRCs ( ) and PCBs (○). 
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S6   Equations used to estimate diffusion coefficients in water (DW) 

 

Hayduk and Laudie.S6 
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µ viscosity of the solvent (centi Poise) 
Vm molecular volume (cm3 mol-1) 
 
Schwarzenbach et al.S7 
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Wilke and Chang.S8 
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Worch.S9 
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 viscosity of solvent (Poise) 
M~  was considered equal to Vm 
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S7  Modeled and experimental Rs related to compound properties: Kpw, Kow, M and Vm 

 

Modeled log Rs values using eq 7 and Dw from Hayduk and Laudie (6) (solid line) related to different 

compound properties: log Kpw (S7a), log Kow (S7b), log M (S7c) and log Vm (S7d). Similarly experimental 

log Rs values were plotted versus the same compound properties (dashed line). Relations of modeled Rs 

values to compound properties (left) have the same slope for experiments A and B and only differ in 

intercept. The regression parameters for the experimental relation are given on the right side in the graph. 

Symbols are the same as in S5. 

 

S7–A 

 

S7–B 

 

y = -0.030x + 1.39

y = -0.030x + 0.18

y = -0.077x + 1.61

R2 = 0.430

y = -0.086x + 0.49

R2 = 0.253

-1

0

1

2

2 3 4 5 6 7 8

log Kpw (L kg-1)

lo
g 

R
s

(L
 d

-1
)

Exp B

Exp A

y = -0.030x + 1.39

y = -0.030x + 0.18

y = -0.077x + 1.61

R2 = 0.430

y = -0.086x + 0.49

R2 = 0.253

-1

0

1

2

2 3 4 5 6 7 8

log Kpw (L kg-1)

lo
g 

R
s

(L
 d

-1
)

y = -0.030x + 1.39

y = -0.030x + 0.18

y = -0.077x + 1.61

R2 = 0.430

y = -0.077x + 1.61

R2 = 0.430

y = -0.086x + 0.49

R2 = 0.253

y = -0.086x + 0.49

R2 = 0.253

-1

0

1

2

2 3 4 5 6 7 8

log Kpw (L kg-1)

lo
g 

R
s

(L
 d

-1
)

Exp B

Exp A

log Kow

lo
g 

R
s

(L
 d

-1
)

y = -0.033x + 1.41

y = -0.033x + 0.21

y = -0.075x + 1.63

R2 = 0.428

y = -0.084x + 0.50

R2 = 0.195

-1

0

1

2

2 3 4 5 6 7 8

Exp B

Exp A

log Kow

lo
g 

R
s

(L
 d

-1
)

y = -0.033x + 1.41

y = -0.033x + 0.21

y = -0.075x + 1.63

R2 = 0.428

y = -0.084x + 0.50

R2 = 0.195

-1

0

1

2

2 3 4 5 6 7 8

log Kow

lo
g 

R
s

(L
 d

-1
)

y = -0.033x + 1.41

y = -0.033x + 0.21

y = -0.075x + 1.63

R2 = 0.428

y = -0.084x + 0.50

R2 = 0.195

y = -0.084x + 0.50

R2 = 0.195

-1

0

1

2

2 3 4 5 6 7 8

Exp B

Exp A



    Calibration of silicone rubber passive sampler–water exchange 

101 

S7–C 
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