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A B S T R A C T

Single-phase passive samplers are often employed for the sampling of hydrophobic compounds in aqueous 
matrices. Recently, polyethersulfone (PES) has been proposed for integrative passive sampling of mid-polar 
compounds as an alternative to the more traditionally used polymers. However, dual-phase passive samplers 
demonstrate a higher affinity for polar to mid-polar compounds and much more work has been conducted with 
these types of samplers. In addition, for hydrophobic compounds, the more commonly used polymers appear to 
offer a more reliable quantification in single-phase applications. Polyethersulfone membranes are more often 
employed in dual-phase passive samplers: they are used in standard Polar Organic Chemical Integrative Samplers 
(POCIS), and often in Chemcatchers, as well as in organic Diffusive Gradients in Thin films (o-DGTs). Co- 
extracting the PES membranes of the dual-phase passive samplers along with the sorbent may help in better 
understanding the uptake kinetics to the receiving phases.

1. Introduction

Passive sampling of organic contaminants in water exploits the 
passive diffusion of chemicals from the aqueous phase to the receiving 
phase of the sampler [1]. This technique emerges among sample prep
aration techniques combining the sampling and the preconcentration 
steps directly in-situ and providing time-integrated water concentra
tions under specific conditions [2]. A passive sampler can be designed 
with a single phase or with two phases (Fig. 1).

The simplest design is the single-phase passive sampler, where the 
single polymeric sorption medium is directly exposed to the evaluated 
matrix [3,4]. Different polymers have been employed, such as poly
dimethylsiloxane (PDMS), polyoxymethylene (POM), Low Density 
Polyethylene (LDPE), etc. – generally for hydrophobic contaminants [4]. 
Some important differences between the various possible polymers 
exist, impacting their application in passive sampling. In several studies 
[5–9], polyethersulfone (PES), whose structure is shown in Fig. 2, was 
proposed for integrative passive sampling of less hydrophobic com
pounds, as an alternative to the more commonly used polymers.

Dual-phase passive samplers generally consist of a receiving phase 
covered by a protective membrane. The most diffused dual-phase pas
sive samplers for polar compounds are POCIS, Chemcatchers and o- 

DGTs; these devices often use PES membranes, especially in the case of 
POCIS. In such applications, the membrane is increasingly being moni
tored for inducing lag times for mass transfer into the sorbent on the one 
hand, and as an important receiving phase for analyte accumulation on 
the other hand. In several POCIS studies, sampling rates (Rs) were even 
calculated for the protective PES membranes or for the whole device, 
due to substantial analyte uptake by PES.

The aim of this review is to summarize the information available in 
the literature on the use of PES as a receiving phase material in passive 
sampling, going from single-phase PES samplers to the peculiar contri
bution of PES in dual-phase samplers.

2. Polyethersulfone as a single-phase passive sampling material

2.1. An alternative material for less hydrophobic contaminants

Most publications on single-phase polymers as passive samplers have 
been on LDPE and PDMS samplers (also called silicon rubbers, SR), with 
a variety of studies on sampler performance and numerous field appli
cations for neutral and relatively hydrophobic organic contaminants 
[4,10]. The use of SR in particular, has been growing due to the 
improved suitability for sampling, extraction and analysis, and faster 
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polymer diffusion coefficients for hydrophobic organic contaminants in 
comparison with other applicable polymers [4,10]. LDPE passive sam
plers, on the other hand, are more efficient than SRs, due to easier 
procedures of precleaning before use and extraction [8]. However, both 
LDPE samplers and SRs have too low affinities for less hydrophobic and 
ionic contaminants. This results in less accumulation in the passive 
sampling devices and thus poorer detection possibilities. Thus, polymers 
more suited for moderately hydrophobic (2 < logKow < 5) and ionic 
compounds, such as hormones, pharmaceuticals, and pesticides, are 
being investigated [11,12].

PES was first proposed by Prieto et al. as a sorptive material for 
microextraction of emerging pollutants from water samples because of 
its higher extraction yields for polar compounds in comparison with 
silicone rods and PDMS stir bars [13]. In the following years, PES has 
been used as free tubes for sorptive (micro)extraction of a wide variety 
of polar and non-polar chemicals (herbicides, pesticides, phthalates, 
hormones, personal care products, per- and polyfluoroalkyl substances 
(PFAS), benzotriazoles, corrosion inhibitors and alkylphenols) in envi
ronmental water samples at very low ng L-1 levels [14–20]. The 
extraction efficiencies of some of the less hydrophobic species by PES 
were significantly improved in comparison with other polymeric mate
rials such as PDMS [14–20]. PES has also been employed for biological 
samples [21,22], with better uptakes than POM for the simultaneous 
extraction of alkylphenols, estrogens, bisphenol-A and a phthalate 
metabolite in fish biles [21].

Recently, PES has also been used in different formats (tubes/hollow 
fibres or flat-sheet membranes) as single-phase passive samplers for the 
study of compounds with a wide range of octanol – water partition co
efficient (logKow) in different water matrices. These include phthalates, 
PFAS, pharmaceuticals and personal care products (PPCPs), organo
chlorine pesticides, polychlorinated biphenyls, polycyclic aromatic hy
drocarbons (PAHs) and UV filters [5–9]. Still, unlike for ex-situ 
applications, most of the compounds for which uptake was significant in 
situ are relatively non-polar.

2.2. Polyethersulfone membrane as a kinetic passive sampler

Accumulation of chemicals by passive samplers generally follows 
first order kinetics, which is characterized by an initial linear (kinetic/ 
integrative) phase, followed by a curvilinear phase and a final equilib
rium partitioning phase [23]. Passive samplers are employed in either 
kinetic or equilibrium sampling mode. In kinetic mode, the sampler 
remains in the linear uptake phase and the Time-Weighted Average 
(TWA) concentrations can be calculated for the whole deployment 
period using sampling rates [23]. Several studies have shown linear 
uptake for different classes of compounds using different PES samplers 
and are summarized in Table 1.

Posada-Ureta et al. compared Rs for musks, fragrances, organo
chlorine pesticides, phthalates and octylphenols for three different for
mats of PES samplers (free tube, PES tube enclosed in LDPE membrane, 
0.1 µm-pore size PES flat-sheet membrane/filter) in a two-week 

calibration study [5]. In the comparison of the different configurations, 
higher Rs were observed for PES filters, due to the higher exposed sur
face area. The free PES tubes were also exposed in seawater to study 17 
organic compounds, but were outperformed by SR due to the hydro
phobicity of the studied analytes (logKow 4.30–8.62) [6]. Still, the per
formance strictly depends on the chosen analytes and deployment 
conditions. Using PES hollow fibres, 20 emerging contaminants (ECs) 
with a wide range of polarity were studied in another two-week cali
bration study in seawater [7]. While sampling rates could be calculated 
for 12 semi-polar compounds, these were much lower than in POCIS, 
and apparent equilibrium was reached after just 1 week. Scapuzzi et al. 
calculated 0.1 µm-pore size PES filter sampling rates for 4 UV filters and 
triclosan using 4-day exposures in tap water and synthetic seawater [9]. 
The performance of PES was compared with SR, showing higher 
polymer-water partition coefficients for PES, namely higher affinity for 
the polymer, for the compounds characterized by lower hydrophobicity 
but presenting specific chemical structures (aromatic rings and electron- 
withdrawing groups) [9]. Using 0.2 µm-pore size PES filters, an attempt 
was made by Chepchirchir et al. to model LogRs as a function of Abra
ham’s descriptors using a linear solvation energy relationship (LSER) 
and 71 experimental Rs from 3 different studies [8]. However, the model 
resulted unsatisfactory (R2 = 0.63) [8].

Since sampling rates can be affected by environmental conditions 
[24], laboratory calibrations should be carried out to reproduce as 
reliably as possible field conditions. However, other options have been 
suggested, especially to account for water flow, which is one of the most 
impactful environmental factors affecting sampling rates in the case of 
water boundary layer-controlled uptake. Water flow can be measured in 
the field to better select lab-Rs [25,26]. Another solution is to use per
formance reference compounds (PRCs), which are ‘analytically non- 
interfering substances’ that should follow the same Rs model as the 
target analytes [27]. PRCs have been successfully applied with several 
integrative hydrophobic passive samplers to correct for the influences of 
fouling and flow [4], while their use in polar passive samplers has been 
less successful so far [27]. Three studies have tested PRCs for PES single- 
phase passive samplers [5,7,8]. [2H9]-progesterone and [2H5]-atrazine 
displayed non-linear and low dissipation after 7 days of exposure [7]. 

Fig. 1. Schematic representation of (A) single-phase and (B) two-phase passive samplers. The black circles represent the analytes in the aqueous matrix and the 
yellow circles other compounds present in the media.

Fig. 1.png

Fig. 2. Chemical structure of polyethersulfone.
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Several deuterated PAHs and PCBs have also been tested as potential 
PRCs but were also not applicable due to their nearly irreversible 
sorption to PES and poor curve fittings [5,8]. Considering PES mem
branes can uptake analytes through adsorption [9], finding adequate 
PRCs is not likely [27].

2.3. Polyethersulfone membrane in the equilibrium mode and KPESw 
assessment

Differently from kinetic samplers, equilibrium sampling by single- 
phase passive samplers only requires the knowledge of polymer-water 
partition coefficients to estimate the aqueous concentration of a com
pound (Cw) [4]. In this case the accuracy of the calculated Cw of a 
particular compound strongly depends on the accuracy in the evaluation 
of its partition coefficient [28]. This parameter can be evaluated as the 
ratio of the concentrations of the analyte in the polymer and water 
phases once equilibrium in its partitioning has been achieved. Different 
methodologies can be used to estimate this coefficient, the most com
mon being the constant Cw design (where the aqueous analyte concen
tration is kept constant) and the single dose design (an initial spike 
without further renewal) [28]. However, alternative methods could be 
used to avoid inaccurate measurements for the more apolar compounds 
due to the low aqueous phase concentrations, the possible sorption of 
chemicals to dissolved organic matter or to the container walls, and the 
very long equilibration times. The co-solvent method consists in the 
addition of an organic solvent to water in different proportions before 
extrapolating the pure water partition coefficient [28]. An aqueous 
boundary layer permeation method can also be employed: a preloaded 
PDMS disk serves as a donor phase while a pristine membrane piece 
serves as an acceptor phase [29]. A three-phase system has recently been 
proposed by adding a micelle-forming surfactant [30]. The polymer- 
water partition coefficient is calculated from the polymer-micelle 
partition coefficient in the three-phase system and the micelle water 
partition coefficient. Most of the studied compounds for sorption on PES 
are relatively polar; therefore, both the co-solvent method and the three- 
phase system may not be appropriate. Still, these other methods could be 
a welcome addition when using PES samplers for more hydrophobic 
classes – such as PAHs – that require a long time to reach equilibrium 
using the constant or single dose designs [8].

Experimental PES–water partition coefficient (KPESw) values have 
been obtained using constant Cw or the single dose design for a variety of 
nonpolar and polar compounds either with a dual-phase device (POCIS 
and Chemcatcher) or with PES as a single-phase passive sampler. Table 2
summarizes a total of 13 different studies, including the LogKPESw values 
obtained in a recent article which estimated KPESw from graphical up
take data in the literature using image processing features [31].

Attempts to fit poly-parameter linear free energy relationships (PP- 
LFERs) with Abraham’s descriptors to the KPESw have been carried out in 
several works but the resulting fit was poorer for PES than for other 
homogeneous polymers such as PDMS or LDPE [8,31,35]. However, 
great care must be taken when examining the available data in the 
literature. Some of the reported KPESw were estimated for compounds 
that were still in the integrative phase, and such values should not be 

considered to develop prediction models. In fact, out of the 13 studies 
directly reporting KPESw values or from which KPESw values were esti
mated, only five have verified “apparent” equilibrium, while full equi
librium attainment was not verified for the others (Table 2). In addition, 
compound recovery from PES through the selected extraction procedure 
is not always verified, making the estimation even more uncertain. Thus, 
accurate PES-water partition coefficients remain poorly documented in 
the literature. Furthermore, competitive sorption has also been sug
gested to have potential influence on the sorption [41]. Better quality 
data is certainly required to improve models. All KPESw values for which 
partial equilibrium has been reportedly verified are reported in Table 3.

It must be pointed out that PES has not been used as an equilibrium 
passive sampler (except in one study using POCIS [37]). Furthermore, 
some authors have suggested that the time required to reach true 
equilibrium for PES-water partition may be too long for use of PES as an 
equilibrium passive sampler [31]. On the other hand, KPESw values are of 
great value to improve understanding of the uptake of polar chemicals of 
interest by dual-phase passive samplers and model their performance 
[23,31,42]. KPESw may also allow to exclude from attempting to apply 
dual-phase passive samplers to analytes which tend to sorb to the PES 
membrane [31].

Table 1 
PES applications as a passive sampling medium in single-phase samplers.

Sampling configuration Pore size/exposed surface area* Analytes Matrix Recovery efficiency Reference

Free PES tubes and flat-sheet membranes 0.1 µm/42 cm2 (membranes), 
NR/52 mm2 (tubes)

12 non-polar organic contaminants WWTP effluents NR [5]

Free PES tubes NR/52 mm2 17 organic compounds Seawater NR [6]
PES hollow fibers NR/16 cm × 0.7 mm external diameter 20 ECs Seawater 75–99 % [7]
Flat-sheet membranes 0.2 µm/130 cm2 31 PAHs, PCBs, and OCPs River water NR [8]
Flat-sheet membranes 0.1 µm/90 cm2 9 ECs Marine waters 66–85 % [9]

*As reported in the studies.
ECs: emerging contaminants, OCPs: organochlorine pesticides, NR: not reported, PAHs: polyaromatic hydrocarbons, PCBs: polychlorinated biphenyls, WWTP: 
wastewater treatment plant.

Table 2 
Summary on the information regarding LogKPESw assessment studies.

Study Number of 
compounds

Exposure type Compound 
recovery 
assessment

Partial 
equilibrium 
verified

[32] 26 Single (flat- 
sheet)

Not reported Yes

[13] 16 Single (tube) Not reported No
[33] 14a Dual (POCIS and 

Chemcatcher)
Not reported No

[31]
(using 
data 
from 
[34])b

8 Dual (POCIS) Not reported No

[35] 14 Single (flat- 
sheet)

Yes Yes

[36] 29 Dual (POCIS) Not reported Yes
[37] 33 Dual (POCIS) Not reported For the whole 

POCIS
[38] 8 Dual (POCIS and 

Chemcatcher)
Yes No

[39] 18 Dual (POCIS) Yes No
[40] 12 Single (flat- 

sheet)
Yes No

[8] 30 Single (flat- 
sheet)

Not reported No

[31] 4 Single (flat- 
sheet)

Yes Yes

[9] 9 Single (flat- 
sheet)

Yes Yes

aUp to four KPESw values per analyte (four different Chemcatcher or POCIS 
configurations). b Suchana et al. extracted graphical uptake data from Silvani 
et al. (2017) using image processing features to estimate KPESw values.
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3. PES membrane as a potential passive sampling material in 
dual-phase samplers

3.1. Sorption to the membrane and its impact on sorbent uptake

A diffusive membrane is generally employed in dual-phase passive 
sampling to protect the sorbent and lengthen the linear uptake phase. 
Chemicals first diffuse through water to the membrane where they may 
be sorbed. Then, they diffuse through the membrane to the sorbent 
where they accumulate. Since the first evidence of analyte sorption into 
PES membranes [43], growing attention has been paid to the possible 
presence of lag times in the uptake into the sorbent of dual-phase sam
plers and to the potential use of the membrane itself as receiving phase.

A total of 30 studies have co-extracted the PES membranes from 
exposed dual-phase samplers. In 20 of these publications, PES mem
branes were co-extracted from dual-phase samplers in laboratory studies 
[31,32,34,36–40,42,44–54]. In 14 papers, PES membranes were co- 
extracted from dual-phase samplers as a sampling strategy in field 
studies [5,37,39,43,51,52,55–62]. Overall, most of the studies regarding 
PES uptake of contaminants in dual-phase applications have been for 
POCIS applications, where generally PES is the default membrane. It is 
possible that better alternative membranes could be used in the future 
for POCIS [63]. Nevertheless, considering the extent of the use of stan
dard POCIS, which are already accepted in some regulatory monitoring 
[64], PES membranes will continue being used in the foreseeable future. 
Hence, it is fundamental to understand the role of PES in dual-phase 
samplers. An increasing number of studies have extracted PES mem
branes [32,36,39,45,53,59,62] in addition to the internal sorbent, and 
in many, large fractions of certain contaminants were measured on the 
standard PES membrane in respect to the whole POCIS. This was espe
cially observed in the first hours of deployment, followed by diffusion 
towards the sorbent, thus representing a lag phase in the contaminants’ 
uptake to the inner phase. Compounds with logKPESw ≥ 4 were found to 
primarily accumulate on POCIS membranes (PES) during typical 
deployment durations [40]. So in these cases, when the lag phase is 
important compared to the total sampler deployment time, the con
ventional TWA estimation may be less accurate, since connected to an 
“immediate” analyte accumulation to the sorbent [32]. Another recent 
example dealing with the distribution of specific compounds between 

the PES and hydrophilic-lipophilic balance (HLB) phases combined 
POCIS sampling with compound-specific stable isotope analysis (CSIA) 
for substituted chlorobenzenes. In that study, a higher accumulation of 
heavier isotopes in the POCIS was concluded to be due to PES accu
mulation, highlighting once again its important role in these dual-phase 
passive samplers [55]. Using PES membranes with larger pores may help 
in dealing with this issue, since by reducing the pore surface area within 
the membrane matrix, the partitioning between the PES and the sorbent 
phases is shifted towards the sorbent [45,63].

To estimate the impact of the membrane on the sorption into the 
receiving phase, Kaserzon et al. proposed to assess the limiting step of 
the uptake by the relationship between the sampling rate and the 
polymer-water partition coefficient. A positive linear correlation be
tween these two parameters implies the transport is under membrane 
control [54]. Indeed, the sampling rate is proportional to the overall 
mass transfer coefficient which depends on the mass transfer coefficients 
of the involved compartments (e.g., WBL, membrane and sorbent) and 
the partition coefficients between them. However, the application of this 
method is limited to the transport via the polymer phase and not via 
water-filled pores [54]. In fact, if the transport through the membrane is 
controlled by the diffusion in the pore water, it should be independent of 
the partition coefficient but dependent on the water diffusion coefficient 
related to the molecular size of the analyte.

Analyte sorption to the PES membranes was also assessed in several 
Chemcatcher calibration studies to improve understanding of uptake 
kinetics and possible lag phases to the sorbent disk [32,44,47–49]. In 
two such studies, no substantial sorption took place, so analysis of the 
PES membrane was later forsaken [47,48]. On the other hand, Becker 
et al. observed some minor lag times for the uptake of several com
pounds using styrene–divinylbenzene reversed phase sulfonated poly
mers (SDB-RPS), due to sorption to the 0.2 µm-pore size PES protective 
membranes [49]. Vermeirssen et al. observed that using Chemcatchers 
with SDB disks and 0.1 µm-pore size PES protective membranes, lag 
phases could occur for analytes with logKPESw > 2 [32]. On the other 
hand, Glanzmann et al. observed no significant lag phases, even if there 
was considerable sorption by PES for most of the studied compounds 
[44]. In a study on glass fibre filter- Envi-Carb “sandwich” disks, the 
sorption of the analytes onto the PES membranes were assessed and 
substantial accumulation of a herbicide was observed; despite this, 

Table 3 
Individual LogKPESw values (L/kg) for which partial equilibrium has been verified.

LogKPESw < 3 3 < LogKPESw < 4 LogKPESw > 4

Compound LogKPESw Compound LogKPESw Compound LogKPESw

Acebutolol 1.48 [36] Acetanilide 3.49 [35] Benzophenone-3 4.52 [9]
Acetochlore 2.72 [36] Atrazine 2.84 [36], 3.68 [32] 1-cyanonaphthalene 5.48 [35]
Benzotriazole 2.84 [32] Benzimidazole 3.38 [35] Diazinon 4.50 [32]
Betaxolol 2.86 [36] Bisphenol A 2.56 [9], 3.38 [36] 3,4-dichloroaniline 3.86 [31], 4.81 [36]
Bezafibrate 1.90 [36] Caffeine 2.52 [32], 3.13 [35] Diuron 4.01 [36], 5.04 [32]
Bisoprolol 2.00 [36] Carbendazim 3.16 [36], 3.76 [32] Ethyl hexyl methoxy cinnamate 4.25 [9]
Carbamazepine 2.40 [36], 2.90 [32] Chloridazon 3.50 [32] Indole 4.57 [35]
Diclofenac 2.54 [36], 2.60 [32] 4-chloronitrobenzene 3.44 [31] Isoproturon 4.20 [32]
2,4-dichlorophenoxyacetic acid 1.30 [36] Deisopropylatrazine 3.18 [32] Linuron 4.21 [36]
Estrone 2.62 [9] Desethylatrazine 3.37 [32] 2-methoxynaphthalene 5.73 [35]
17α-ethinyl estradiol 2.62 [9] 3,4-dichloronitrobenzene 3.60 [31] 4-methylbenzylidene camphor 4.26 [36]
Furosemide 2.04 [36] 2,4-dichlorophenol-d3 3.33 [36] 1-naphthaleneacetamide 4.46 [35]
Hydroxyatrazine 1.58 [32] Estriol 3.04 [36] 4-nitroaniline 4.23 [35]
Ketoprofen 1.90 [36] Irgarol 3.90 [32] Octocrylene 4.58 [9]
Mecoprop 1.07 [32] Megestrol 3.60 [36] Octyl dimethyl p-aminobenzoate 4.35 [9]
Metoprolol 1.90 [36] 5-methylbenzotriazole 3.42 [32] Triclosan 4.13 [9]
Naproxen 1.95 [36] Metolachlor 3.13 [32] ​ ​
Oxprenolol 1.85 [36] 2-nitrotoluene 3.38 [31] ​ ​
Phenazone 2.38 [32] Phenol 3.16 [35] ​ ​
Sufamethoxazole 2.49 [32] Prochloraz 3.93 [36] ​ ​
Sulcotrione 0.72 [32] Progesterone 3.52 [36] ​ ​
Testosterone 2.48 [36] Terbuthylazine 3.67 [32] ​ ​
Timolol 1.30 [36] Terbutryn 3.91 [32] ​ ​
Trimethoprim 1.78 [36] Umbelliferone 3.96 [35] ​ ​
​ ​ β-estradiol 2.22 [9], 3.08 [36] ​ ​
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uptake to the sorbent disk was linear, so the authors decided to no longer 
extract the membrane [46].

3.2. Single membrane sorption assessments prior to membrane selection in 
dual-phase samplers

From the considerations above, it appears clear that strategies to 
avoid or to deal with the sorption of target chemicals in the protective 
membrane are necessary. In general, the basic rule is that this membrane 
should retain as little of the target chemicals as possible so as to not 
complicate the accumulation process; ideally, only diffusion into the 
pore water should take place. During sampler configuration develop
ment, it is thus recommended to check for potential sorption to the 
membrane for different organic chemical classes.

PES sorption was verified prior to selecting the right membrane in 
several recently developed passive samplers: for PASSIL applications 
(passive sampling using ionic liquids as the receiving phase) [65,66] and 
for an equilibrium sampler using ultra-pure water as a receiving phase 
for PFAS [67].

Using a mechanistically based, one-dimensional diffusion model, 
Endo et al. recommended that logKPESw should be <3 or <4 (see Table 3
for examples of compounds with such values) in the standard Chem
catcher setting to avoid a lag time of >1h or >1 d in the sorbent disk 
respectively [68]. If such compounds are to be studied, an alternative 
membrane or no membrane at all are possible alternatives.

In several o-DGT studies, potential analyte sorption was prelimi
narily assessed for different membrane materials including 0.45-µm pore 
size PES membrane filter disks to evaluate their possible use in o-DGT 
configurations. These sorption experiments were usually conducted for 
4–24h in a small volume of water (5–25 mL) spiked with a high initial 
concentration of analyte (typically 100 μg L− 1, in the range 10 μg L− 1 – 1 
mg L-1) [64,69–86]. Concentrations of the analytes before and after the 
exposure were measured in the water to evaluate the possible adsorption 
to the PES membrane. In most cases, sorption was reported as adsorption 
efficiencies defined as the analyte fraction adsorbed (the ratio between 
mass of analytes in the single membrane and total mass in the initial 
solution in %) and as the mass adsorbed (μg) per filter membrane area 
[87]. Some of these results are summarized by Ji et al. [87], who plotted 
the fraction adsorbed (%) of tested organic compounds by the PES 
membrane used in the o-DGT devices versus logKow values of tested 
analytes. High fractions adsorbed were shown for some hydrophilic 
compounds with logKow <3; of particular note, fractions >28% for 
second-generation fluoroquinolones with logKow <0 (norfloxacin, 
ofloxacin, pefloxacin, ciprofloxacin, enrofloxacin) and close to 100% for 
methylparaben (logKow = 1.67) were reported. The number and mass of 
compounds accumulated onto the PES membranes decrease with 
increasing PES membrane pore size [64].

In two POCIS studies, PES membrane controls, i.e., POCIS without 
the sorbent, were also exposed to target compounds. PES membrane 
controls were compared to POCIS after 10 d of exposure to water spiked 
with the analytes: the ratio of the mass of the target compound in the 
PES membrane (controls) and the mass of the target compound retained 
by the sorbent (POCIS device) was lower than 0.1 for all tested com
pounds, which meant that the target compounds did not greatly accu
mulate in the PES membrane and could quickly transfer to the sorbent 
[88]. In another study, PES membrane controls were also tested for two 
pesticides, for 7 d. A substantial amount of pesticide was retained by the 
PES membranes and may affect the uptake by the POCIS sorbent [89].

Even though these evaluations are essential in better understanding 
the distribution of the analytes in dual-phase samplers, it is important to 
bear in mind that these systems are more complex than single mem
branes. Indeed, unlike for single PES membranes, the accumulation of 
the analytes in PES from dual-phase samplers may be lower due to in
ternal mass redistribution from the PES to the sorbent [31].

3.3. Dealing with PES membrane sorption by co-extracting PES 
membranes

Field applications where PES membranes in dual-phase samplers 
were extracted as a sampling strategy are listed in Table 4 and discussed 
throughout this section.

3.3.1. Separate extraction and separate assessment
In an important laboratory study, Vermeirssen et al. assessed and 

modelled the transfer of polar compounds over PES membranes in 
Chemcatchers and POCIS [32]. A three-compartment first order kinetic 
model was introduced for the uptake by the sorbent in Chemcatchers 
and POCIS of 22 compounds of various classes (herbicides, pharma
ceuticals and industrial chemicals). Compared to the traditional sam
pling rate model, the multi-compartment model better fitted the data for 
compounds that strongly sorb to the PES membrane leading to lag 
phases [32]. However, in extreme cases, when the analyte concentration 
is very low in one compartment (either sorbent or PES membrane), the 
estimation of KPESw could be affected by large errors. Thus, the model 
should be simplified by excluding the compartment where the concen
tration is very low compared to the other compartment. Estoppey et al., 
used a simplified two-compartment model for POCIS and Chemcatchers 
by excluding the sorbent compartment for six nitroaromatic compounds 
(1.54 < logKow < 2.37) which mainly partitioned to the PES membrane 
but not to the sorbent [39]. In further field deployments in lake-bottom 
waters, these six nitroaromatics were therefore extracted solely from the 
PES membranes.

Two recent studies have assessed the potential benefit of co- 
extracting PES membranes alongside o-DGT or POCIS sorbents on a 
larger scale. Castro et al. used four chromatographic separation modes 
for the suspect screening of 3227 chemicals (pharmaceuticals, pesti
cides, drugs of abuse, human metabolites, industrial chemicals among 
others) in surface waters by analysing 0.45-µm pore size POCIS PES 
membranes and sorbent extracts [60]. The number of compounds 
identified in the POCIS membrane (23 compounds) was much lower 
than the number of compounds detectable in the POCIS sorbent (115 
compounds). This led to the decision not to analyse the membrane 
extract as a sampling strategy. This may be on account of the type of 
contaminants in the suspect screening library, as only 25% of the 
investigated chemicals can be considered as nonpolar, namely charac
terized by an octanol–water distribution coefficient > 3.2 at neutral pH 
(logDpH 7 > 3.2) [90,91]. Indeed, the logD of the compounds found in 
the POCIS membrane was statistically higher than the logD of those 
found in the POCIS sorbent extracts [60]. In addition, the PES mem
branes used were of a greater pore size than commercial POCIS (0.45 vs 
0.1 µm), which tends to shift the partitioning towards the sorbent [45]. 
While assessing the applicability of o-DGTs and POCIS to collect a wide 
range of analytes, Renaud et al. also extracted the PES membranes 
separately from both types of devices and screened them for 299 target 
compounds [61]. They concluded that only a small benefit arises from 
extracting the membrane of the o-DGT devices, as few additional com
pounds were detected exclusively on the PES membranes. In contrast, 
for POCIS, extracting 0.1-µm pore size PES membranes alongside the 
HLB sorbent resulted advantageous to increase the number of com
pounds detected. However, the targeted analytes were relatively polar: 
most had (logDpH 7 < 3), which greatly limits the assessment of the 
potential benefit of co-extracting PES membranes to polar and semi- 
polar compounds only.

Jeong et al. calculated water equilibrium concentrations from PES 
extracts for 21 compounds in a wastewater treatment plant effluent and 
river waters after 35-d deployments of POCIS. These equilibrium con
centrations were compared to TWA concentrations from the POCIS 
sorbent. For most compounds, the calculated concentrations by both 
methods were similar or at least in the same range, while for several 
compounds, the concentrations calculated by both methods were very 
different [37]. Analyte recovery was not reported in the study. However, 
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by using ultra-pure water to recover the sorbent from the POCIS, some of 
the polar analytes may have been lost from either or both compartments 
leading to such differences. A sudden increase or decrease in water 
concentration in the few days prior to the end of the deployment may 
also have led to a higher or a lower equilibrium concentration in the PES 
respectively compared to the average concentration for the whole period 
measured by the HLB sorbent. Thus, while comparing estimated water 
concentrations from different samplers is always informative, using the 
PES to estimate the concentrations of polar compounds with poor af
finity for the membrane is certainly not feasible.

3.3.2. Separate extraction and combined uptake assessment
Tran et al. extracted both the PES membranes (0.2 μm) and the 

sorbent disks of Chemcatchers separately to study the partition between 
the two compartments. Due to the higher accumulation of diuron in the 
membrane, the authors decided to calculate sampling rates of the 
studied herbicides based on the accumulated amounts of the analytes on 
the whole device. They concluded that these sampling rates could be 
used to calculate TWA concentrations from the accumulated amount of 
the analytes by the whole device in field studies [43].

In a laboratory study, Silvani et al. investigated the uptake of 
alkylphenols by both compartments of POCIS. Both sorption to the PES 
and to the HLB were linear. As alkylphenols with high hydrophobicity 
(logKow ≥ 4) were primarily accumulated in the PES membranes, for 
each analyte the amounts adsorbed onto both Oasis HLB and PES were 
summed to calculate “combined” POCIS sampling rates. This approach 
was strongly advocated to monitor the concentration of these chemicals 
more effectively in water by allowing the accumulation of hydrophobic 
as well as hydrophilic alkylphenols using just one passive sampler [34].

In another laboratory study, Djomte et al. also extracted PES and HLB 

from POCIS separately, and assessed the sampling rates of both phases 
singly and combined, to assess the potential improvement in sampling 
rate estimations. For 4 compounds with logKPESw ≥ 3.9, a large portion 
partitioned to the PES membrane (47 to 96%) and sorption to the PES 
and to the HLB were both linear. Thus, Rs calculated with mass adsorbed 
to HLB plus PES membranes would improve the sensitivity related to 
sampling rate estimations for these compounds. However the mean
ingful gains in sensitivity may be offset by an increased susceptibility to 
changing environmental conditions (exposure to water with added 
sediment led to reduced accumulation on the PES in their study thus 
reducing the combined sampling rates) [40].

Suchana et al. extracted the PES and sorbent phases in POCIS sepa
rately [55]. Both phases were significant sinks for the target compounds. 
When combining the PES and sorbent extracts, the minimum water 
concentration required for precise and accurate C-, H- and N-CSIA of the 
target compounds was improved. Combining multiple PES or PES and 
HLB extracts also improved the detection limits.

3.3.3. Combined extraction (and combined assessment)
Recently (2023–2024), the PES membranes and the sorbents from 

dual-phase passive samplers have been combined for assessment of the 
uptake by the whole samplers. The sorbent and the PES membranes of 
POCIS were extracted together in a study on pesticides in alpine streams. 
In situ sampling rates of the total POCIS were calculated for 31 pesticides 
with a wide range of polarity, and field validation showed that most of 
these Rs were robust for different sampling periods and sampling sites 
[56]. Six pharmaceuticals and one artificial sweetener were also 
extracted from whole POCIS deployed in rural headwater streams up
stream and downstream from on-site wastewater disposal systems, and 
in-situ Rs were also calculated [57]. Considering the low hydrophobicity 

Table 4 
PES field applications as a passive sampling medium in dual-phase samplers.

Sampling configuration Application 
strategy

Pore size/surface 
area*

Analytes Matrix Recovery efficiency Reference

PES tubes enclosed in 
LDPE membranes

A NR/52 mm2 12 non-polar organic 
contaminants

WWTP effluents NR [5]

POCIS-like sampler 
flat-sheet membranes

B 0.45 µm/16 cm2 9 PFAS River water NR [52]

POCIS flat-sheet 
membranes

B 0.1 µm/NR 23 polar pesticides and 
8 metabolites

River water NR [59]

POCIS flat-sheet 
membranes

B 0.1 µm/90 mm 
diameter

34 pesticides and 
pharmaceuticals

Deionized water NR [37]

Chemcatcher and 
POCIS flat-sheet 
membranes

B 0.1 µm/90 and 47 mm 
diameters 
respectively

18 nitroaromatic 
compounds

Lake-bottom waters 49–96 % and 24–64 %, 
respectively

[39]

POCIS flat-sheet 
membranes

B 0.1 µm/45.8 cm2 37 target compounds River water and WWTP 
effluent

NR [51]

POCIS flat-sheet 
membranes

B 0.45 µm/47 mm 
diameter

Suspect screening of 
3227 chemicals

Wastewater and surface water NR [60]

POCIS and o-DGT flat- 
sheet membranes

B 0.1 µm/41 cm2 

exposed (POCIS) 
NR/3.1 cm2 exposed 
(o-DGT)

299 target analytes Surface water NR [61]

POCIS flat-sheet 
membranes

B 0.1 µm/45.8 cm2 

exposed
9 ECs Wastewater effluent From [9] [62]

POCIS flat-sheet 
membranes

B 0.1 µm/≈40 cm2 6 substituted benzene 
compounds

Wetland fed by partially 
treated groundwater from an 
industrial site

74–85 % [55]

Chemcatcher flat-sheet 
membrane

C 0.2 µm/47 mm 
diameter

9 herbicides Drinking water Additional extraction with the 
same procedure to verify no 
further release of analytes

[43]

POCIS flat-sheet 
membranes

D 0.1 µm/90 mm 
diameter

319 pesticides Alpine streams Calculated for the whole POCIS [56]

POCIS-like samplers 
flat-sheet membranes

D 0.22 μm/10 cm2 50 ECs River and lagoon waters NR [58]

POCIS-like samplers 
flat-sheet membranes

D 0.1 µm/41 cm2 7 ECs WWTP influent and its 
receiving water

NR [57]

* As reported in the studies.
A: extraction of the PES material only, B: separate extraction and separate assessment, C: separate extraction and combined uptake assessment, D: combined extraction 
and combined uptake assessment.
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of the studied compounds, these ‘whole POCIS’ Rs are expected to be 
equivalent to the Rs if only the sorbent had been extracted. In a study 
regarding metal–organic frameworks in passive sampling devices 
(MOFs-PSDs, i.e., POCIS-like samplers), the sorbent and the PES mem
branes were also extracted together for a wide group of ECs (LogDpH 7 
from − 5.0 to 5.0). Some of the compounds (including the more hydro
phobic ECs), were successfully calibrated to yield lab-Rs [58].

While only these three cited studies have co-extracted both the PES 
membranes and the sorbents from dual-phase passive samplers, partial 
co-extraction may have taken place in other studies that focused on the 
sorbent only. In several POCIS studies, methanol was used to transfer the 
solid phase from the PES membranes to an SPE column for extraction, 
and this wash solution was usually combined to the eluate [92–100]. 
Ionic liquids were also recovered from the PES membranes of PASSIL 
samplers using a large volume of acetonitrile [101]; while the PES 
membranes from Chemcatchers were rinsed with acetone, the eluate 
then used to also extract the Chemcatcher sorbent disk in a study on 
triazines [102]. Thus, the authors may have already partially co- 
extracted the PES membrane for compounds which can sorb onto it. 
When sampling rates from the literature related to the single sorbent 
compartment extraction were used to estimate TWA concentrations, the 
total Rs may have been underestimated leading to an overestimation of 
the TWA concentrations [98,99,103].

Furthermore, in the study of Challis et al., important signal sup
pression in the negative mode impacted the analysis of several com
pounds and was assumed to be due to matrix effects from the membrane 
co-extraction, especially as the membrane had not been pre-washed 
[99]. This was corroborated by Jeong et al. who measured the ionization 
effects in the electrospray ionization (ESI) source during the LC–MS/MS 
analysis of Oasis HLB sorbent and PES membrane extracts, finding more 
variable ionisation factors for the PES extracts, likely due to biofouling 
[37]. Indeed, organic matter adhering on the membranes can be difficult 
to remove. In contrast, the sorbent is not directly exposed to the envi
ronment and is thus more protected from biofilm growth. If the mem
brane is heavily fouled, the resulting matrix effect could lead to an 
excessive decrease in sensitivity when pooled sorbent-membrane ex
tracts are analysed, especially for compounds that tend to partition to 
the sorbent rather than the membrane. This implies that PES membranes 
and the sorbent should be extracted and analysed separately for more 
accurate results [51]. In addition, combined uptake kinetics may be 
more complex to understand than by extracting both compartments 
separately. This is compounded by the lack of information on the re
covery efficiencies during extraction of analytes accumulated on the 
membranes [63], as well as the lack of information on stability during 
membrane storage before analysis [104]. However, Casari et al. 
demonstrated that in situ sampling rates of pesticides from total POCIS 
extraction (HLB sorbent + PES membrane) applied to different alpine 
streams well agreed with spot sampling values [56]. Compared to the 
study by Jeong et al., this was conducted for a shorter period of time (21 
vs 35 days) and in more “pristine” rivers with less and more easily 
removable fouling appearing on the membranes.

4. Future perspectives on the use of PES as a receiving phase in 
passive sampling

Compared to other single-phase passive samplers, not much work has 
been carried out with PES as a single-phase passive sampler. For the 
more hydrophobic compounds, several single-phase passive samplers 
such as SR and LDPE are better understood and more robust, as PRCs 
offer a good correction of the impact of water flow. On the other hand, 
adsorption is the main mechanism of sorption onto PES, thus, more 
complex kinetics are involved compared to the simpler absorption in SR 
and LDPE. Furthermore, due to this complexity, PRCs are not suitable for 
correcting the impact of water flow on PES samplers. In addition, PES is 
not used as an equilibrium passive sampler, due to the long equilibrium 
times required for hydrophobic compounds. For more polar compounds, 

the already existing traditional dual-phase polar samplers (POCIS, 
Chemcatcher, o-DGT) are not only better characterized than PES sam
plers [105,106], but the receiving phase in these samplers has a much 
higher affinity for more polar compounds than PES. Overall, the poly
ethersulfone membrane as a single-phase passive sampler may be less 
competitive compared to other types of passive samplers and thus may 
not fuel further research in that field.

While many studies have measured dual-phase passive sampler sor
bent sampling rates for a large range of polar compounds using cali
bration studies, very few have measured the protective membrane 
partitioning coefficient. Nonetheless, measurements of the polymer–
water partition coefficients are needed to improve understanding of the 
uptake of polar chemicals of interest by dual-phase passive samplers 
with PES membranes and model their performance. A decision tree may 
be useful to select the best approach to follow (Fig. 3).

In dual-phase passive sampler applications, the membrane should be 
co-extracted if compounds likely to be affected by lag-phases are part of 
the study. As described in depth above, different extraction and Rs 
assessment strategies can be employed to take into account the sorption 
both in the sorbent and in the PES membrane. If the analyte accumulates 
mainly in one compartment of the sampler and uptake is integrative, the 
extraction of the single compartment is suggested, and the related 
sampling rate should be used to estimate the analyte concentration in 
the studied environment. Indeed, if the amount of the analyte in the PES 
is negligible compared to the amount accumulated in the sorbent, the 
overall sampling rate (sorbent and PES) corresponds to the Rs of the 
sorbent. This occurs for most polar and semi-polar compounds over 
typical deployment durations. On the contrary, for the more hydro
phobic compounds the uptake mainly occurs in the PES membrane. In 
this scenario, the sampling rate in PES can be used to determine the TWA 
concentration (Rs hydrophobic (sorbent+PES) ≈ Rs hydrophobic PES). For 
compounds that partition to both the PES and the sorbent, more work is 
needed to assess if the combined Rs can reduce the issues related to 
internal mass redistribution (e.g. lag phase for the sorbent) that is 
affected by field conditions. In fact, the mass redistribution is linked to 
the mass transfer resistances involved in sorption which in turn are 
related to the thickness of the phases present and the partition co
efficients. For instance, the presence and the nature of fouling/sediment 
can reduce the transport across the protective layer (limiting the in
teractions with the membrane surface or blocking the pores) or enhance 
the sorption in the whole sampler adding a new phase with different 
affinity for the target compounds. Considering the latter scenario, an 
additional mass transfer resistance must be considered. This affects the 
sorbent Rs since it is dependent on the overall mass transfer resistance 
[107,108]. As a consequence, the accuracy in the evaluation of the TWA 
concentration is influenced by the presence and the nature of the new 
layer.

Combined extraction would reduce time and cost of the analysis 
compared to separate extraction. However, this improvement may be 
offset by an increased susceptibility to changing environmental condi
tions and the different extraction efficiencies of the two receiving pha
ses. Thus, an important factor in the decision to extract or not the 
membrane may be the deployment time. For long exposures in complex 
matrices (marine waters, wastewaters) leading to heavy biofouling of 
the membranes, it may not be feasible or recommended to co-extract the 
membrane due to increased signal suppression. In addition, results from 
controlled laboratory experiments may not be easily applied to complex 
field applications where substantial (bio)fouling has taken place altering 
the membrane sorption kinetics. On the other hand, for shorter 
deployment times in relatively clean freshwater matrices (mountain 
rivers, drinking water), combined extraction appears feasible and could 
be advantageous.

5. Conclusion

In this review, an insight into the possible use of polyethersulfone 
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membranes as passive samplers was given. In the form of a single-phase 
sampler, PES appears not to be competitive enough compared to other 
types of samplers, thus maybe discouraging further developments. On 
the other hand, assessing uptake of analytes by PES in dual-phase 
samplers may be useful, or even required. Most of the studies 
regarding PES uptake of contaminants have indeed been for dual-phase 
passive samplers, especially POCIS. For these devices, co-extracting PES 
membranes alongside sorbents may allow not only to increase the 
number of more hydrophobic compounds detected, but also to improve 
understanding of the uptake of polar/mid-polar chemicals by dual-phase 
passive samplers, thus better modelling their performance. Combining 
the extracts during sample processing may lead to meaningful gains in 
sensitivity in pristine environments. Still, an increased susceptibility to 
ion suppression in more complex matrices could be observed, suggesting 
a careful evaluation of the procedure to employ in different situations.
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[58] K. Godlewska, A. Białk-Bielińska, P. Mazierski, S. Zdybel, A. Sosnowska, 
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