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Abstract
Passive techniques are a constantly evolving method of monitoring water pollution, allowing the simultaneous sampling and 
concentration of selected chemical compounds. The most popular aqueous passive samplers are those in which sorbents are 
used as receiving phases, including: the Polar Organic Chemical Integrative Sampler (POCIS). Originally, POCIS contained 
the copolymer poly(divinylbenzene)-co-N-vinylpyrrolidone, which allowed the collection of analytes with 0 ≤ log Kow ≤ 5, 
The limitation of the use of conventional samplers for sampling water pollutants only with a specific polarity has resulted 
in the fact that innovative sorbents are used more and more in POCIS-like samplers. In recent years, application of several 
innovative sorbents in POCIS-like samplers, for example: mixed-mode ion exchange polymeric sorbents, ionic liquids, 
molecularly imprinted polymers and carbon nanotubes has been described. This is the first review in which the usability of 
classical and innovative sorbents used in passive techniques principles has been collected and compared, and it has been 
shown that the type of sorbent can significantly affect the efficiency of sampling pollutants in the aquatic environment. The 
major points are the following: 1) principle of operation, of passive samplers, 2) characteristics of POCIS and sorbents 
used as receiving phases, 3) sampler calibration methods and environmental factors affecting their operation, 4) a detailed 
description of the application possibilities of conventional and innovative sorbents used in POCIS-like samplers. This 
review shows the growing number of works on the use of innovative sorption materials to overcome limitation of originally 
designed POCIS, and the published results, allow us to conclude that the type of sorbent may be a key factor in increasing 
the applicability of POCIS-like samplers.
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Abbreviations
DCM  Dichloromethane
DGT  Diffusive gradients in thin films
DMLS  Discrete multilayer sampler
dSPE  Dispersive solid-phase extraction
MeOH  Methanol
MESCO  Membrane-enclosed sorptive coating
OASIS HLB  Hydrophilic–lipophilic-balanced sorbent
Pest-POCIS  Pesticide polar organic chemical integra-

tive sampler
Pharm-POCIS  Pharmaceutical polar organic chemical 

integrative sampler
PIMS  Passive integrative mercury sampler

PISCES  Passive in situ concentration-extraction 
sampler

POCIS  Polar organic chemical integrative 
sampler

Rs  Sampling rate
SPMDs  Semipermeable membrane devices

Introduction

In recent years, passive techniques have been gaining more 
attention, especially due to researchers looking for reliable 
methods of monitoring inorganic and organic substances in 
the natural environment. Passive samplers are economic and 
trustworthy devices enabling the determination of the time-
weighted average concentration of target compounds and 
thus integrating spot pollution events (Tapie et al. 2011). 
The advantages of passive sampling devices also include 
ease of use in the field without the need for electrical power 

 * Klaudia Godlewska 
 klaudia.godlewska@phdstud.ug.edu.pl

1 Department of Environmental Analytics, Faculty 
of Chemistry, University of Gdansk, ul. Wita Stwosza 63, 
80-308 Gdansk, Poland

http://orcid.org/0000-0003-1318-2248
http://crossmark.crossref.org/dialog/?doi=10.1007/s10311-020-01079-6&domain=pdf


466 Environmental Chemistry Letters (2021) 19:465–520

1 3

or special equipment, and their ability to accumulate ana-
lytes and thus to measure low and very low concentrations. 
This is a huge advantage over spot sampling methods, in 
which analyte concentrations are often below the limit of 
quantification and limit of detection of the chosen instru-
mental method, thus preventing the determination of ultra-
trace micropollutants in the environment (Thomatou et al. 
2011). Common methods for analyte determination consist 
of several stages: (1) point sampling, (2) transport of sam-
ples to the laboratory, (3) extraction of analytes from the 
tested matrix, (4) purification and concentration of target 
compounds and (5) instrumental analysis. The use of such 
dynamic methods for monitoring environmental pollution 
has many shortcomings. The main disadvantage is that the 
sampled spot represents only those impurities that are pre-
sent at the time of sampling. Episodic events, such as storm 
water leaks or runoff, are often overlooked because pollu-
tion can disperse before the next sampling period. Sampling 
several times to take into account episodic events may be 
difficult to perform physically, organizationally and finan-
cially, especially in remote areas (Zhang et al. 2016). With-
out sufficient sampling repeatability, it may not be possible 
to determine the time-weighted average concentrations of 
target compounds. In addition, passive sampling devices 
take samples of labile fractions, which are probably more 
toxicologically relevant than total concentrations in terms 
of bioavailability assessment (Silvani et al. 2017). For this 
reason, passive dosimeters are an attractive alternative to 
traditionally used sampling methods.

The ideal model of a passive sampler has a simple design, 
is cheap and easy to prepare, apply and analyze and is selec-
tive and sensitive for a wide range of chemical compounds, 
regardless of the medium being tested. In practice, the sam-
pler design is developed for several purposes and no single 
device is suitable for all applications. The simplest pas-
sive sampling devices are single-phase polymer samplers, 
in which the polymer formula and surface area-to-volume 
ratio can be selected to increase sampler performance. In 
contrast, two-phase passive samplers consist of a receiving 
phase and diffusion membranes. The use of membranes is 
to lengthen the kinetic phase by slowing down the diffusion 
between the water phase and the receiving phase (Wenn-
rich et al. 2003; Vrana et al. 2005; Terzopoulou and Voutsa 
2016; Criquet et al. 2017; Yang et al. 2017). A wide range 
of devices is available for the passive sampling of pollut-
ants in the aquatic environment, namely: semipermeable 
membrane devices (SPMDs) (Huckins et al. 1999, 2000; 
Harman et al. 2008a, b; Creusot et al. 2013), polymer sheets 
(Puls and Paul 1997; Vroblesky 2001), ceramic dosimeters 
(Bopp et al. 2005), diffusive gradients in thin-film (DGT) 
technique (Denney et al. 1999; Larner et al. 2006; Schintu 
et al. 2008), discrete multilayer sampler (DMLS) (Larner 
et al. 2006), membrane-enclosed sorptive coating (MESCO) 

sampler (Vrana et al. 2006), passive integrative mercury 
sampler (PIMS) (Brumbaugh et al. 2000), passive in situ 
concentration–extraction sampler (PISCES) (Barranger et al. 
2014), Chemcatcher (Vrana et al. 2006, 2007; Aguilar-Mar-
tínez et al. 2008; Booij and Chen 2018) or passive organic 
chemical integrative sampler (POCIS) (Rujiralai et al. 2011; 
Černoch et al. 2011; Pesce et al. 2011; Charlestra et al. 2012; 
Miège et al. 2012; Creusot et al. 2013; Belles et al. 2014a; 
Kaserzon et al. 2014b; Aisha et al. 2017; Yabuki et al. 2018; 
Guibal et al. 2018; Rosen et al. 2018). POCIS-like samplers 
are some of the most frequently used passive devices in 
environmental analytics. Conventionally used sorbents in 
POCIS allow for effective sampling of chemical compounds 
with 0 ≤ log Kow ≤ 5. These samplers were used at least 196 
times to sampling water pollutants such as pharmaceuticals, 
pesticides, endocrine-disrupting substances, personal care 
products and phenols (“Hydrophilic–lipophilic-balanced 
sorbent (Oasis HLB)” and “Triphasic sorbent admixture” 
sections). However, one of the basic restrictions of commer-
cial POCIS is the inefficient uptake of strongly hydrophilic 
and ionic organic compounds from water. Therefore, scien-
tists are constantly looking for increasingly more efficient, 
less costly and more reliable devices for monitoring environ-
mental micropollutants. Numerous studies, in which various 
constructional solutions of samplers and different types of 
membranes were used, or innovative sorption materials were 
sought, contributed to the rapid development of passive tech-
niques. In recent years, there has been a successful applica-
tion of several innovative sorbents in POCIS-like samplers, 
for example: Strata-X (Balaam et al. 2010), Oasis MAX 
(Fauvelle et al. 2012), Chromabond HRX (Fauvelle et al. 
2012), Strata XAW or Oasis WAX (Kaserzon et al. 2014; 
Gobelius et al. 2019), Sepra ZT (Booij et al. 2013), Strata 
X-CW (Carpinteiro et al. 2016), ionic liquids (Caban et al. 
2016), Bond-Elute Plexa sorbent (Mijangos et al. 2018a, b), 
molecularly imprinted polymers (Berho et al. 2017), carbon 
nanotubes (Jakubus et al. 2016) (Table 1). 

In this paper, a review of the literature from the last 
16 years, i.e., since the appearance of POCIS-like samplers 
in environmental analysis, has been carried out to summa-
rize the latest knowledge on the development of passive sam-
plers. Studies using POCIS-like samplers, depending on the 
sorbent used, from 2004 to 2020 have been chronologically 
compiled and are presented in Tables 2, 3 and 4. The work 
describes in detail the basics of passive techniques, sampler 
calibration methods and their limitations, and types of pas-
sive devices depending on the way the probe works. The 
possibilities of using specific sorbents in POCIS-like sam-
plers are described in detail, as well as their advantages and 
disadvantages. This review proves that the use of innovative 
sorption materials, and various types of POCIS modifica-
tions have allowed the application of this type of passive 
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sampler to be extended (“Innovative sorbents” section and 
Table 1).  

Characteristic of selected passive samplers

The polar organic chemical integrative sampler was devel-
oped at the Columbia Environmental Research Center (US 
Geological Survey) and the patent was granted in the United 
States in November 2002 (# 6478961). POCIS was first used 
in the field in 2004 (Alvarez et al. 2004b) to monitor hydro-
philic pollution of the aquatic environment (log Kow < 4). 
Polar organic chemical integrative sampler (POCIS) can 
be both a kinetic and equilibrium sampler and consists of 
three parts: (1) sorbent, (2) polyethersulfone membranes and 
(3) two stainless steel rings (Fig. 1) (Alvarez et al. 2004a). 
The original configuration consisted of 100 mg of sorbent 
sandwiched between two microporous (pore size 100 nm, 
thickness 130 mm) polyethersulfone membranes that were 
held together by two stainless steel washers (thickness 
3.2 mm, internal diameter 3.3 cm, outer diameter 7.0 cm) 
(Booij and Chen 2018). Polyethersulfone microporous 
membranes act as semipermeable barriers between an 
effective receiving phase (solid sorbent) and the external 
environment (aqueous phase). The pores in the membranes 
prevent the accumulation of solid particles, colloids, and 
fauna and flora with cross sections of a diameter larger 
than the pore size, simultaneously allowing the accumula-
tion of target compounds (environmental micropollutants). 
As sorbents, Oasis HLB (hydrophilic–lipophilic-balanced 
copolymer [poly(divinylbenzene)-co-N-vinylpyrrolidone]) 
or 80:20 (m/m)  ISOLUTE® ENV + (hydroxylated polysty-
rene–divinylbenzene copolymer) and Ambersorb 1500 (car-
bon lightly dispersed on S-X3 Biobeads) are used (Alva-
rez et al. 2004b). The latter sorbent mixture is commonly 
referred to as “Triphasic sorbent admixture.” Since 2004, 
the original POCIS and modified POCIS (e.g., containing 
a different type of sorbent or membranes) have been suc-
cessfully used for the monitoring of pollutants in sediment 
(Alvarez et al. 2012), atmosphere (Kot-Wasik et al. 2007), 
soil (Pignatello et al. 2010) and water (Alvarez et al. 2008). 
Ahrens et al. (2015) compared the usefulness of five types 
of passive samplers for monitoring selected chemical com-
pounds in aquatic environments. The obtained results indi-
cated that POCIS was characterized by the highest extraction 
efficiency among the tested samplers. It is not surprising 
then that POCIS-like samplers are some of the most fre-
quently used passive devices in environmental analytics. The 
introduction and testing of new sorption materials in passive 
techniques are aimed both at increasing the range of chemi-
cals that can be sampled by the sampler but also at increas-
ing the sampling rate (Rs) and extraction efficiency. During 
the selection of an innovative sorbent, scientists are often Ta

bl
e 
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guided by the results of traditional extraction methods (e.g., 
solid-phase extraction). Kaserzon et al. (2012) based their 
selection of sorbent on the results that showed that the weak 
anion-exchange material Oasis WAX is a suitable sorbent in 
solid-phase extraction for anionic perfluorinated compounds, 
thanks to the modification of the Oasis HLB sorbent with 
piperazine groups. Based on the results that confirm simi-
lar solid-phase extraction performance when using Oasis 
HLB and Oasis WAX for the extraction of perfluorinated 
compounds (with Oasis WAX being a better sorbent for 
short-chain compounds) (Taniyasu et al. 2005), Kaserzon 
et al. (2012) decided to use this sorbent also in POCIS-like 
samplers. Similarly, Caban et al. (2016) based their experi-
ments on promising studies on the use of ionic liquids in 
liquid–liquid extraction (Vičkačkaitė and Padarauskas 2012) 
and interesting properties of ionic liquids (they can act as 
solvents for compounds that differ significantly in polarity.) 
They decided to use ionic liquids as the receiving phase 
in POCIS-like sampler for collection of a diverse range of 
chemical compounds (pharmaceuticals, hormones, phe-
nols). Scientists are also guided by their own earlier research 
when choosing an innovative sorbent in passive techniques. 
Berho et al. (2017) conducted tests on the use of synthe-
sized molecular imprinted polymer as a sorbent in solid-
phase extraction to isolate aminomethylphosphonic acid and 
glyphosate. Due to the fact that they obtained satisfactory 
results, they decided to use molecularly imprinted polymers 
as a sorbent also in POCIS-like sampler. Similarly, Jakubus 
et al. (2016), who were initially interested in using carbon 
nanotubes as the sorbent in dispersive solid-phase extraction 
(dSPE) (Paszkiewicz et al. 2018; Jakubus et al. 2019a, b) 
because of their adsorption properties, ability to π–π interac-
tion, and good thermal and chemical stability also decided to 
determine the effectiveness of carbon nanotubes as sorbents 
in POCIS-like sampler. Thanks to the use of innovative sor-
bents, effective sampling of analytes belonging to chemical 
groups such as: endocrine-disrupting substances, pesticides, 
perfluorinated chemicals, pharmaceuticals, corrosion inhibi-
tors, phenols, hormones, musk compounds, personal care 
products and polycyclic aromatic hydrocarbons, was car-
ried out. The characteristics of innovative sorbents used in 
POCIS-like samplers are presented in Table 1.

Calibration of passive samplers

During the exposure of the sampler in water, depending on 
the compounds present in the tested matrix, the environmen-
tal conditions and the exposure time of the passive device, 
the concentration of the analyte in the sampler increases 
linearly during phase I (kinetic). In phase II (intermediate), 
the accumulation kinetics are curvilinear. In contrast, phase 
III (equilibrium) corresponds to the equilibrium separation Ta
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of the relationship between the receiving phase (in the sam-
pler) and the medium surrounding the dosimeter (Kot-Wasik 
et al. 2007) (Fig. 2).

There are two main types of passive samplers:

• equilibrium passive sampling devices,
• kinetic passive sampling devices.

Equilibrium samplers are kept in the exposure environ-
ment until equilibrium is achieved between the analyte con-
centration in the receiving phase and the analyte concentra-
tion in the matrix surrounding the sampler. The principle of 
operation of such a device determines that when the concen-
tration of the analyte in the exposure medium becomes con-
stant (no further accumulation of the analyte in the receiv-
ing phase), and after reaching equilibrium the concentration 
of the analyte in the receiving phase will not change, the 
concentration of the target compound in the environment 
can be determined using phase–water partition coefficients 
(Ksw) according to the following equation (Yates et al. 2007; 
Pintado-Herrera et al. 2016; Smedes 2018):

where Cs is the analyte concentration in the receiving phase 
at a known exposure time and Cw is the analyte concentra-
tion in the aqueous phase. The suitability of equilibrium 
passive sampling devices depends on the size and variability 
of the test compound concentration in the aqueous phase 
and the sampler response time, which must be shorter than 
the mentioned changes in analyte concentration (Huckins 
et al. 2000).

Kinetic passive sampling devices are designed in such a 
way that the accumulation of target compounds is complete 
over time and responds to changes in the concentration of 
analytes in water. These devices are used to measure the 
time-weighted average concentrations of tested chemicals in 
the environment according to the following formula (Ardit-
soglou and Voutsa 2008; Harman et al. 2011b; Thomatou 
et al. 2011; Tanwar et al. 2015):

where Rs [L day−1] is the sampling rate of the analyte, Ms 
[kg] is the mass of sorbent, t [d] is the sampling period and 
Cs [g kg−1] and Cw [g  L−1] are the concentrations of the 
target compound in the receiving phase and in the aquatic 
phase, respectively. To determine the time-weighted aver-
age concentration of the target compound, it is necessary to 
determine the Rs value (meaning the amount of water puri-
fied from a tested chemical compound per unit of time). To 
determine the Rs values of the analytes, the passive samplers 
used must be calibrated in the laboratory or in situ (Vrana 
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et al. 2006; Macleod et al. 2007; Aguilar-Martínez et al. 
2008; Ibrahim et al. 2013).

To calibrate a passive sampler in the laboratory, it is nec-
essary to build an appropriate exposure system. In the lit-
erature, there are usually three methods of obtaining Rs(lab):

1. static calibration (Lotufo et al. 2018; Magi et al. 2018),
2. renewable static calibration (Thomatou et  al. 2011; 

Belden et al. 2015; Li et al. 2016a; Silvani et al. 2017),
3. flow-through calibration (Harman et al. 2008a, b; Zhang 

et al. 2008).

Static calibration is carried out in a closed system, spiked 
with analytes at the beginning of the experiment. This 
method can be used when the tested compounds are stable 
(do not degrade quickly) and/or when the duration of the 
calibration is short (i.e., a few days) (Lotufo et al. 2018). 
Renewable static calibration is performed in a closed system, 
spiked with analytes at constant intervals. This is the most 
commonly used method for calibrating passive samplers due 
to its simplicity (Morin et al. 2012a). Flow-through calibra-
tion is performed in an open system with the continuous 
enrichment of analytes. This method is much more labor 
intensive than the others (Martínez Bueno et al. 2009). In 
order to better reflect environmental conditions, a modifica-
tion of static sampling calibration methods is introduced. 
Namely, the aqueous phase is mixed during the experiment, 
most often by means of a magnetic stirrer. Such calibra-
tion methods are called quasi-static or semi-static (Caban 
et al. 2016; Jakubus et al. 2016; Męczykowska et al. 2017a; 
Lotufo et al. 2018; Lis et al. 2019).

The calibration links the quantity of a compound accu-
mulated to its concentration in the studied environment by 
determining its sampling rate. To properly calibrate the 
device, it must be used in the kinetic variant, and then Rs 
values can be determined according to formula (2). High Rs 
values are required because organic pollutants in the envi-
ronment occur at low concentration levels. The sampling rate 
of analytes is increased by means of various design variants 
of the sampler. It is important to know which layer limits 
the uptake rate of the tested compound. There are four limit-
ing layers: the receiving phase, membranes, possible biotic Ta
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Fig. 1  Polar organic chemical integrative sampler (POCIS)  consist-
ing solid sorbent, polyethersulfone membranes and two stainless steel 
rings—schematic illustration
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contamination of the membrane and the aqueous boundary 
layer (Ibrahim et al. 2013; Vallejo et al. 2013; Berho et al. 
2017). In addition, the Rs values may also depend on envi-
ronmental conditions such as water salinity (Togola and 
Budzinski 2007; Bayen et al. 2014; Męczykowska et al. 
2018), pH of the donor phase (Li et al. 2011, 2016a; Lis 
et al. 2019), temperature (Ibrahim et al. 2013; Yabuki et al. 
2016) and dissolved organic matter concentration (Li et al. 
2011; Ibrahim et al. 2013). For this reason, many scientists 
propose to use performance reference compounds to make 
the obtained Rs values more reliable.

Performance reference compounds are compounds 
added to the receiving phase in the sampler before its 
exposure which do not affect the process of sampling 
analytes from water. During the exposure of the passive 
device, the performance reference compounds are released 
from the sampler into the external environment. The 

sampling of analytes and the release of performance refer-
ence compounds are caused by the same molecular process 
(Fig. 3). Changes in the sampling rates of analytes due to 
environmental conditions (e.g., decrease in temperature, 
increase in salinity, decrease in pH) should be reflected by 
the same changes in the release of performance reference 
compounds from the samplers (Harman et al. 2012).

The release of performance reference compounds is 
required to follow first-order kinetics (Carpinteiro et al. 
2016):

where Ct and C0 are the concentrations in the receiving 
phase [μg  g−1] during t [day] and before introduction, 
respectively, and ke is the elimination rate constant  [day−1]. 
The elimination rate constant is used to determine the cor-
rected Rs (Rs(cor)). Therefore, Rs(cor) can be determined by the 
following equation (Morin et al. 2012a):

where ke(lab) is the calculated elimination rate constant in 
the laboratory and ke(in situ) is the elimination rate constant 
obtained in the field. The ratio of ke(in situ) to ke(lab) is called 
the environmental adjustment factor. According to theory, 
the environmental adjustment factor reflects changes in 
uptake rates (relative to laboratory data) due to differences 
in analyte properties, environmental conditions, membrane 
biofouling and the water phase flow rate. For instance, if the 
environmental adjustment factor values are relatively con-
stant for analytes with a log Kow value in the range of 4–8, 
then these factors will be appropriate for most hydrophobic 
chemicals (Męczykowska et al. 2017a).

(3)ln
C
t

C
0

= k
e
t

(4)R
s(cor) =

k
e(in situ)

k
e(lab)

R
s(lab)

Fig. 2  Kinetic and equilibrium 
uptake phases as a function 
of time—kinetic (phase I), 
intermediate (phase II) and 
equilibrium (phase III)

Fig. 3  Simultaneous sampling of analytes by a passive sampler and 
dissipation of performance reference compounds (PRCs) from the 
receiving phase during its exposure in the environment
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Performance reference compounds are compounds that 
are not present in the environment and may be, for example, 
isotopically labeled compounds (2H-, 13C-labeled reference 
compounds can be used). The ideal solution would be if each 
compound had its own performance reference compounds 
(e.g., anthracene-d10 as the performance reference com-
pound for anthracene). However, for practical reasons this 
is not possible. Performance reference compounds are usu-
ally hydrophobic compounds, successfully used in SPMDs 
or Chemcatcher techniques, in which hydrophobic analytes 
are sampled (log Kow 4.5–6). In the case of hydrophilic ana-
lytes, the selection of the appropriate performance reference 
compounds is not easy. For instance, for pharmaceuticals, 
several studies used diclofenac-d4 and ibuprofen-d3 as per-
formance reference compounds, but the results obtained 
were not satisfactory (Camilleri et al. 2012; Carpinteiro 
et  al. 2016; Lissalde et  al. 2016), whereas Carpinteiro 
et al. (2016) conducted research to assess the usefulness of 
selected performance reference compounds for the deter-
mination of two corrosion inhibitors, seven pesticides and 
four pharmaceuticals in river water using POCIS. Of the 
seven potential performance reference compounds, only 
deisopropylatrazine-d5 and 4-methylbenzotriazol-d3 showed 
a significant release that was consistent with the first-order 
kinetic model. It was proved that these two performance 
reference compounds allow a significant reduction in the 
effect of water flow on Rs, and 4-methylbenzotriazol-d3 can 
be used to determine time-weighted average concentrations 
estimated using deisopropylatrazine-d5. Moreover, Mazzella 
et al. (2010) used deisopropylatrazine-d5 as a performance 
reference compound in the determination of polar herbi-
cides in water using POCIS. They calibrated the samplers 
in situ and in the laboratory using the performance refer-
ence compound. Comparing the obtained Rs(in situ) and Rs(cor) 
values, they noticed no significant differences between the 
sampling rate values. These results confirm the potential use 
of deisopropylatrazine-d5 as a performance reference com-
pound for some polar herbicides. The authors concluded that 
in situ calibrations are a better solution, but too costly and 
time-consuming. Therefore, calibration using performance 
reference compounds but, in the laboratory, seems to be a 
promising method for obtaining reliable Rs values. However, 
research into the selection of the appropriate performance 
reference compounds for the sampling of polar compounds 
by POCIS is still in its early stages.

Impact of environmental conditions on sampling 
rate

Rs values depend on the physicochemical properties of the 
analytes (molecular weight, hydrophobicity, solubility) and 
environmental conditions such as water flow, salinity, sam-
ple pH, temperature, biofouling and dissolved organic matter 

concentration (Gong et al. 2018). The amount of research 
on determining the impact of specific external factors on 
the sampling rate and the efficiency of extraction of passive 
samplers is constantly growing.

The first environmental factor that significantly affects the 
sampling rate of analytes, which should be mentioned, is the 
pH of the water. Many environmental contaminants, includ-
ing some pharmaceuticals and hormones, have functional 
groups that can be ionized at various pH values of water. 
Additionally, the water pH may have an effect on changing 
the hydrophobicity and/or solubility of the target chemicals. 
Avdeef et al. (2000) showed that the hydrophobicity of some 
drugs varies depending on the pH of the solution. For this 
reason, Li et al. (2011) conducted research on the effect of 
the dissolved organic matter concentration and pH of the 
solution on Rs values for POCIS (Oasis HLB as a sorbent). 
The sampling rates for acid pharmaceuticals were shown to 
decrease with increasing pH from 3 to 9, while the sampling 
rates for basic chemicals (e.g., β-blockers) increased with 
increasing pH from 3 to 9. More importantly, Rs values for 
inert drugs and phenolic compounds with high  pKa values 
(e.g., bisphenol A) remained unchanged in the pH range of 
3–9. Zhang et al. (2008), in their studies, also showed that 
Rs values for target compounds with a  pKa greater than 10 
remain relatively similar at pH 4–10 with an relative stand-
ard deviation less than 5% when using POCIS.

Another external factor that can negatively affect the sam-
pling rate of chemicals is the presence of dissolved organic 
matter in the water because it can:

1. bind to target molecules,
2. dominate at adsorption sites and inhibit the adsorption 

capacity for some target analytes,
3. induce interference and time-consuming preparation.

Due to complexing with dissolved organic matter, the 
available concentration of target chemicals may decrease, 
and the complexes formed are difficult to disperse in the 
sampler. The measure of the total dissolved organic matter 
concentration is the dissolved organic carbon concentration, 
which in the aquatic environment is usually 2–10 mg  L−1 
(Yang et al. 2017). Most dissolved organic carbon in natural 
waters is fulvic and humic. Li et al. (2011) examined the 
relationship between the Rs values of selected drugs and hor-
mones and the dissolved organic carbon concentration (3.33, 
3.86 and 4.92 mg L−1) in the sample. It was shown that there 
is a tendency for the accumulation rate of acid, neutral and 
alkaline analytes to increase in POCIS with an increasing 
dissolved organic matter concentration in water, but these 
differences were not statistically significant. Charlestra et al. 
(2012) also investigated the impact of dissolved organic mat-
ter on the rate of pesticide uptake from water by POCIS. 
They proved that the dissolved organic matter concentration 
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in the water phase in the range of 0.1–5 mg L−1 does not 
significantly affect the Rs values of the target compounds. 
At the same time, the authors emphasize the need for further 
research using higher dissolved organic matter concentra-
tions to completely exclude the effect of dissolved organic 
matter on Rs values.

Salinity is an environmental factor that can strongly affect 
the sampling rate of compounds, especially from seawater. 
Salinity values of environmental waters are in a wide range 
of 0–35 PSU (1 practical unit of salinity corresponds to 1 g 
of salt per kg of solution), depending on the type of water 
reservoir, but also on temperature, precipitation, melting gla-
ciers, etc. Many literature sources indicate that the solubility 
of most organic pollutants in water decreases with increasing 
salt concentration due to the so-called salting effect. This 
effect should theoretically increase their sorption efficiency 
in the sampler. On the other hand, complexing organic 
chemicals with polyvalent cations can inhibit and delay the 
sampling of target organic pollutants. Togola and Budzinski 
(2007) proved that water salinity showed little effect on the 
accumulation of acid compounds in POCIS, while the Rs val-
ues of basic compounds decreased with increasing salinity. 
Shi et al. (2014) conducted POCIS calibrations to determine 
antibiotics and hormones in coastal waters. The effect of 
sample salinity (0‰, 14‰, 35‰) on the Rs values of target 
analytes was investigated. It was shown that an increase in 
water salinity caused an increase in the sampling rate of all 
the tested compounds excluding estriol, with the highest Rs 
values observed at 14‰ salinity. This complex relationship 
indicates that POCIS should be thoroughly tested for various 
environmental conditions before use in the field.

In addition to the factors mentioned above, the water flow 
also has an important impact on the sampling rate. In the 
case of an integral (kinetic) passive sampler, there is a strong 
relationship between sampling and the boundary layer with 
water on the membrane. Therefore, increasing the flow rate 
of the solution should reduce the thickness of the water/
membrane boundary, which is equivalent to increasing the 
sampling rate of analytes by the passive kinetic sampler. Di 
Carro et al. (2014) examined the relationship between the 
water flow (2, 5.1, 10.2 and 15.3 cm s−1) and the sampling 
rate during flow-through calibration. POCIS passive sam-
plers were used with Oasis HLB sorbent as the receiving 
phase, and the analytes were pesticides, pharmaceuticals and 
perfluorinated compounds. It was proved that increasing the 
flow rate of the water phase affects the Rs values, although 
increasing the flow velocity was not always synonymous 
with an increase in Rs values. However, in the research of 
Charlestra et al. (2012) both water flow and mixing were 
shown to significantly increase the uptake rate of target ana-
lytes, which is closely related to the reduction of the diffu-
sion boundary layer.

Temperature is another important factor that can affect 
the sampling rate of analytes by passive samplers. In the-
ory, an increase in the temperature of the aqueous phase 
should increase the mobility of the analyte and accelerate 
the mass transfer from the water to the receiving phase in 
the sampler. Moreover, in membrane processes, the solvent 
flow through the membrane depends on its chemical poten-
tial, which grows with increasing temperature (Djomte et al. 
2018). Yabuki et al. (2016) studied the relationship between 
temperature (18, 24 and 30 °C) and the sampling rate of 48 
pesticides by POCIS. The results confirmed that for most 
analytes, the uptake rate increases with increasing tempera-
ture. Similar conclusions were drawn by Li et al. (2010a), 
who studied the effect of temperature (5, 15 and 25 °C) on 
the sampling rate for 29 different pharmaceuticals. They also 
showed that the highest Rs values of analytes were obtained 
for the highest temperature − 25 °C. However, it should be 
remembered that the presented examples do not confirm that 
the temperature increase–increase Rs relationship will take 
place for all types of pollution.

The last environmental factor which should be taken into 
consideration when calibrating passive samplers is biofoul-
ing. Biofouling is a membrane growth caused by microor-
ganisms, animals, plants or algae and the formation of a 
biofilm layer on the membrane or directly in the receiving 
phase. The growing biofilm at the top of the membrane 
reduces the surface for the passive extraction of water pollut-
ants. The permeability of the membrane becomes less, which 
reduces the efficiency of the passive process (Męczykowska 
et al. 2017a). An idea to minimize the effect of biofouling is 
to cover the receiving phase with membranes. Schäfer et al. 
(2008) proved that biofouling on a naked disk (in a passive 
 Chemcatcher® sampler) causes a decrease in the sampling 
rate. Polyethersulfone membranes, used in POCIS, are char-
acterized by a higher resistance to biofouling due to their 
polarization. Lissalde et al. (2014), in their research on the 
sampling of pesticides from water by POCIS, proved that 
biofouling is not a factor which limits the accumulation of 
analytes in the sampler sorbent.

Considering the fact that so many environmental factors 
can (in many ways) affect the sampling rate of analytes from 
water reservoirs, in situ calibration or laboratory calibration 
using performance reference compounds, with a simultane-
ous assessment of the impact of environmental conditions 
is justified.
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Sorbents used in passive organic chemical 
integrative samplers

Hydrophilic–lipophilic‑balanced sorbent (Oasis HLB)

Oasis HLB sorbent (specific surface area − 800 m2 g−1) is 
one of the most commonly used sorption materials in both 
active and passive methods of extracting water pollutants. 
The HLB polymer contains both hydrophobic (i.e., benzene 
and aliphatic chains) and hydrophilic (i.e., pyrrolidone) 
fragments. This unusual structure contributes to the good 
water wettability and high sorption capacity of hydropho-
bic and hydrophilic compounds. Commercially available 
pharmaceutical POCIS devices containing Oasis HLB (200 
or 220 mg/POCIS) as the receiving phase are provided by 
companies such as Environmental Sampling Technologies, 
Exposmeter AB and E&H Services. However, many sci-
entists buy the sorbent separately and create home-made 
samplers to reduce or increase the amount of sorbent used 
in POCIS (Table 2). Researchers are constantly striving to 
reduce the costs of the sampling, preparation and final analy-
sis of environmental samples. For this reason, the most com-
mon attempts to reduce the weight of the receiving phase 
while maintaining good sampling efficiency are of an eco-
nomic nature. On the other hand, scientists who increase the 
amount of Oasis HLB used in the sampler aim at increasing 
the sampling rate and the efficiency of collecting aqueous 
pollutants, and the use of Oasis HLB sorbent can be a cost-
effective approach in environmental analysis.

Fauvelle et al. (2014) performed a laboratory calibration 
of passive samplers to compare the uptake of both polar and 
acid herbicides for 20 days in POCIS devices containing 
200 and 600 mg Oasis HLB (POCIS-200 and POCIS-600). 
A significant increase in Rs values between POCIS-200 and 
POCIS-600 was observed for the uptake of compounds in 
the kinetic phase. Moreover, Kohoutek et al. (2008) con-
ducted research to develop and evaluate the use of a pas-
sive sampler for microcystins and to compare the ability of 
different configurations (membranes and sorbent mass) to 
effectively accumulate these analytes. They applied three 
ratios of the sorbent mass to the membrane surface area 
(2.75, 5.55 and 11.10 mg  (cm2)−1), using an Oasis HLB 
sorbent sampling device and a polycarbonate membrane. 
The obtained results proved that the sampling rate decreased 
along with an increase of the sorbent mass-to-surface area 
ratio. The researchers stated that this could be related to 
changes in diffusion velocity. The lower effective thickness 
(at a lower sorbent mass) caused a higher speed of the water 
sample through the sorbent layer, which leads to a more effi-
cient accumulation of microcystins. Other researchers also 
obtained high extraction efficiency and satisfactory sampling 
rates, using, e.g., 100 mg (Vermeirssen et al. 2005; Zhang 

et al. 2008), 30 mg (Wang et al. 2017) or 54.5 mg (Jeong 
et al. 2018a; Müller et al. 2019) Oasis HLB. Considering 
the above, it can be concluded that the increase in sorbent 
mass will not always increase the uptake rate of the target 
chemical compounds.

In research conducted by Kohoutek et al. (2008), poly-
ethersulfone, polyester, nylon and polycarbonate membranes 
were tested, between which Oasis HLB sorbent (200 mg) 
was placed. It was determined that chemicals can migrate 
to the sorbent layer through the membrane in two ways, i.e., 
dissolution and migration through the polymer matrix of 
the membrane, and migration through the pores filled with 
water. These two modes control the accumulation of analytes 
to the passive sampler. Assuming the constant exposure con-
ditions used in the experiments of Kohoutek et al. (2008), 
the most important features affecting accumulation were the 
effective membrane thickness and the open pore volume. 
Among the tested membranes, the polycarbonate membrane 
showed the highest microcystin uptake rate as well as simi-
lar uptake frequencies for two different microcystin variants 
(microcystin-RR and microcystin-LR). The polycarbonate 
membrane is a thin membrane (5–25 μm), ensuring rapid 
diffusion and analyte collection at medium flow rates. They 
also obtained very similar results for polyethersulfone mem-
branes, which are durable, resistant and tensile and have a 
large volume of open pores. However, the relatively large 
thickness of this microporous membrane (110–150 μm) can 
lead to the stagnation of the water boundary layer, which 
extends the diffusion pathway for target compounds. Less 
effective accumulation was found for the hydrophilic nylon-
66 membrane, which is relatively thick (65-125 μm) with an 
average pore volume. In contrast, the polyester membrane, 
which is naturally hydrophilic, resistant and of small thick-
ness (5–11 μm), accumulated only microcystin-RR and no 
microcystin-LR was found. Belles et al. (2014a, b) pro-
posed replacing polyethersulfone membranes with nylon 
membranes in POCIS (Oasis HLB as a sorbent) in order 
to be able to collect hydrophobic compounds and improve 
the accumulation of other pollutants. The Rs values of each 
hydrophobic analyte were higher in the POCIS-Nylon con-
figuration than in POCIS-Polyethersulfone. This is mainly 
due to the fact that the pores in nylon membranes are larger 
than in polyethersulfone membranes, which contributes to 
a reduction in the mass transfer resistance and increases the 
accumulated amounts of various chemical compounds in the 
sampler. Nonetheless, for very polar compounds, changing 
the membrane type did not affect the amount of compound 
in the receiving phase.

However, regardless of the sorbent mass or membrane 
type used, each passive sampler should be calibrated before 
use in the field. For pharm-POCIS, all known sampler cali-
bration methods are used (Table 2). Interestingly, the most 
common are the flow-through or in situ methods, despite 
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them being time-consuming and complicated. As previously 
mentioned, in situ calibration is the most reliable method 
for determining Rs values. However, by using other meth-
ods, many researchers focus on developing the performance 
reference compounds-based approach to improve the accu-
racy of passive sampler calibration. Jacquet et al. (2012), 
in their studies, tested three deuterated beta-blockers and 
four deuterated hormones as potential performance refer-
ence compounds. Unfortunately, only deuterated atenolol 
showed significant dispersion from the POCIS sorbent. Sul-
tana et al. (2016) also tested four deuterated beta-blockers 
(atenolol-d7, metoprolol-d6, sotalol-d6 and propranolol-
d7) as performance reference compounds in POCIS-Oasis 
HLB during laboratory and in situ calibration. Of the tested 
compounds, metoprolol-d6 and propranolol-d7 showed sig-
nificant and comparable elimination rates from sorbent in 
laboratory and field experiments and therefore were used as 
performance reference compounds in the further calibration 
of POCIS. But Li et al. (2018a, b) tested several different 
deuterated compounds (acetaminophen-d3, antipyrine-d3, 
sulfamethoxazole-d4, carbamazepine-d10, diclofenac acid-
d4, clofibric acid-d4, bezafibrate-d6, ibuprofen-d3 and nap-
roxen-d3) as potential performance reference compounds. 
In this case, only antipyrine-d3, carbamazepine-d10 and 
sulfamethoxazole-d4 showed dispersion with POCIS accord-
ing to first-order kinetics. As can be seen, finding the right 
performance reference compounds that could be used suc-
cessfully in pharm-POCIS is not easy, but more and more 
work is being done on this subject (Table 2) to provide the 
necessary knowledge for a better understanding of the per-
formance reference compounds-based approach.

An important step in the procedure for determining pol-
lutants using POCIS is the extraction of analytes retained on 
the surface of the sorbent. According to Table 2, methanol 
(MeOH) is the most common elution solvent used in POCIS-
Oasis HLB. It is also a widely used eluent in active extrac-
tion methods; thus, it is not surprising that MeOH has been 
successfully used for the desorption of compounds from 
Oasis HLB, such as pharmaceuticals (Alvarez et al. 2004b; 
Jones-Lepp et al. 2004), hormones (Vermeirssen et al. 2005), 
pesticides (Mazzella et al. 2007), endocrine disrupting prod-
ucts (Zhang et al. 2008), personal care products (Li et al. 
2010b), polycyclic aromatic hydrocarbons (Harman et al. 
2008), alkylphenols (Harman et al. 2009), nutrients (Bailly 
et al. 2013), flame retardants (Liscio et al. 2014), artificial 
sweeteners (Diamond et al. 2016) and explosive substances 
(Estoppey et al. 2019). MeOH, despite the ability to elute 
many organic compounds, is not always sufficient to obtain 
an effective extraction. Therefore, scientists create various 
types of elution mixtures by adding e.g. ethyl acetate, ace-
tone, dichloromethane (DCM), methylene chloride, etc. to 
methanol to increase the elution efficiency of analytes from 
Oasis HLB (Table 2). In addition, the literature provides 

information on the use of different volumes of selected elu-
ents ranging from 4 mL of MeOH (Martínez Bueno et al. 
2016) to 100 mL of MeOH (Metcalfe et al. 2014). For the 
sampling of chemicals that differ significantly in hydrophi-
licity, step elution is often used with two or more solvents 
(Morin et al. 2018).

In some papers, scientists compare the sampling proper-
ties of different types of passive samplers (Table 2). Škodová 
et al. (2016) carried out calibrations of POCIS-Oasis HLB, 
Chemcatcher-SDB-RPS (styrene divinylbenzene-reversed 
phase sulfonated) Empore disk and an Empore disk-based 
sampler to determine the Rs values and the efficiency of hor-
mone extraction from water. The results showed that only 
POCIS containing Oasis HLB was able to integrate sampling 
for up to one month. For Chemcatcher, kinetic sampling 
was only possible for one week. In addition, the authors 
emphasized that the practical advantage of POCIS over the 
Chemcatcher design used is its low pollution during manipu-
lation. Liscio et al. (2009) compared the sampling proper-
ties of POCIS, low-density polyethylene sampler and sili-
cone strips. Their results also confirm the best suitability of 
POCIS for the sampling of endocrine disrupting compounds.

Although pharm-POCIS was mainly developed for the 
accumulation of pharmaceuticals, this sampler has been 
used so far to monitor: pharmaceuticals, pesticides (biocides, 
herbicides, insecticides, fungicides), personal care products, 
fragrances, fire retardants, plasticizers, domestics, microcys-
tins, endocrine-disrupting substances, polycyclic aromatic 
hydrocarbons, phenols, UV filters, stimulants, anticorro-
sive substances, antidepressants, perfluorinated chemicals, 
surfactants, drugs of abuse, artificial sweeteners, sucralose, 
munition constituents and more (Table 2). According to the 
collected data, pharm-POCIS is most often exposed in riv-
ers but also in wastewater, seawater, groundwater, drinking 
water and lakes (Table 2). Interestingly, pharm-POCIS has 
been used in many pesticide-monitoring studies for which 
POCIS containing another sorbent was originally developed 
(pest-POCIS containing a triphasic sorbent admixture). 
Mazzella et al. (2007) conducted a study in which they com-
pared the herbicide uptake efficiency of two commercially 
available POCIS configurations (pharm-POCIS and pest-
POCIS). They noticed that pharm-POCIS is more efficient 
and more accurate for sampling most analytes. It should be 
mentioned that their experiments lasted only 5 days and it 
is not certain whether the same effect would be obtained 
during long-term exposure. On the other hand, Vermeirs-
sen et al. (2005) showed that the use of pest-POCIS and 
pharm-POCIS allowed the determination of very similar 
time-weighted average concentrations values for estrogen 
concentrations in river waters (excluding one sampling 
site, where pest-POCIS showed better sampling properties 
than pharm-POCIS). In addition, they proved that pest-
POCIS is more suitable for combining with bioassays than 
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pharm-POCIS. This shows that despite the fact that Oasis 
HLB is widely used as a sorbent in POCIS, it is not always 
the best choice, which leads to a constant search for innova-
tive sorption materials.

Triphasic sorbent admixture

ISOLUTE® ENV+ is a polymer polystyrene sorbent used 
to isolate a wide range of polar pollutants from water. 
Commercially available pesticide POCIS devices contain-
ing a triphasic sorbent admixture (200 or 220 mg/POCIS) 
as the receiving phase are supplied by companies such 
as: Exposmeter AB and E&W Services. Pest-POCIS was 
originally created to monitor pesticides in the aquatic envi-
ronment, but scientists successfully used this sampler to 
also collect such compounds as pharmaceuticals (Černoch 
et al. 2012), hormones (Rujiralai et al. 2011), UV filters 
(Černoch et al. 2012), phenols (Terzopoulou and Voutsa 
2016), perfluorinated compounds (Cerveny et al. 2018), 
personal care products (Li et al. 2010b), endocrine disrupt-
ing substances (Magi et al. 2010), flame retardants (Liscio 
et al. 2014), munitions constituents (Belden et al. 2015) 
(Table 3). According to the collected data, POCIS contain-
ing  ISOLUTE® ENV+ is most often exposed in rivers (as 
well as POCIS-Oasis HLB) but also in sewage, seawater, 
groundwater, drinking water and lakes. The mass of the 
triphasic sorbent admixture used as the sorbent is usually 
200 mg. However, Vermeirssen et al. (2005) proved that by 
using half the weight of this sorbent, it is also possible to 
sample analytes from water. Comparing the concentrations 
of pollutants obtained after POCIS exposure with those 
obtained from spot sampling, no significant differences 
were observed. Similar results were obtained by Vallejo 
et al. (2013), who successfully used 100 mg of the tripha-
sic sorbent admixture in POCIS to sample endocrine-dis-
rupting substances from the aquatic environment, and the 
time-weighted average concentrations obtained were simi-
lar to those obtained from spot sampling. This proves the 
potential of the triphasic sorbent admixture to be termed 
an economic sorbent.

In the same studies, the use of equilin-d4, estradiol-d3, 
prostaglandin-d9 and bisphenol A-d12 as performance ref-
erence compounds was evaluated. Linear elimination was 
noted only for equilin-d4 and estradiol-d3, and it was these 
compounds that were successfully used as performance 
reference compounds when determining the time-weighted 
average concentrations of endocrine-disrupting substances 
in water. These are the only studies, summarized in Table 3, 
that used the performance reference compound approach in 
pest-POCIS.

Considering the eluent used to extract the retained ana-
lytes from the sorbent, it was most often a mixture of dichlo-
romethane, methanol and toluene. This elution mixture was 

successfully used to elute pesticides, hormones, pharmaceu-
ticals, endocrine-disrupting substances, industrial chemi-
cals, perfluorinated chemicals and phenols, retained on the 
surface of the triphasic sorbent admixture. Interestingly, no 
studies used only MeOH as the eluent, which often occurred 
during the extraction of analytes from Oasis HLB. Several 
literature reports mention the use of step elution to increase 
the extraction efficiency of target compounds (Zenker et al. 
2008; Ahrens et al. 2015; Spirhanzlova et al. 2019). In 
contrast, the volumes used in the elution from pest-POCIS 
ranged from 5 to 70 mL (Table 3).

In the research of Fedorova et al. (2013), for the first time, 
the calibration of pest-POCIS and pharm-POCIS, used for 
the sampling of perfluorinated compounds from water, 
was performed. After an instrumental analysis of POCIS 
extracts, ten of the 15 target chemicals were found. Perfluori-
nated compounds with the longest alkyl chains have not yet 
been detected in any type of POCIS, which highlights the 
need to look for alternative sorbents that will increase the 
range of POCIS applicability. Absorption curves were plot-
ted and sampling rates calculated for the compounds that 
could be detected. The results indicate that pest-POCIS has a 
better ability to accumulate perfluorinated compounds com-
pared to pharm-POCIS. On the other hand, Arditsoglou and 
Voutsa (2008) studied the efficiency of endocrine-disrupting 
substances extraction from water for pest-POCIS and pharm-
POCIS. They proved that both types of POCIS had similar 
extraction efficiency and sampling rates.

Innovative sorbents

According to Table 4, Balaam et al. (2010), as the first in 
2010, used a different sorbent in POCIS-like samplers than 
those used for years, i.e., a functionalized polymeric sorp-
tion material that contains N-vinylpyrrolidone (Strata-X), 
which allows stronger interactions to be achieved between 
the analyte and the sorbent. The researchers were inspired 
by active extraction research where Strata-X has been 
shown to be more effective in retaining a wider range of 
chemicals than Oasis HLB. They created samplers similar to 
those described by Alvarez et al. (2004b), where they used 
300 mg Strata-X. The modified and calibrated POCIS was 
used to determine the time-weighted average concentrations 
of endocrine distributing substances in river water. After 
the exposure of the probes in the environment, the analytes 
retained on the sorbent surface were eluted and the extracts 
obtained were combined with bioassays to assess the envi-
ronmental risk. Comparing the results, it was proved that 
Strata-X is more effective at sampling endocrine-disrupting 
substances than Oasis HLB.

Two years later, Fauvelle et al. (2012) proposed testing 
two sorbents: Chromabond HRX and Oasis MAX. Chro-
mabond is a polystyrene–divinylbenzene polymer with an 
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extensive specific surface area and Oasis MAX is a mixed-
mode anion-exchange sorbent that provides additional sites 
for strong anion-exchange interactions. They introduced 
passive samplers into drinking water and rivers to moni-
tor pesticides. The classic POCIS-Oasis HLB was also used 
to compare the sampling efficiency between samplers. It 
turned out that despite the large specific surface area, Chro-
mabond HRX showed low sampling rates of the tested inert 
compounds and a complete lack of uptake for some acidic 
pesticides, which may be closely related to the hydrophobic 
nature of this sorbent. In the case of POCIS-Oasis HLB, a 
high efficiency of uptake of moderately polar compounds, 
and some restrictions on the sampling of highly polar and 
acid analytes were demonstrated. In contrast, the samplers 
containing Oasis MAX were characterized by high extrac-
tion efficiency and satisfactory sampling rates of both neutral 
and acidic chemicals, except for the most hydrophilic, inert 
pesticides. The obtained results confirmed the usefulness 
of the Oasis MAX sampler for sampling acidic compounds 
from water.

In 2012, Kaserzon et al. (2012) used 600 mg of Oasis 
WAX (weak anion-exchange sorbent) to increase the uptake 
of perfluorinated compounds by passive samplers. Com-
paring the extraction efficiency of POCIS-Oasis HLB and 
POCIS-Oasis WAX, they were similar, but POCIS-Oasis 
WAX sampled short-chain perfluorinated compounds more 
efficiently. This shows that classic POCIS can be used in 
monitoring perfluorinated compounds, but with a more 
limited range of analytes than a POCIS-like sampler con-
taining a weak anion-exchange sorbent. Later studies also 
confirm the usefulness and advantages of Oasis WAX over 
Oasis HLB used in samplers for the uptake of perfluori-
nated compounds (Kaserzon et al. 2013, 2014a). In 2016, Li 
et al. (2016a, b) successfully managed to use only 200 mg 
of this sorbent for the effective extraction of perfluorinated 
compounds from surface water, which makes WAX sorbents 
even more attractive from an economic point of view.

Another sorbent proposed in the literature was Strata 
X-CW-cation-exchange mixed-mode sorbent, which was 
placed in a POCIS-like sampler. Carpinteiro et al. (2016) 
used this probe to determine the sampling rates of corrosion 
inhibitors, pesticides and pharmaceuticals in river water. 
Comparative studies showed that the extraction efficiency 
of the tested analytes was always higher (with one exception) 
for traditional POCIS-Oasis HLB than for POCIS-Strata 
X-CW, which excluded the usefulness of this ion exchange 
sorbent in passive techniques.

In 2016, ionic liquids were closed between polyether-
sulfone membranes for the first time and an innovative 
POCIS-like sampler was created. Caban et  al. (2016) 
used the following ionic liquids in their research: 1-hexyl-
3-methylimidazolium bis[(tri-f luoromethyl)sulfonyl]
amide ([C6MIM][TFN]), trihexyl(tetradecyl)phosphonium 

dicyanamide ([P666-14][N(CN)2]), tributyl(tetradecyl)
phosphonium p-dodecylbenzenesulfonate ([P444-14] 
[DDBS]) and tributyl(ethyl)phosphonium diethylphosphate 
([P2444][(2O)2PO2]). They compared the sampling effi-
ciency of pharmaceuticals, hormones and phenol deriva-
tives between samplers containing only ionic liquids and 
samplers containing, as a sorbent, a mixture of an ionic liq-
uid and C18-silica sorbent. The mixture of the ionic liquid 
([P666-14][N(CN)2]) and C18 sorbent used in the sampler 
was characterized by the highest extraction efficiency of the 
tested analytes and the best behavior in a developed sampler. 
The presented research proved the possibility of using ionic 
liquids as the receiving phase in passive techniques for the 
sampling of compounds with a wide range of polarity. These 
conclusions were also confirmed in later studies by Wang 
et al. (2017) who used only 30 mg of an imidazole ionic 
liquid in a POCIS-type sampler to accumulate perfluorinated 
compounds. Comparative studies showed that probes con-
taining ionic liquids displayed a higher extraction capacity 
for short-chain perfluorinated compounds than POCIS-Oasis 
HLB and ensured kinetic uptake within 21 days. The calcu-
lated time-weighted average concentration for most analytes 
was consistent with that obtained from active sampling. The 
obtained results contributed to the creation of further stud-
ies on the development of POCIS-like samplers with ionic 
liquids (Męczykowska et al. 2017b, 2018, 2019).

In 2017 Berho et al. (2017) successfully used molecularly 
imprinted polymers as a sorbent in a POCIS-like sampler 
for sampling glyphosate and aminomethylphosphonic acid. 
A year later, Cao et al. (2018) also used such a modified 
sampler, this time to accumulate perfluorinated compounds, 
and compared its extraction efficiency with the previously 
developed POCIS-WAX. It was proved that POCIS with 
molecularly imprinted polymers used as a sorbent has a spe-
cific selectivity for the tested perfluorinated compounds and 
can overcome matrix interference. However, such a sampler 
has not yet been used directly in the aquatic environment to 
monitor pollution.

In 2017, carbon nanotubes were also used for the first 
time as a promising sorption material in passive samplers. 
Jakubus et al. (2016), in their research, proved that the use 
of carbon nanotubes as the receiving phase allows higher Rs 
values of the tested analytes (pharmaceuticals, hormones, 
phenols) to be achieved than when using conventional sor-
bents. The weight of the sorbent in traditional POCIS is 
generally 200 mg. But, Jakubus et al. (2016) successfully 
developed POCIS-like sampler, which used half the amount 
of sorbent (100 mg). In addition, the carbon nanotubes can 
be reused as a sorption material. Based on the work of 
López-Feria et al. (2009), carbon nanotubes can be used as 
a sorbent at least 100 times with the same efficiency. Con-
sidering the facts mentioned above, carbon nanotubes are 



512 Environmental Chemistry Letters (2021) 19:465–520

1 3

an interesting sorbent in POCIS, not only in analytical but 
also economic terms.

Conclusion

This review describes in detail the possibilities and restric-
tions on the use of traditional sorbents in POCIS. Since the 
introduction of the POCIS sampler in 2004, these devices 
have gained more and more popularity and interest, which is 
clearly shown in Fig. 4, which shows the amount of research 
on POCIS over the past 17 years. As can be seen, the huge 
advantage of the Oasis HLB sorbent over the triphasic 
sorbent admixture is that it was used in POCIS-like sam-
plers between 2004 and 2020 at least 160 times, compared 
to 33 times for the admixture (according to the collected 
literature).

The following uses of POCIS have been identified in the 
existing literature (Tables 2, 3 and 4):

1. Carrying out the calibration and performance testing of 
the sampler,

2. Determining the impact of environmental factors (tem-
perature, water pH, dissolved organic matter concentra-
tion, mixing the receiving phase, water flow, salinity) on 
the sampling rate of target compounds,

3. Determining the impact of the type of membrane and/or 
sorbent used on the sampling efficiency of analytes,

4. Comparing the extraction efficiency of different passive 
samplers,

5. Screening/monitoring water pollution,
6. Calculating time-weighted average concentrations,
7. Testing various chemical compounds that can perform 

the function of performance reference compounds in 
POCIS,

8. Comparing the concentrations of analytes obtained from 
POCIS with those obtained from spot sampling,

9. Combining POCIS extracts with bioassays to assess 
environmental risk.

As Fig. 4 shows, the current number of studies that are 
performed using POCIS-like samplers is about six times 
greater than the number of tests performed in the first years 
since the appearance of POCIS in environmental analysis. 
The amount of literature collected in this review confirms 
the huge potential of these samplers as potentially reli-
able devices for monitoring the aquatic environment, and 
for other important applications. Scientists are constantly 
developing this extraction technique to minimize its disad-
vantages and expand its applicability. Attempts to modify 
the type of sorbent and/or its amount in POCIS-like samplers 
have repeatedly ended in success and the possibility of using 
this device to collect strongly polar and ionic compounds, 
by increasing the extraction efficiency (Table 4). However, 
Oasis HLB, which is easily available and inexpensive, is still 
the most popular sorption material. In contrast, the use of a 
triphasic sorbent admixture has been, over the last few years, 
small, even smaller than the use of POCIS-like samplers 
with innovative sorbents (Fig. 4).

One of the basic restrictions of commercial POCIS is the 
inefficient uptake of strongly hydrophilic and ionic organic 
compounds from water. The growing number of works on 
the use of innovative sorption materials to overcome this 
limitation and the published results allow us to conclude 
that the type of sorbent may be a key factor in increas-
ing the applicability of POCIS-like samplers. It should be 
emphasized that the majority of research into new sorption 
materials for POCIS is in the early stages and further tests, 
ideas and solutions are needed to develop a reliable sorbent 
that will allow the sampling of a wide range of chemical 
compounds.
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Fig. 4  Summary of the number 
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on the POCIS-like sampler 
depending on the type of sorb-
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