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Abstract 

A promising concept for sampling contaminants of emerging concern (CECs) using a home-

made Simple Teabag Equilibrium Passive Sampler (STEPS) containing hydrophilic 

divinylbenzene (h–DVB) sorbent is presented and evaluated for application in estuarine systems. 

The uptake of a multi-class mixture of CECs with a broad polarity range (Log P ranging from -

0.1 to 9.9) was investigated in static exposure batch experiments. Sampling rates (  ) and 

equilibrium partitioning coefficients (   ) were determined for up to 74 CECs. Fast uptake (Rs = 

0.3 – 12 L d
-1

) was noticed and the STEPS attained equilibrium partitioning after 1 to 2 weeks of 

exposure, with Log      ranging from 4.1 to 6.5 L kg
-1

. Field application of this novel h–DVB 

containing STEPS, followed by ultra-high performance liquid chromatography coupled to high-

resolution Orbitrap mass spectrometry, revealed the presence of up to 40 steroidal hormones, 

(alkyl)phenols, phthalates, pharmaceuticals, personal care products, and pesticides in the Belgian 

Part of the North Sea. The measured trace concentrations (from 0.003 ng L
-1 

to 1.9 µg L
-1

) and 

good precision (average RSD < 30%, n = 3) demonstrate the STEPS as fit-for-purpose for 

micropollutant analysis in the marine environment. 

Keywords 

micropollutant; passive sampling; sampling rate; equilibrium partitioning; Teabag; marine 

environment 
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1. Introduction 

The occurrence of organic contaminants in the aquatic environment and their wide-ranging 

effects on the quality of life has prompted research into developing sensitive monitoring tools, 

with most focus so far on freshwater bodies. The quality of the marine environment still remains 

underinvestigated owing to challenges related to sampling and ultra-trace concentrations (Arpin-

pont et al., 2016). Conventional monitoring programs mostly rely on active grab sampling of the 

water phase (Kot et al., 2000). However, spatial and temporal variations tend to substantially 

increase the required number of samples necessary for a comprehensive picture of aquatic 

contamination, leading to a costly and time-consuming procedure (Guibal et al., 2018; Vrana et 

al., 2005). Other limitations, such as the large water volume (> 1 L) needed to concentrate trace 

compounds and the different sample preparation protocols of grab sampling, have paved the path 

for improved sampling methods (Gong et al., 2018; Gunold et al., 2008). In this context, passive 

sampling has emerged as a promising alternative to overcome these difficulties. In passive 

samplers, the difference in chemical potential between the aqueous and sorbent phase triggers the 

transport of contaminants from the water phase to the sampler material through diffusion 

(Górecki and Namienik, 2002; Schintu et al., 2014). Benefits of passive sampling include the in-

situ accumulation and pre-concentration of trace compounds, and the possible use in 

eco(toxico)logical studies as passive dosing devices (Jahnke et al., 2016; Kot et al., 2000; 

Seethapathy et al., 2008). 

In general, passive samplers can be used in two different modes; i.e. the kinetic and the 

equilibrium sampling mode. Samplers aiming at polar compounds (Log P < 4) typically work in 

the kinetic sampling mode. Here, the sampler acts as an infinite sink for the contaminants of 

interest which implies that contaminant uptake remains linear over time, i.e. without sorbent 
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saturation, owing to the presence of diffusion limiting membranes (Alvarez et al., 2004; Ibrahim 

et al., 2013). As such, the time weighted average (TWA) concentration (    , ng L
–1

) can be 

estimated from the mass of compound sampled, using the sampling rate (  , L d
-1

) and the 

exposure time. In contrast, passive samplers focusing on non-polar compounds (Log P = 4 – 6) 

typically lack diffusion limiting membranes and have different sorbent characteristics which 

makes them applicable for equilibrium sampling, although mechanical support increasing the 

water flow or turbulence might be needed to attain equilibrium partitioning for highly non-polar 

compounds (Log P ≈ 6) within appropriate exposure times (Smedes and Booij, 2012; Vrana et 

al., 2005; Vrana et al., 2019). In terms of applicability and quantification, attaining equilibrium 

in passive sampling is advantageous as only the sampler-water partitioning coefficient (   , L 

kg
-1

) is required to estimate the aqueous concentration (  ), and exchange kinetics being 

dependent on e.g. turbulence do not need to be quantified. Moreover, and as a particular driver 

for this work, equilibrium passive sampling provides a clear benefit and high potential in view of 

an integrated toxicological assessment of the sampled chemicals. By combining equilibrium 

passive sampling with passive dosing, the original concentration profile of the field mixture can 

be reproduced in bioassays as contaminants diffuse back into the test medium until equilibrium is 

reached (Claessens et al., 2015). Yet, in order to perform these tests in a holistic manner, suitable 

equilibrium passive samplers are required for both non-polar and polar compounds.  

To perform equilibrium sampling, the sorbent should have fast uptake rates and high affinity 

for a wide range of contaminants. Our previous work showed that hydrophilic divinylbenzene 

(h–DVB) is a good sorbent candidate, since it is capable of capturing a large set of contaminants 

with highly varying physical-chemical properties (Huysman et al., 2019b). In this context, and 

aiming at an as high as possible uptake rate, a Simple Teabag Equilibrium Passive Sampler, 
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hereafter referred to as STEPS, was designed comprising of 20 mg h–DVB enclosed by a nylon 

mesh. Similar designs, yet with other types of sorbent, have been proposed in very few studies 

for a small number of analytes such as N-nitrosodimethylamine (Kaserzon et al., 2011) and some 

micro-algae toxins (MacKenzie et al., 2004). This paper, however, focuses on the uptake kinetics 

and capacity for a broad set of contaminants of emerging concern (CECs) within a large polarity 

range (Log P between -0.1 and 9.9). The specific objectives were (i) to determine quantitative 

uptake calibration data     and      for a multi–compound–class selection of environmentally 

relevant contaminants on the developed h–DVB containing STEPS, (ii) to elucidate its potential 

as an equilibrium sampler, and (iii) to evaluate – as a first proof of concept – its field application 

in the Belgian Part of the North Sea. 

2. Materials and methods 

 Chemicals and materials  2.1.

For this study, 115 environmentally relevant organic contaminants were selected based on 

previous work (Huysman et al., 2017, 2019a; Vanryckeghem et al., 2019). The selected 

compounds cover 6 major therapeutic classes; i.e. 44 steroidal hormones, 4 (alkyl)phenols (APs), 

14 phthalates, 25 pharmaceuticals (PhACs), 4 personal care products (PCPs), and 24 pesticides. 

More details concerning the target compounds can be found in the Supporting Information (SI, 

Table S.1). Reference ocean water was prepared according to the ASTM D1141-98 standard 

procedure (ASTM International, 2003). Speedisks
®
 (400±5 mg sorbent, Avantor Materials) were 

purchased from Filter Services (Eupen, Belgium) to obtain the h–DVB sorbent. Oasis
®
 HLB 

cartridges (6 mL, 200 mg sorbent and 6 mL, 500 mg sorbent) were bought at Waters (Brussels, 

Belgium). Whatman GF/D glass fiber filters (2.7 µm, 90 x 90 mm) were supplied from Novolab 

NV (Geraardsbergen, Belgium), and nylon net filters (NY200470; porosity 14%; pore size 20 
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µm) were obtained from Merck Chemicals NV (Overijse, Belgium). More details on the 

suppliers and used materials is given in SI. 

 Development of the STEPS  2.2.

Nylon net filters (4 x 3 cm) were pre-cleaned using methanol/acetonitrile (50/50, v/v%) and 

dried at room temperature for approximately 1 hour. Speedisks containing the h–DVB sorbent 

(Huysman et al., 2019b) were pre-conditioned with 20 mL of methanol/acetonitrile (50/50, 

v/v%) (Vanryckeghem et al., 2019) or water/acetonitrile (95/5, v/v%) (Huysman et al., 2017) 

followed by 20 mL of HPLC water. Afterwards, a 20 mg portion of the pre-conditioned h–DVB 

was removed from the Speedisk and enclosed by the nylon net filter which was later heat-sealed 

(Figure 1). Subsequently, holes were made in the net filter – by heat-sealing – to allow the 

STEPS to be fixed on a deployment device. The STEPS were finally submerged in wide mouth 

glass jars filled with deionized water until application. 

 

Figure 1. STEPS developed using heat-sealed nylon net filters. The h–DVB can be seen in the lower left 

corner of the STEPS. 
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 Static exposure batch experiments  2.3.

   and     values of the selected CECs on the STEPS – as well as on freely dispersed sorbent 

(without nylon mesh housing; used as a benchmark) – were experimentally determined using 

static exposure batch systems (Bayen et al., 2014; Jeong et al., 2018). Eleven glass beakers with 

800 mL reference ocean water (pH 8), spiked with the target compound mixture (n = 115), were 

placed under continuous stirring (100 rpm, 50 cm s
-1

) inside a temperature-controlled (6°C, being 

representative for North Sea water in colder seasons) dark room. The initial mixture 

concentrations (1.5 nmol L
-1

 for each compound) and the applied sorbent/water ratios (25 

mgsorbent L
-1

) were chosen based on the analytical ability to quantitatively measure the (difference 

in) CEC concentrations before and after sorptive uptake. The latter was followed by monitoring 

the dissolved water concentrations as well as the accumulated concentrations in the passive 

sampler at 0, 1, 2, 4, 6, 8, 12, 24, 48, 96 and 168h after the addition of the STEPS or freely 

dispersed h–DVB into the water phase. At each time-point, a different beaker was removed from 

the temperature-controlled room. Next, the STEPS or freely dispersed sorbent were isolated from 

the water phase. Each STEPS was cut open using pre-rinsed scissors, and the sorbent together 

with the nylon net filter was loaded on an empty Speedisk housing containing a Whatman glass 

fiber filter. Similarly, the dispersed sorbent was separated from the water phase by filtering the 

content of each beaker over an empty Speedisk housing (Huysman et al., 2019b). Afterwards, the 

water and passive sampler/sorbent phases were separately handled according to the procedures 

described in the Section “Sample extraction and instrumental analysis”. In addition, separate 

batch experiments were performed with only the nylon mesh of the STEPS (without h–DVB), 

added to beakers with spiked ocean water, in order to clarify to what extent sorption occurred 

onto the mesh. 
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 Field deployment and retrieval of STEPS  2.4.

STEPS were attached to a stainless-steel cage. According to the scheme depicted in Figure S.1, 

each time six samplers were deployed for 1, 2, 3 and 4 weeks between 29 March and 17 May 

2018 in two harbors of the Belgian Part of the North Sea (BPNS); i.e. (i) the harbor of Zeebrugge 

(HZ) and (ii) the harbor of Ostend (HO) (Figure S.2). Also duplicate field blank passive samplers 

(handled in the same way as the field samplers except deployment) were included and showed no 

quantifiable contamination during handling and transport. Immediately after retrieval, the STEPS 

surfaces were carefully cleaned using paper tissues and transported to the laboratory to be 

handled as described in the Section “Sample extraction and instrumental analysis”. 

Simultaneously, active sampling was done by collecting triplicate grab samples at each 

deployment and retrieval time of the passive samplers (Figure S.1) using 5 L Niskin bottles. 

Conductivity and salinity values of the seawater samples and the reference ocean water used in 

the static exposure batch experiments are summarized in Table S.2. 

 Sample extraction and instrumental analysis  2.5.

Out of the six deployed passive samplers, three were used for the analysis of pharmaceuticals 

and personal care products (PPCPs) and pesticides, and another three were used for analysis of 

steroidal hormones, APs and phthalates. The concentration of the target compounds in the 

passive samplers was determined as follows. The extraction of steroidal hormones consisted of 

washing the STEPS/dispersed sorbent with 20 mL HPLC grade water, vacuum drying, and 

sequential elution with 5 mL pure acetonitrile and 5 mL acetonitrile acidified with 0.1% formic 

acid. The APs and phthalates were extracted by washing with 8 mL HPLC grade water, followed 

by vacuum drying, and elution with 9 mL acetonitrile acidified with 0.1% formic acid. The 

extraction of PPCPs and pesticides was performed by first washing the sorbent with 18 mL 
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HPLC grade water, followed by vacuum drying and elution with 10 mL methanol/acetonitrile 

(50/50, v/v %). The water phase was handled with appropriate solid-phase extraction (SPE) 

cartridges (Speedisk or Oasis HLB cartridges) as detailed in previous work (Huysman et al., 

2017, 2019a; Vanryckeghem et al., 2019). Extracts of both sampler and water phases were 

evapo-concentrated and reconstituted in 150 µL methanol/water (40/60, v/v %) for the steroidal 

hormones; in 150 µL acetonitrile/water (95/5, v/v %) for the APs and phthalates; and in 1 mL 

methanol/water (10/90, v/v %) containing 0.1% (v/v %) formic acid and 0.1 g L
-1

 

Na2EDTA.2H2O for the PPCPs and pesticides. Quantification of the target compounds was 

performed using three in-house developed and validated analytical methods (Huysman et al., 

2017, 2019a; Vanryckeghem et al., 2019). Briefly, chromatographic separation was achieved on 

a UHPLC reversed phase Hypersil Gold column with suitable mobile phases and gradient 

elutions. Mass spectrometric detection was carried out on a hybrid quadrupole-Orbitrap high-

resolution mass spectrometer (HRMS Q-Exactive
TM

, Thermo Scientific) equipped with either a 

heated electrospray ionization or atmospheric pressure chemical ionization source, and operating 

in full-scan events in negative and/or positive ionization mode. Targeted processing of the full-

scan MS data was based on manually processing the chromatograms using ExactFinder version 

2.0 and/or XCalibur
TM

 version 4.0 (Thermo Fisher Scientific, San Francisco, USA). Only 

concentrations above the method quantification limits were taken into consideration for 

calculating uptake rates, partitioning coefficients and field concentrations. 

 Calculation of     and     2.6.

2.6.1. Mass balances and losses  

To assure that decreasing CEC concentrations in the aqueous phase are a result of uptake by the 

passive samplers (Bayen et al., 2014), mass balances (MB) were checked for all compounds. The 
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MB was determined by comparing the sum of the mass accumulated by the passive sampler and 

the residual mass in the water phase (MA), at each time-point in the static exposure batch 

experiment, with the mass of compound spiked at the beginning of the experiment (MO) (i.e., 

                    ⁄ ). To the best of the author’s knowledge, there is no specific 

guideline for MB thresholds. Therefore, based on the SANCO-guideline for SPE recovery (EU, 

2009), compounds with MB outside the range of 60% to 140% were not retained for further 

calculation of calibration data. Since the MB values only consider uptake by the passive sampler, 

an additional one-phase experiment was performed in beakers without a sorbent phase to account 

for losses related to e.g. hydrolysis and/or sorption to the glass walls of the beaker. Taken the 

analytical variability into account (Huysman et al., 2017, 2019a; Vanryckeghem et al., 2019), 

compounds showing a one-phase recovery ≤ 80% (i.e. a decrease in water phase concentration > 

20%) at the end of this experiment (168h) were not taken into further consideration. Finally,     

and    were only calculated for those compounds having a water phase concentration at 168h 

being within 20% (analytical variability) of the concentration measured at 96h. As a result of 

these quality criteria, STEPS uptake calibration parameters (    and   ) could be determined for 

74 out of 115 investigated target compounds with a broad polarity range, i.e. Log P ranging from 

-0.1 to 6.8 (Table S.3).  

2.6.2. Calculation of the Ksw  

Given the good MB for the majority of the compounds and because the applied analytical 

methods were fully optimized and validated for CEC quantification in the water phase,    -

values (L kg
-1

) were calculated according to Eq. (1) (Huysman et al., 2019b): 

    
              

         
                                                                                                              Eq. 
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(1) 

with        and       the amount of CEC (nmol) measured in the water phase at the beginning 

of the experiment and at equilibrium respectively,       the equilibrium concentration in the 

water phase (nmol L
-1

), and    the mass of sorbent incorporated in the STEPS (kg). Reported 

    values (± standard deviation, SD) were calculated from concentration measurements at 96h 

and 168h.  

2.6.3. Calculation of the Rs  

Using the static exposure design and according to the approach previously used in passive 

sampler calibration studies (Bayen et al., 2014; Jeong et al., 2018), the    (L d
-1

) was estimated 

by fitting Eq. (2) to the measured dissolved aqueous concentrations by non-linear regression 

through minimizing the sum of squared differences between the measured and the modeled Cw 

(Booij et al., 2007). 

     
        ,  

      
  

   * (  
      

  
)

    

      
+-

  
      

  

                                                                        Eq. 

(2) 

where      represents the measured freely dissolved concentration in the water phase (nmol L
-1

) 

at an exposure time t (d),        the measured start concentration in the water phase (nmol L
-1

), 

    the calculated equilibrium partitioning coefficient (L kg
-1

; Eq. (1)),    the amount of 

sorbent incorporated in the STEPS (kg), and    the water volume (L). The non-linear regression 

model was statistically evaluated based on goodness-of-fit and normality of residuals (Baty et al., 

2015). Rs determination and the associated statistics was performed using self-written codes in 
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Rstudio version 1.1.383 (RStudio Team, Inc., Boston, MA, 2016). Graphics were produced using 

Rstudio and GraphPad Prism 5. 

3. Results and discussion 

 Uptake kinetics  3.1.

3.1.1. Rs on STEPS  

Time profiles of the water phase concentration measured in the two-phase static exposure 

batch experiments – as well as model fit – are depicted in Figure 2 for a selection of compounds 

with Log P between -0.1 and 5.2. Overall, for the vast majority of compounds, residuals showed 

no heteroscedastic variance and appeared to be normally distributed by both visual assessment 

using QQ-plots as well as statistical evaluation using the Shapiro-Wilk test (p-value > 0.05). This 

shows that Eq. (2) confirms the model assumptions. The Rs and associated standard deviations 

can be consulted in Table S.4 and are summarized per compound class in Figure 3. As can be 

seen on the right side of Figure 3, the    on STEPS ranged by a factor of 36 from 0.3 to 12 L d
-1 

with a median value of 1.5 L d
-1

, whereas the    on freely dispersed sorbent had a median of 13 

L d
-1

 and ranged by a factor of 190 from 0.3 to 49 L d
-1

.  

Comparison between the STEPS and freely dispersed sorbent allows to pinpoint the effect of 

the nylon mesh on compound uptake. All compound classes showed significantly lower 

sampling rates (p-value < 0.05) when enclosing the h–DVB sorbent in a nylon mesh, aside from 

the phthalates for which no significant differences could be observed (Figure 3). The variation in 

the multi-stage mass transport of compounds from the bulk water to the sorbent phase most 

likely lies at the origin of these results. For the freely dispersed sorbent, mass transfer is only 

hindered by the formation of a water boundary layer at the surface of the sorbent particles. This 
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in contrast to the STEPS where the nylon mesh presents an additional diffusive barrier prone to 

the formation of a second water boundary layer at its surface. This results in an increase in the 

overall mass transfer resistance, implying a decrease in the mass flux and thus sampling rate 

(Booij et al., 2007). 

 

Figure 2. Time profiles for a selection of CECs, representing the six different compound classes and 

having a polarity (Log P) ranging from -0.1 to 5.2, showing a decreasing water phase concentration due to 

uptake by the STEPS in the two-phase static exposure batch system. The red line represents the model 

according to Eq. (2). 
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Figure 3. Overview of the sampling rates (  , L d
-1

) attained for the steroidal hormones, (alkyl)phenols 

(APs), phthalates, pharmaceuticals (PhACs), personal care products (PCPs) and pesticides on STEPS 

(light grey) and freely dispersed sorbent (dark grey). Boxes represent 25-75% quartiles, whiskers extend 

to the most extreme data-points, and horizontal black lines represent the median values. n represents the 

number of compounds included in the boxplots. 

3.1.2. Comparison of Rs with literature  

The sampling rates of 40 out of 74 target compounds attained on STEPS were compared with 

results of previous studies focusing on Oasis HLB sorbent enclosed in the POCIS passive 

sampler design. For the remaining 34 compounds, no literature data were found for    on 

POCIS. In general, uptake rates on POCIS have been more widely reported for pharmaceuticals 

and pesticides (Figure S.3). On average, 9-times higher sampling rates were attained on STEPS 

than on POCIS. Direct comparison of STEPS sampling rates with previous studies is challenging 

as studies working with a nylon mesh and h–DVB sorbent as a receiving phase have not been 

reported yet. However, sampling rates on POCIS, in which PES membranes were replaced by 

nylon membranes (Belles et al., 2014; Morrison and Belden, 2016), are still up to a factor of 19 

lower than those obtained here on STEPS. These observations of high sampling rates on the 

developed STEPS suggest a short linear accumulation phase and hint at the importance of the 

equilibrium stage during deployment in the real environment. 
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 Determination of the      3.2.

The calculated Log     are listed in Table S.4, and ranged from 4.1 to 6.5 L kg
-1

 for STEPS, 

which is well within the same range obtained with freely dispersed sorbent, i.e. from Log     

4.3 to 7.0 L kg
-1

. Comparison of the     obtained in this work with literature values of POCIS is 

rather troublesome. One of the reasons is attributed to the lack of data concerning    , as POCIS 

is most frequently applied in the linear uptake mode where    rather than     is the most crucial 

parameter. Another explanation can be found in the diffusion limiting membrane used in POCIS 

(PES membrane), which can act as a second receiving sorption phase and as such greatly 

influence the calculated partitioning coefficients (Vermeirssen et al., 2012). Here, no significant 

sorption was noticed on the nylon mesh, thus indicating that only the h–DVB sorbent itself is 

responsible for the uptake in STEPS. Nevertheless, Kaserzon et al. (2014), Ahrens et al. (2015) 

and more recently Jeong et al. (2018, 2020) have reported     for several pesticides and 

pharmaceuticals in Oasis-HLB POCIS passive samplers. The Log     values of those specific 

compounds also included in our study were on average 1.2 Log orders of magnitude lower than 

those reported for STEPS, which can be attributed to the use of the PES membrane (Vermeirssen 

et al., 2012) as well as the differences in sorbent characteristics between Oasis HLB and h-DVB 

(Huysman et al., 2019b). 

 Application in the marine environment  3.3.

During the different sampling periods (Figure S.1), one out of 48 deployed STEPS was lost 

during field application in the harbors of Ostend and Zeebrugge, and extensive sorbent loss (> 

50%) was noticed in four STEPS. For all other samplers, the sorbent loss was negligible (< 1%), 

and based on the fact that the static exposure experiments indicated sorption equilibrium within 
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one week of exposure, dissolved concentrations (     , ng L
-1

) of CECs with calibration data 

reported in Table S.4 were calculated according to Eq. (3): 

      
  

       
                                                                                                                      Eq. 

(3) 

where    (ng) represents the analyte mass extracted from the retrieved passive sampler and    

(kg) the amount of sorbent incorporated in the STEPS. As the median compound mass in the 

deployed STEPS did not alter significantly (p-value > 0.05) after 2 weeks of deployment (Figure 

4-A), and given that the majority of individual compounds retrieved in all deployed STEPS 

(>75%; n=44) did not show a significant positive linear uptake (p-value > 0.05) (as illustrated for 

several CECs in Figure 4-B), our results demonstrate that STEPS can indeed be considered as an 

equilibrium passive sampler. This is further exemplified by the time needed to reach 95% 

equilibrium (     , d, Eq. 4), which is less than 2 weeks for 81% of the compounds (Table S.4). 

               
      

   
                                                                                                           Eq. (4) 

When using STEPS, 32 to 40 CECs were measured in the harbor of Ostend (Table S.6) and 27 

to 30 in the harbor of Zeebrugge (Table S.7) during the four sampling campaigns. Quantitative 

data are shown in Figure S.4, with concentrations attained with STEPS ranging between 0.003 

ng L
-1

 and 1.9 µg L
-1

. Moreover, good precision – represented by relative standard deviations 

(average RSD < 30%, ranging from 0.28% to 65% for diuron and thiacloprid, respectively) on 

triplicate samples – was achieved, demonstrating the applicability of STEPS for field monitoring 

of trace organic contaminants in the marine environment. Comparison of concentrations obtained 

with active and passive sampling is shown in Figure 5 for a selection of individual compounds 
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with different physical-chemical properties. Comparable or higher (median factor of 5) 

concentrations were found in the active samples, in which also more compounds were detected, 

i.e. up to 72 compounds at a single location and/or time. This is in agreement with Terzopoulou 

et al. (2016), who also noticed lower concentrations (up to factor of 3) with passive sampling. 

This might be related to (i) the fact that passive samplers only adsorb the truly dissolved fraction, 

where active sampling targets the whole water phase, (ii) the experimental set-up, as active grab 

samples were collected at only two points in time, so a one-on-one comparison is not fully 

representative, and/or (iii) the impact of environmental field conditions (e.g. biofouling) on the 

uptake behaviour of compounds by passive samplers (Fauvelle et al., 2017; Li et al., 2011; 

Mazzella et al., 2010).  
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Figure 4. (A) Compound mass accumulated in STEPS deployed for 1 to 4 weeks in the harbor regions. 

Boxes represent 25-75% quartiles, whiskers extend to the most extreme data-points, and horizontal black 

lines represent the median values. n represents the number of compounds found in all samples collected 

over the different time periods (B) Uptake as a function of time for a selection of compounds with 

varying Log Ksw (i.e. 4.72, 5.07, 5.30 and 5.62 for dichlorophenol, simazine, nevirapine and thiacloprid, 

respectively), expressed as compound mass accumulated in STEPS deployed in the harbor of Ostend 

(black circles) and Zeebrugge (grey diamonds) for 1 to 4 weeks. 
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Figure 5. Comparison of average water concentrations (from triplicate samples) of selected target 

compounds (with high detection frequency) in the harbor of Ostend (black) and Zeebrugge (grey) 

obtained with active sampling (both deployment and retrieval) versus STEPS. The dashed line represents 

the median concentration found using active sampling and STEPS. 

4. Conclusions 

Overall, in view of monitoring occurrence patterns of CECs in the marine environment, our 

data indicate that passive sampling with a h–DVB containing STEPS in the equilibrium mode is 

a promising approach, with application potential for integrated monitoring and risk assessment of 

hazardous chemicals with a broad polarity range (Log P range over 7 orders of magnitude). The 
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novel STEPS can provide a chemical fingerprint in equilibrium with the dissolved concentrations 

in the water phase, and as such offer obvious benefits for application in eco(toxico)logical 

studies. Using the STEPS as a passive dosing device would be very informative as real 

environmental field mixtures could be reproduced in toxicity tests (Claessens et al., 2015; Jahnke 

et al., 2016). The simple and cost-efficient design as well as the versatility in terms of easily 

incorporating different sorbent materials and ratios to capture an even wider range of 

compounds, offer promising potential for future STEPS optimization in view of holistic 

monitoring of CECs in the (marine) environment. For future research, also more in-depth in-situ 

calibration is recommended to fully understand the underlying uptake mechanisms in (different) 

real field environments, taking into account e.g. the possible effect of biofouling and/or changing 

physical-chemical environmental conditions. 
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Supplementary information 

Additional information related to the used materials and methods; Table S.1, list of investigated 

target compounds; Table S.2, conductivity and salinity values of real and reference ocean water; 

Table S.3, mass balances and one-phase recoveries; Table S.4, calculated sampling rates, 

equilibrium partitioning coefficients and time to reach 95% equilibrium for the target compounds 

on STEPS and freely dispersed sorbent; Table S.5, literature cited in Figure S.3; Table S.6 and 

S.7, number of compounds detected in grab and STEPS samples in the harbors of Ostend and 

Zeebrugge; Figure S.1, deployment scheme of the STEPS in the BPNS; Figure S.2, map showing 

the sampling locations in the BPNS; Figure S.3, comparison of sampling rates on STEPS with 

POCIS literature; Figure S.4, overview of water concentrations of CECs obtained by grab and 

STEPS sampling. 
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Highlights 

- Novel simple and versatile equilibrium passive sampler for polar and non-polar CECs 

- Experimentally determined uptake rates and sampler-water partitioning coefficients  

- Field application and first proof-of-concept in the Belgian Part of the North Sea 

- High potential for integrated sampling and ecotoxicity-based risk assessment 
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