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Growing concern about the environmental impact of ionizable and polar organic chemicals such as 

pesticides, pharmaceuticals and personal care products has lead to the inclusion of some in legislative 

and regulatory frameworks. It is expected that future monitoring requirements for these chemicals in 

aquatic environments will increase, along with the need for low cost monitoring and risk assessment 

strategies. In this study the uptake of 13 neutral and 6 ionizable pesticides, pharmaceuticals and personal 

care products by modified POCIS (with StrataTM-X sorbent) and ChemcatchersTM (SDB-RPS or SDB-

XC) was investigated under controlled conditions at pH = 6.5 for 26 days. The modified POCIS and 

ChemcatcherTM (SDB-RPS) samplers exhibited similar performance with the uptake of the majority of 

the 19 chemicals of interest categorised as linear over the 26-day deployment. Only a few ionized 

herbicides (picloram and dicamba) and triclosan showed negligible accumulation. ChemcatcherTM with 

SDB-XC sorbent performed relatively poorly with only carbamazepine having a linear accumulation 

profile, and 8 compounds showing no measurable accumulation. Differences in the uptake behavior of 

chemicals were not easily explained by their physico-chemical properties, strengthening the requirement 

for detailed calibration data. PES membranes accumulated significant amount of some compounds (i.e. 

triclosan and diuron), even after extended deployment (i.e. 26 days). At present there is no way to predict 

which compounds will demonstrate this behavior. Increasing membrane pore size from 0.2 to 0.45 µm 

for ChemcatcherTM (SBD-RPS) caused an average increase in Rs of 24%.

Environmental impact This study provides new data on the sampling behavior of ionizable (n=6) and polar (n=13) organic chemicals of 

environmental relevance with POCIS (with StrataTM-X sorbent) and ChemcatchersTM (with SDB-RPS and XC extraction disks). Sampling 

rates normalised on surface area were of similar magnitude (~1.6 L dm-2 d-1), but were uncorrelated among sampler/sorbent types, indicating 

that sorbent type and sampler layout can have a pronounced effect on the sampling rates. Membrane pore size had a minor (~24%) effect on 

the sampling rates. A small number of chemicals were significantly accumulated in PES membranes. 

Introduction 

Ionizable and polar organic chemicals such as many pesticides, 

pharmaceuticals and personal care products (PPCPs) have emerged 

as a major group of environmental pollutants. Some have acidic or 

basic functional groups that may become ionized at ambient pH.1 

Widespread contamination from these chemicals in aqueous 

environments results from numerous urban and agricultural 

applications and subsequent release or discharge.2,3 Some polar 

organic chemicals persist after wastewater treatment processes 

resulting in their continuous release into the aquatic environment.4,5 

Recent studies suggest that while these chemicals are generally 

present at trace (low ng L-1) levels and present little risk of acute 

toxicity,6 some compounds can show chronic effects at these 

levels.2,4,5 Thus, growing concern about the environmental impact of 

these chemicals has lead to the inclusion of some in legislative and 

regulatory frameworks.7 It is expected that future monitoring 

requirements for ionizable and polar organic chemicals in aquatic 

environments will increase, along with the need for low cost 

monitoring and risk assessment strategies.1,4,8,9 

Passive sampling tools have become increasingly important in 

environmental monitoring, enabling in situ extraction and 

accumulation of chemicals, as well as providing relatively low 

detection limits and time-integrated estimates of environmental 

concentrations.10,11 The Polar Organic Chemical Integrative Sampler 

(POCIS)12 and ChemcatcherTM 13 have emerged in recent years as 

effective passive sampling tools for polar organic chemicals.9,14-22 

With both samplers, neutral as well as cation and anion exchanging 

commercial solid phase extraction (SPE) sorbents can be used to 

accumulate analytes, potentially extending their usefulness to 

ionizable compounds. With POCIS, examples of these sorbents 

include Oasis™ HLB, MCX, WAX and Strata-XAW™, and 

ChemcatchersTM contain a poly(styrene-divinylbenzene) reversed 
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phase copolymer extraction disk with (SDB-RPS) or without (SDB-

XC) sulfonic acid moieties. 

The design of POCIS necessarily includes a polyethersulfone (PES) 

membrane that covers the sorbent phase while ChemcatcherTM 

samplers often incorporate them as well22-26 to reduce sampling rates 

(Rs) and to exclude particles.27 PES membranes of different pore

sizes (typically 0.1 µm with POCIS, and 0.2 or 0.45 µm with 

ChemcatcherTM) have been used.12,23,25,28 

Rs and sorbent-water sorption coefficient (Ksw) values are now 

available for a growing number of chemicals, especially with 

POCIS.1,14,17,25,28 Morin et al.14 investigated uptake kinetics and 

sampling rates for 56 polar organic chemicals and reported that 13 

ionized and polar chemicals showed negligible, no or low 

accumulation with POCIS containing OasisTM HLB. A study with 

POCIS using OasisTM HLB, MAX and MCX suggested that the use 

of ion exchange sorbents holds little advantage over the traditionally 

used mixed mode sorbent (OasisTM HLB) for monitoring a range of 

(21) PPCPs.29 Fauvelle et al.24 however demonstrated that the anion

exchange sorbent OasisTM MAX provided a higher sorption capacity

and therefore was more suitable for anionic herbicides, when

compared to OasisTM HLB. Studies with ChemcatcherTM comparing

SDB-RPS versus SDB-XC EmporeTM disks for the sampling of 10

herbicides and 2 pharmaceuticals revealed similar sampling

performance, but with SDB-RPS proving more advantageous for

hydrophilic compounds.16

A side by side comparison of POCIS and ChemcatcherTM has

previously only been undertaken by Vermeirssen et al.30 with results

suggesting Rs for these samplers were well correlated (r2 = 0.68) for

twenty two pesticides and PPCPs investigated. However only three

of these compounds were ionized under the experimental conditions

employed and the main focus of this study was chemical transport

kinetics over the PES membrane itself.

Knowledge gaps remain concerning the understanding of uptake and

sorption mechanisms for these important aquatic contaminants with

aquatic passive samplers.4,9 Therefore the aims of this current study

were firstly to compare and characterise the behavior of ionizable

and neutral pesticides and PPCPs in terms of transport kinetics,

solute-sorbent binding and solute-membrane binding with different

sorbents (POCIS containing Strata-X™ and ChemcatcherTM passive

samplers containing EmporeTM SDB-XC and SDB-RPS). A second

aim was to investigate the role of PES membranes on chemical

accumulation and transport with these samplers by determining the

mass distribution between the sorbent and membrane, as well as the

effect of membrane pore size. To this end, chemical and sampler

specific uptake parameters were determined (i.e. Rs, half-times to

equilibrium (t1/2), Ksw and PES membrane-water sorption

coefficients (Kmw)). Nineteen cationic, anionic and polar pesticides

and PPCPs (log Kow range -0.07 to 4.76) were chosen, representing a

suite of compounds frequently encountered in marine and freshwater

environments.31,32

Materials and methods 

Chemicals, materials and reagents. Physico-chemical properties of 

the 13 pesticides and 6 PPCPs investigated in this work are listed in 

Table 1. Recovery standards used were caffeine-d3, carbamazepine-

d10, hydrochlorothiazide-13C-d2, and 2,4-D-13C6. Internal standards

used for analysis were acetyl sulfamethoxazole-d5 and 

dichlorophenylacetic acid. All chemicals and standards were 

purchased from Novachem Pty Ltd. (Victoria, Australia). A stock 

solution containing ~ 1000 µg L-1 of all chemicals was prepared in 

methanol (MeOH). Working solutions and spiking mixtures were 

prepared by dilution of the stock in MeOH. All standards and 

solutions were stored at 4 °C. HPLC grade MeOH, acetone and 

acetonitrile (ACN) were purchased from Merck, Germany. Ultra 

pure water was used in sampler construction, sample cleanup and 

chemical analysis (HI-PURE water system, Permutit, Australia).  

Calibration study – experimental design. ChemcatchersTM and 

modified POCIS (the latter within stainless steel cages) were 

concurrently deployed in a staggered consecutive deployment design 

from 1 to 26 days (Supporting Information (SI) Fig. S1) on a 

stainless steel rotor (set to 11 rpm) in a1400 L water tank (SI Fig. 

S2), containing potable water from Brisbane, Australia, as detailed 

earlier.19,34 The water in the tank was spiked with an aliquot of the 

stock solution, mixed and then left for 2 hours to equilibrate 

(resulting in concentrations of 270 ± 50  ng L-1; Table 1). The water 

in the tank was removed and replaced, using the same protocol as 

described above, on days 3, 10 and 17 (static renewal) to ensure 

minimal depletion of the chemicals. Grab samples (1 L) were 

collected daily, with two grab samples collected on days when the 

water was exchanged (before and after exchange). The tank 

remained covered with a stainless steel lid throughout the course of 

the study. 

The water flow over the samplers was estimated to be 0.23 ± 0.04 m 

s-1 using co-deployed passive flow monitors (PFMs).35 Temperature 

was recorded every 20 minutes using a submersible data recorder 

(Thermochron i-button, Dallas, USA) and averaged 27 oC. The pH 

of the water was measured daily and averaged 6.5 ± 0.2 while 

salinity was determined to be 0.4 g kg-1. This pH is within the pH 

range of most natural freshwaters in Australia (pH 6.5 – 8).36 

Grab samples. Two separate 40 mL portions of each grab sample 

were used for analysis of neutral and ionized compounds 

respectively. Prior to extraction, all samples and blanks were spiked 

with recovery standards (8 ng). Extraction was performed using 

preconditioned 6 mL, 200 mg Strata-X™ SPE cartridges 

(Phenomenex, Sydney, Australia). Cartridges used for extraction of 

neutral chemicals were pre-loaded with 2 mL MeOH followed by 1 

mL ultra pure water and those used for extraction of ionic 

compounds pre-loaded with 2 mL MeOH containing 0.12% HCl. All 

cartridges were eluted with 2 mL MeOH followed by 1.5 mL ACN 

and 1.5 mL acetone. Final extracts were evaporated to near dryness 

and reconstituted in 10% ACN: ultra pure water and spiked with 

internal standards (4 ng). Extracts were stored at 4 °C until analysis 

by LC-MS. 

Preparation and extraction of passive samplers. Four passive 

sampler configurations were deployed concurrently in the tank 

system (with a maximum of 3 samplers from each configuration). 

The three ChemcatcherTM configurations comprised (i) EmporeTM 

SDB-RPS extraction disk covered by a 0.2 μm pore size PES 

membrane (ii) EmporeTM SDB-RPS extraction disk covered by a 

0.45 μm pore size PES membrane and (iii) EmporeTM SDB-XC 

extraction disk covered by a 0.45 μm pore size PES membrane. One 
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modified POCIS configuration was deployed using Strata-XTM as the 

sorbent phase between two 0.45 μm pore size PES membranes. 

ChemcatcherTM Samplers. SDB–RPS and SDB-XC EmporeTM disks 

(ED) (47 mm; 3M, Brisbane, Australia) were conditioned by soaking 

in 25 mL MeOH (30 min) then 20 mL ultra pure water (5 min). 

Assembled ChemcatchersTM (exposed surface area 15.9 cm2) were 

stored at 4 °C prior to and after exposure. After deployment, disks 

were removed and spiked with recovery standards (8 ng) and placed 

in an ultrasonic bath with either 5 mL MeOH followed 3 mL ACN 

and 3 mL acetone (for SDB-RPS) or 2 x 5 mL MeOH (for SDB-

XC). Extracts were evaporated under a gentle stream of nitrogen to 

0.5 mL, then reconstituted to 1 mL in 10% ACN: ultra pure water. 

Internal standards (4 ng) were added prior to analysis by LC-MS. 

Modified POCIS Samplers. Modified POCIS passive samplers were 

constructed as described previously19 with the exception of the 

sorbent phase used. To extend the duration of the kinetic/linear 

uptake stage, the modified POCIS contained an increased sorbent 

mass (viz. 600 mg Strata-XTM) and reduced surface area (16 cm2) 

compared with the standard POCIS “pharmaceutical” configuration 

(i.e. 200 mg Oasis HLB and 41 cm2 surface area). The sorbent in the 

modified POCIS was packed very tightly (i.e. to maximum capacity) 

which prevented shifting of the sorbent during deployment. Prior to 

exposure, each assembled POCIS was conditioned in a 100 mL 

beaker using 20 mL of MeOH followed by 40 mL water (10 minutes 

for each solvent). Individual POCIS were sealed in solvent rinsed 

aluminium foil and stored at 4 °C prior to and after exposure. Each 

POCIS was disassembled and the sorbent transferred while moist, 

using a stainless steel spatula, into a pre-cleaned empty 6 mL SPE 

cartridge with a 20 μm glass fibre frit. Recovery standards (8 ng) 

were spiked onto the sorbent. After 1 h, samples were eluted on an 

SPE manifold under vacuum with 5 mL MeOH, 3 mL ACN and 3 

mL acetone. The eluate was reduced under a gentle stream of 

nitrogen to about 0.1 mL, and made up to a final volume of 0.5 mL 

ultra pure water with 10% ACN. Internal standards (4 ng) were 

spiked prior to analysis by LC- MS (as described above).  

PES Membranes. PES membranes (47 mm diameter; PALL Supor®, 

Melbourne, Australia) with 147 µm thickness and a pore size of 0.2 

µm (used on ChemcatcherTM with SDB-RPS) or 140 µm thickness 

and a pore size of 0.45 µm (used with all sampler configurations 

including ChemcatcherTM (SDB-RPS)) to facilitate sampler 

comparison) were employed. Membranes were cleaned before use in 

200 mL MeOH for 20 minutes followed by 400 mL of water for 5 

minutes. PES membranes were collected from all samplers deployed 

for 1, 7, 13 and 26 days. Extraction followed the same procedure as 

the extraction of the sorbent of the respective passive sampler (with 

the exception of PES deployed with POCIS that were extracted in an 

ultrasonic bath). 

LC-MS analysis. Analysis of both passive and grab sample extracts 

was conducted by Queensland Health Forensic and Scientific 

Services (QHFSS), a National Association of Testing Authorities 

accredited laboratory. Samples were analysed by HPLC/tandem 

Mass Spectrometry using an AB/Sciex API4000Q mass 

spectrometer equipped with an electrospray (TurboV) interface 

(MDS Sciex, Concord, Ontario, Canada). Analytical details are 

found in SI (SI Text S1). QA/QC details (i.e. results from replicate 

and control grab water samples and passive sampler fabrication 

controls (i.e. non-exposed samplers)) are found in SI (SI Text S2, 

Tables S1-S4).  

Data modelling. The accumulation of ionizable and polar organic 

chemicals in the sorbent of ChemcatcherTM and POCIS samplers was 

analysed using a one compartment, first order kinetic model (Eq. 

1).10,37  

 

𝐶s =  𝐾sw𝐶w  1 − exp  −
𝑅s  𝑡

𝑚s𝐾sw
   

         (1) 

 

where Cs is analyte concentration in the sorbent, Ksw the sorbent-

water sorption coefficient, Cw the concentration in water, Rs the 

initial sampling rate (at t = 0), and ms the mass of sorbent.  

When sampling is conducted over relatively short time-spans, Eq. 

(1) can be reduced to the linear approximation model, Eq. (2)   

 

𝐶s =  
𝐶w𝑅s𝑡

𝑚s
 

          (2) 

 

Based on Eq. (1), the half-life time to equilibrium (t½) is calculated 

by  

 

𝑡1
2 

=  
ln(2)𝑚s  𝐾sw

𝑅s
 

         (3)  

 

The sorption coefficient between the PES membrane and water 

(Kmw) was calculated from the ratio of average analyte concentration 

in the PES membrane (Cm) to the average concentration in the water.  

Values of Ksw were estimated for compounds whose accumulation 

was fit to Eq. (1) by unweighted nonlinear least squares regression 

(GraphPad Prism 5, GraphPad Software, Inc., San Diego, USA). Rs 

data were estimated from Eq. (1) for analytes that reached the 

curvilinear or equilibrium stages of accumulation and from Eq. (2) 

for analytes that remained in the linear accumulation mode 

throughout the 26 d calibration study (using unweighted nonlinear 

least squares regression and linear regression, respectively  

(GraphPad Prism 5).  

 

Results and discussion 

Uptake of ionizable and polar organic chemicals by POCIS and 

ChemcatcherTM.  Concentrations of target analytes in the water tank 

(Cw) determined by daily grab samples were stable for most 

chemicals (Table 1). 

Coefficients of variation (CV) ranged from 10 – 33% for the 19 

chemicals. Uptake of most analytes over 26 days exposure by 

modified POCIS and ChemcatcherTM samplers was either nonlinear 

(with the accumulation profile being fit to Eq. 1) or linear (Eq. 2). 

However, negligible accumulation was observed for dicamba, 

picloram and triclosam in all samplers, and for many other 
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Figure 1. Linear accumulation of carbamazepine with modified POCIS and ChemcatchersTM containing SDB-RPS EmporeTM disks (with 0.2 and 0.45 

μm PES membranes) and SDB-XC EmporeTM together with nonlinear and negligible (SDB-XC) accumulation of 2,4-D with these samplers. Black 

dots represent water concentrations. 

 

compounds in ChemcatcherTM equipped with SDB-XC extraction 

disks (Fig. 1, SI Fig. S3). 

The modified POCIS and ChemcatcherTM (SDB-RPS) (0.2 μm PES) 

samplers exhibited similar performance with the uptake of 12 and 

10, respectively, out of the 19 analytes categorised as having linear 

uptake (r2 > 0.80) over the 26 day exposure. A poorer linear fit was 

observed for diuron with the Chemcatcher (SDB-RPS) with the 

larger pore size membrane (0.45 μm), due to an outlier in the uptake 

profile at t = 3 d (SI Fig. S3). Those compounds showing linear 

accumulation in both POCIS and ChemcatcherTM (SDB-RPS) were 

mainly neutral pesticides and PPCPs, but uptake of codeine, an 

important pharmaceutical that is positively charged at pH = 6.5 also 

demonstrated linearity. Uptake for most of the other ionic polar 

organic chemicals was nonlinear.  

The herbicides picloram and dicamba, both benzoic acid derivatives, 

and the antibacterial and antifungal agent triclosan however showed 

very little accumulation (< 26, 14 and 9 ng sampler-1, respectively) 

with both modified POCIS and ChemcatcherTM (SDB-RPS) 

samplers (Table 2, SI Figs. S3). These herbicides are negatively 

charged at pH = 6.5 while triclosan is a hydroxylated diphenyl ether 

and primarily neutral at this pH. Reduced accumulation of certain 

analytes by passive samplers has been observed previously. In one 

study authors reported that five chemicals (which included polar, 

nonpolar, neutral and ionized ones) showed low or no accumulation 

in POCIS with OasisTM HLB.14 In another study, Fauvelle et al.24 

found no accumulation of dicamba  in POCIS with OasisTM HLB. 

The polymeric materials used with the samplers in this work (Strata-

XTM with POCIS and SDB-RPS with ChemcatcherTM) are styrene-

divinylbenzene copolymers that contain pyrrolidone and sulfonic 

acid functional groups, respectively. These modifications have been 

designed to increase the hydrophilicity of these sorbents that would 

otherwise be hydrophobic in nature.38 Such sorbents can retain 

ionizable and polar organic chemicals through a number of 

mechanisms including π-π bonding, hydrogen bonding, as well as 

van der Waals and Coulomb interactions, depending on the sorbate’s 

size, structure and charge. Bäuerlein et al.39 showed that Van der 

Waals interactions were the predominant factor governing sorption 

of neutral polar organic chemicals investigated on the sorbent 

OasisTM HLB (equivalent to the Strata-XTM used here).  
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The SDB-RPS sorbent is regarded as having a mixed mode of action 

including acting as a cation exchange material due to ionization of 

the sulfonic acid groups.40 However the similarity in behaviour, 

particularly with anionic sorbates, between this sorbent and Strata-

XTM which is positively charged, would suggest coulombic repulsion 

is relatively unimportant and that other mechanisms determine the 

extent of sorption.  

Very different behavior was observed with the other passive sampler 

configuration investigated (ChemcatcherTM (SDB-XC)). Only one 

compound, carbamapezine, exhibited linear uptake, 10 pesticides 

and PPCPs showed nonlinear uptake and 8 demonstrated negligible 

accumulation with this sorbent (Table 2, SI Fig. S3). The latter 

group included the compounds showing little accumulation with the 

other passive sampler configurations but additionally included fully 

ionized pesticides (2,4-D and triclopyr) and the neutral compounds 

caffeine, dapsone, hydrochlorthiazide.  SDB-XC is a styrene-

divinylbenzene copolymer, but unlike the others under 

consideration, contains no polar or ionizable functional groups and is 

hydrophobic. This material has been used for sampling of polar 

analytes, but not ionizable ones.26,41 Results presented in this work 

show that SDB-RPS and StrataTM-X exhibited better accumulation 

of analytes and are therefore superior to SDB-XC for sampling the 

polar and ionizable pesticides and PPCPs investigated here.  

Time-weighted average (TWA) concentrations of environmental 

contaminants may be estimated from passive samplers during the 

integrative stage of sampling (i.e. with linear accumulation of 

chemicals).10 Linearity of uptake is reliant on a combination of 

compound property, exposure time, exposure conditions, and the 

sampler design. The t1/2 values were longest with the modified 

POCIS, ranging from 4 – 12 days, compared with 1 – 9 days for 

ChemcatcherTM (SDB-RPS) and 2 – 8 days for ChemcatcherTM 

(SDB-XC) (Table 2).  

The duration of the t1/2 time period may be extended by increasing 

the sorbent’s mass-to-surface area ratio. The half-life time for 2,4-D 

uptake by POCIS observed in a previous study (3 days)24 was shorter 

than in the present study (~ 7 days), which can be attributed to the 

higher sorbent mass and reduced surface area employed in the 

present study (600 mg and 16 cm2 vs. 200 mg and 41 cm2 in 

standard POCIS). 

Relationship between Rs and chemical properties. Sampling rates 

per unit surface area (Rs/A) are shown in Table 2 with a number 

reported here for the first time (7 with POCIS, 8 with 

ChemcatcherTM (SDB-RPS) and 9 with ChemcatcherTM (SDB-XC)). 

Remaining data are within the range of values reported in the 

literature regardless of differences in sampler configurations (SI 

Table S5). For POCIS, area normalised Rs values ranged between 

0.57 – 2.6 L dm-2 d-1 in this study (for dapsone – carbamezapine) 

compared with 0.10 – 1.2 L dm-2 d-1 (caffeine – carbamazepine) in 

other studies for the compounds of interest. With ChemcatcherTM 

(SDB-RPS) using 0.2 μm PES, Rs values ranged between 0.32 – 1.2 

L dm-2 d-1 in this study (prometryn – dapsone) and between 0.05 – 

8.3 L dm-2 d-1 (diuron – fluometuron) in studies reported in the 

literature. For ChemcatcherTM (SDB-XC), those Rs/A values that 

could be determined ranged between 1.2 – 4.9 L dm-2 d-1 

(carbamazepine – DEET) compared with 0.15 – 4.7 L dm-2 d-1 

(diuron - terbutryn) in various studies reported in the literature.  

No correlation was observed between Rs values determined with the 

modified POCIS and ChemcatcherTM (SDB-RPS; 0.2 or 0.45 μm 

pore size) for the chemicals in this study (SI Fig. S4). This is in 

contrast to observations by Vermeirssen et al.30 who found the Rs of 

22 polar and ionizable chemicals with POCIS and ChemcatcherTM 

(SDB-RPS) to be correlated (r2 = 0.68). However this involved 

deployment of both samplers in similar housings (using metal 

stainless steel rings) while in the present study the typical teflon 

ChemcatcherTM housing was used.13 Differences in the resistance to 

mass transfer at the water boundary layer (WBL) and/or within the 

membrane between the POCIS (PES - StrataTM-X) and 

ChemcatchersTM (PES- SDB-RPS) may be responsible for the lack 

of correlation observed here. 

Relationships between chemical Rs and log Dow, molar mass or Ksw 

showed no clear trends with any sampler configuration (SI Figs. S5, 

S6, S7). So far, attempts to correlate Rs with the physico-chemical 

properties of target compounds have been met with varying success 

and an overall mechanistic uptake model is lacking.4 This implies 

that compound-specific calibration data are needed for the full range 

of exposure conditions (flow, temperature and salinity among others) 

that can be encountered in the environment.  

Effect of PES membrane on accumulation of ionizable and polar 

organic chemicals. Measured PES membrane-water sorption 

coefficients (expressed as log Kmw) were in the range 1.6 – 4.6 

(hydrochlothiazide – triclosan) (SI Table S6). It should be noted that 

these sorption coefficients were estimated from the transient 

concentrations in the membrane and the water during the exposures 

and are not strictly equilibrium values. However, estimated log Kmw 

values were similar to those of Vermeirssen et al. 30, with an average 

difference of 0.09 log units. High Kmw values may cause a delay in 

compound transfer to the sorbent, but this was not observed for any 

compounds in this study. Some chemicals showed no (e.g. dicamba) 

or very little accumulation in PES (e.g. carbamazepine, caffeine and 

hydrochlorthiazide (SI Fig. S8, S9). For these compounds, less than 

30% of the amount in the sampler was found in the membrane even 

at the shortest exposure time and swift transfer to the sorbent phase 

was observed. Other compounds showed a greater affinity for the 

PES membrane. Triclosan and diuron had by far the highest 

accumulation in PES. Almost 100% of the triclosan was found in the 

membrane, even after 26 days sampler deployment. Consequently 

we also observed little transfer of triclosan from the membrane to the 

sorbent and sampling was categorized as unsuccessful considering 

sorbent only (SI Figs. S3). Triclosan is the subject of increasing 

scrutiny due to its widespread use, incomplete removal during 

conventional wastewater treatment and potential for conversion into 

dioxin congeners.42 Low mass balances of this compound have 

previously been noted with calibration of POCIS. This has been 

attributed to poor recoveries from the sorbent and/or degradation of 

sorbed triclosan, compromising derived TWAs.17 Results presented 

here suggest it may be due to all the triclosan being found in the 

membrane.  

A high proportion of diuron accumulation in PES was also noted, 

with approximately 60% accumulated in PES and 40% in the sorbent 

at day 26 (SI Fig. S9). This result is in agreement with two previous 

studies that have reported high diuron accumulation in PES.26,30 To 

demonstrate the effect of this, an Rs value for diuron (for  
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ChemcatcherTM (SDB-RPS) containing 0.2 μm pore size PES) taking 

membrane accumulation into account is 80% higher than when only 

sorbent is considered. No relationship was observed between 

accumulation of chemicals in PES (relative to the whole sampler) 

and their log Kow, log Dow, molar mass or Kmw (data not shown). 

Increasing the membrane pore size from 0.2 to 0.45 μm with 

ChemcatchersTM (SDB-RPS) caused 24 ± 16% increase in Rs (n = 

16, Table 2, Fig. 2). This effect of PES pore size on Rs values for 

ionizable and polar organic chemicals will be reflected in derived 

TWA values (Eq. 2). Hence pore size needs to be taken into account 

when comparing data from or undertaking calibration with POCIS 

and ChemcatchersTM. No trend was identified between the 

percentage reduction of Rs values and compound hydrophobicity 

(log Kow or log Dow), size or charge.  

The mass transfer coefficient through the PES membrane (km) is 

given by 

 

km = φD/(θ2d)              (4) 

 

where φ = porosity, D = diffusion coefficient in water, θ = is pore 

tortuosity and d = membrane thickness.  

It is reasonable to assume that differences exist in porosity and 

tortuosity (φ and θ) between the 0.2 and 0.45 μm pore size PES 

membranes that bring about small changes in km. Results from this 

comparison suggest at least partial membrane control for 

accumulation of these compounds with ChemcatcherTM. Analyte 

transfer through the PES can occur through a biphasic pathway 

across the water filled pores and the polymer matrix. The flux of 

analytes will depend on the relative magnitude of both pathways. 

Most chemicals showed rapid transfer to the sorbent. In the case of 

diffusion through the membrane pores only, Rs/A can be estimated. 

If we assume φ = 0.7, θ = 1.2, d = 140 μm and D = 510-10 m2 s-1, this 

results in an estimation of km = 1.5 dm d-1 or 1.5 L dm-2 d-1. This is 

similar to the observed Rs/A for POCIS (1.5 ± 0.5 L dm-2 d-1), 

ChemcatcherTM (SDB-RPS; with 0.45 μm PES) (0.9 ± 0.3 L dm-2 d-

1) and ChemcatcherTM SDB-XC (1.8 ± 0.8 L dm-2 d-1). Although Eq. 

(4) predicts Rs/A to the correct order of magnitude, we acknowledge 

that it does not explain the appreciable differences in sampling rates 

between the different sampler designs, which were all fitted with the 

same membrane. Nor does it explain the lack of correlation between 

Rs/A for POCIS and ChemcatcherTM. Clearly, the effect of the 

sorbent type on the uptake kinetics is insufficiently understood.  

In cases where accumulation in membranes is appreciable, the use of 

models that incorporate a separate membrane compartment are 

desirable to account for the entire flux with samplers.30 However, the 

complexity of parameterising such a model that would include mass 

transfer coefficients of the WBL, the membrane and the sorbent (kw, 

km and ks) is considerable. As shown above, our present knowledge 

is incomplete and the development of such models is presently not 

achievable. Some simplification may be possible with samplers 

having a hydrogel layer in place of a (PES) membrane. This layer 

reduces the effects of external hydrodynamics on chemical uptake by 

providing a constant diffusion layer that relies on measurable 

diffusion coefficients.43 

 

 
Figure 2. Sampling rates (Rs; L dm-2 d-1) for ChemcatchersTM (SDB-RPS) 

deployed using PES membranes with 0.2 vs. 0.45 μm pore size. Dotted 

line represents a 1:1 relationship. 

 

Conclusions 

Uptake of 13 neutral and 6 ionizable pesticides, pharmaceuticals and 

personal care products by modified POCIS (with StrataTM-X sorbent) 

and ChemcatchersTM (SDB-RPS or SDB-XC) was investigated 

under controlled conditions at pH = 6.5 for 26 days. Linear 

accumulation was observed over this time period with POCIS and 

ChemcatcherTM (SDB-RPS) for 12 and 10 of the ionizable and polar 

pesticides and PPCPs, respectively. Most anionic compounds 

attained partial or complete equilibrium. Surface area normalized 

sampling rates (Rs/A) ranged between 0.32 – 4.9 L dm-2 d-1 

(prometryn – DEET). For chemicals that approached equilibrium, 

sorbent–water sorption coefficients were 260 – 4100 L kg-1 (2,4-D – 

haloxyfop) and half- times to equilibrium 1.3 – 12 days (triclopyr – 

haloxyfop). With the unfunctionalised styrene-divinylbenzene 

sorbent of ChemcatcherTM (SDB-XC), linear accumulation was 

found only for carbamazepine. Triclosan and the anionic herbicides 

picloram and dicamba showed negligible uptake in all samplers. For 

ChemcatcherTM SDB-RPS with triclosan, diuron and 2,4-D > 50% of 

the compound was retained by the PES membrane (0.2 µm pore 

size) after 26 days deployment. Increasing membrane pore size from 

0.2 to 0.45 µm for ChemcatcherTM (SBD-RPS) caused a slight 

increase in Rs of 24%. Overall, results from the work described in 

this thesis show that the passive sampling technologies investigated 

can be useful as part of a suite of monitoring tools for most of the 

ionizable and polar analytes of interest. 
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