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ABSTRACT 

The efficiency of wastewater treatment systems is commonly measured by the reductions of 
parameters such as biological oxygen demand (BOD), chemical oxygen demand (COD) and total 
suspended solids (TSS) and/or reductions in levels of selected macro compounds (e.g. long-chained 
hydrocarbons and inorganic compounds). Less attention has generally been paid to micropollutants 
with high potential toxic effects, such as polycyclic aromatic compounds (PACs), including 
unsubstituted and alkylated polycyclic aromatic hydrocarbons (PAHs) and dibenzothiophenes, 
polychlorinated biphenyls (PCBs), human pharmaceuticals and by-products formed during the 
treatment process. These organic micropollutants occur in wastewaters at trace and ultra-trace levels, 
therefore their detection requires advanced, costly analyses and large sample volumes. Furthermore, 
concentrations of micropollutants can fluctuate widely both diurnally and between days. Thus, in order 
to understand the fate of micropollutants in wastewaters there is a need to develop sampling techniques 
that allow representative samples to be readily collected. 

 
In the work underlying this thesis two types of diffusive passive samplers, semipermeable 

membrane devices (SPMDs) and polar organic chemical integrative samplers (POCISs), were used to 
monitor non-polar and polar organic micropollutants in wastewaters subjected to various treatment 
processes. The pollutants sequestered in these samplers represent micropollutants in the dissolved 
phase that are available for aquatic organisms. Further, since they collect pollutants in an integrative 
manner, i.e. they sample continuously during the selected exposure time (usually approx. one to ca. 
three weeks), the results provide time-weighted average (TWA) concentrations. In addition, the effects 
of various environmental factors on the uptake of analyzed micropollutants in POCISs and SPMDs 
were investigated using laboratory calibration and in situ calibration with performance reference 
compounds (PRCs). 

 
The results confirm that SPMDs are good sampling tools for investigating the efficacy of 

wastewater treatment processes for removing non-polar PACs and PCBs, and the effects of varying the 
process settings. In addition, analyses of process streams in municipal sewage treatment plants 
demonstrated that conventional sewage treatment processes are not optimized for removing dissolved 
four-ringed PAHs, some of the five-ringed PAHs, and tri- to hexa-chlorinated biphenyls. The removal 
of bioavailable PACs was enhanced by adding sorbents with high sorption capacities to the sludge used 
in the activated sludge treatment step, and a biologically activated carbon system was designed that 
robustly removed bioavailable PACs, with removal efficiencies of 96.9-99.7 percent across the tested 
ranges of five varied process parameters. 

 
In situ SPMD calibration data acquired show that uptake of PACs, described by SPMD sampling 

rates (Rs), were four to eight times higher than published laboratory calibrated Rs values, mainly due to 
strong (bio)fouling and turbulence effects. In addition, the laboratory calibration study demonstrated 
that temperature affects the POCIS uptake of pharmaceuticals. The uptake of four pharmaceuticals was 
higher, by 10-56 percent, at 18 °C compared to 5 °C. For two of the pharmaceuticals our data indicate 
that the uptake was lower by 18-25 percent at 18 °C. Our results also indicate that uptake of the studied 
pharmaceuticals was in the linear phase throughout the 35 day exposure period at both temperatures. 
Finally, calibration studies enabled aqueous concentrations of micropollutants to be more accurately 
estimated from amounts collected in the passive samplers. 
 
 
Keywords: bioavailable, biologically activated carbon, diffusive passive samplers, human 
pharmaceuticals, municipal sewage treatment plant, organic micropollutants, polycyclic aromatic 
compounds, PAHs, PCBs, POCIS, PRCs, sampling rate, SPMD, sorption, wastewater treatment. 
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1. INTRODUCTION 
 
Many municipal wastewater treatment facilities receive combined wastewaters 

from households and industrial sites, leachates and stormwater runoff. Wastewater 
treatment commonly involves both chemical and biological treatment steps, and the 
latter are often adversely affected by substances in these mixed waste streams. 
Traditionally, the performance of treatment processes has been assessed in terms of 
chemical parameters that are relatively easy to measure, such as reductions in 
biochemical oxygen demand (BOD), chemical oxygen demand (COD), total 
suspended solids (TSS), total organic carbon (TOC), total oxygen demand (TOD), and 
reductions in levels of selected heavy metals and macro compounds (e.g. long-
chained hydrocarbons, nutrients and organics) (Liu et al., 1997). 

 
Less attention has generally been paid to micropollutants – e.g. polycyclic aromatic 

compounds (PACs), polychlorinated biphenyls (PCBs), human pharmaceuticals and 
phthalates – and by-products formed during the treatment process, because their 
detection requires advanced, costly analyses of chemicals in large volume samples. 
However, some micropollutants are of great concern due to their high potential toxic 
activities, including mutagenic, teratogenic and carcinogenic effects, photo-induced 
toxicity and ability to disrupt the endocrine systems of aquatic organisms. Therefore, 
some of these compounds are covered in the Water Framework Directive, which aims 
to address problems associated with pollutants in European waters (European Water 
Framework Directive, 2000). 

 
A complication affecting attempts to monitor micropollutants’ concentrations is 

that they can fluctuate widely both diurnally and between days in the influents of 
sewage treatment plants (Lindberg et al., 2004, 2006). Caged fish or other test 
organisms could be used to track levels of micropollutants in sewage treatment plants 
in-situ. However, toxic effects, biotransformation and elimination processes in the 
exposed organisms could severely bias estimates of bioavailable micropollutants. 

 
To overcome such problems, various integrative passive sampling devices have 

been developed, including semipermeable membrane devices (SPMDs) and polar 
organic chemical integrative samplers (POCISs) for monitoring both non-polar and 
polar micropollutants (Huckins et al., 1990; Alvarez et al., 1999; 2004; Petty et al., 
2002). These integrative passive samplers collect pollutants from water continuously 
(over periods of one to ca. three weeks), sampling only dissolved phase 
micropollutants, which are compounds that pose immediate risks to aquatic 
organisms. The extracts from the passive samplers provide time-weighted average 
(TWA) aqueous pollutant concentrations. 
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1.1 Objectives and scope of the Thesis 
 
The research underlying this thesis focused on two main objectives: 

 
 

• to assess the fate of bioavailable non-polar micropollutants (PACs and PCBs) 
during municipal sewage, biologically activated sorbent and biologically 
activated carbon treatments of different wastewaters, and to determine the 
effectiveness of each treatment with respect to these pollutants, using SPMD 
passive samplers (Papers I-IV); 

 
• to evaluate the effects of environmental conditions on SPMDs’ and POCISs’ 

sampling rates in-situ and in the laboratory conditions, respectively (Papers II 
and V). 

 
 

In an initial study the overall effectiveness of the treatments in two conventional 
municipal sewage treatment plants (MSTPs) was investigated, primarily with respect 
to the removal of bioavailable PAHs, including alkylated PAHs, and PCBs (Paper I), 
and in a follow-up study (Paper II), the efficacy of each process within one of the 
plants was evaluated, in both cases using SPMDs. The hypothesis underlying these 
studies was that conventional treatment plants are not optimized to reduce 
bioavailable micropollutants or their acute aquatic effects. 

 
In the studies described in Papers III and IV, alternative wastewater treatment 

methods for removing dissolved/bioavailable PACs were tested, based on 
combinations of sorption and biological degradation, utilising sorbent mixtures in 
combination with activated sludge. More specifically, the efficiency of several 
candidate biologically activated sorbents (BASs) for treating synthetic wastewater 
polluted with petroleum products was assessed using both chemical and 
ecotoxicological analyses (Paper III). The most promising candidate BAS, a 
biologically activated carbon (BAC), was then further evaluated in a pilot experiment 
(Paper IV), in which its treatment efficiency was characterized in detail by applying a 
multi-factorial experimental design and multivariate statistics to analyze the acquired 
data. 

 
To address the second objective of the thesis, we tested the hypothesis that 

environmental conditions can affect SPMD and POCIS sampling rates by performing 
calibration studies in-situ and in the laboratory, respectively. In-situ calibration using 
SPMDs in conjunction with performance reference compounds (PRCs) was 
performed under extreme field conditions (in terms of turbulence, temperature and 
fouling) at the Umeå MSTP (Paper II). The SPMD sampling rates determined in-situ 
for PAHs, including alkylated PAHs, were compared with published laboratory 
calibrated values. Finally, a laboratory calibration study was performed at 
temperatures of 5 °C and 18 °C, in which POCIS sampling rates for human 
pharmaceuticals were determined, and the influence of temperature on the POCIS 
sampling rates was considered (Paper V). 
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2. TREATMENT OF ORGANIC POLLUTANTS IN 
WASTEWATER 

 
Organic pollutants entering treatment plants have diverse physico-chemical 

properties that determine their fates. The pollutants may be dissolved (in water or fat), 
particle-bound or volatilize from the water-phase. Further, during the various 
wastewater treatment processes the organic pollutants in the water may be degraded 
(via photodegradation, biodegradation, chemical degradation, etc.), adsorbed by other 
matrices (activated sludge, adsorbents, chemicals, etc.) or concentrated by filtration 
techniques. The treatment processes employed depend on the nature and composition 
of the pollutants in the wastewater, the capital costs and the required treatment 
efficiency. Biological degradation using activated sludge (AS) is one of the most 
efficient methods of wastewater purification of organic pollutants currently applied 
(Jou and Huang, 2003). The AS process is based on the oxidization of organic 
material by microorganisms (mainly bacteria) under aerobic conditions, ultimately to 
carbon dioxide, water and new biomass (Björlenius and Wahlberg, 2006). 

 
To determine the efficiency of a treatment process, the removal of the pollutants 

can be calculated as follows (Pham and Proulx, 1997): 

%100
C

CCR
inf

efinf ⋅
−

=  

where R is the removal efficiency of a given pollutant as a percentage, while Cinf 
and Cef are the concentrations of the pollutant, in mg L-1 or ng L-1, in the influent and 
effluent, respectively. 

 
2.1 Municipal sewage treatment plants 
 
In a conventional municipal sewage treatment plant (MSTP), the municipal sewage 

is subjected to mechanical, chemical and biological treatment steps (Liu et al., 1997). 
Figure 1 presents a schematic diagram of the processes applied in Umeå STP, as an 
example of a conventional MSTP. During the sewage treatment process excess sludge 
is produced, which is processed at the treatment plants (sludge treatment) in order to 
reduce both its water content and the amount of sludge, i.e. the waste organic 
material. 
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Figure 1. Schematic diagram of Umeå municipal sewage treatment plant (key: 1- screens, 2- fat/sand 
removal, 3- FeSO4 addition, 4- pre-aeration chamber, 5- primary clarifier, 6- active sludge aeration 
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basin, 7- secondary clarifier, 8- treated sewage channel, 9- sludge thickener, 10- anaerobic digester, 11- 
digested sludge chamber, 12- sludge centrifuge, 13- sludge silo, 14- thin-layer dryer, 15- moving belt 
dryer, 16- sludge pellets silo, 17- treated sewage recipient waters). 

 
The fates of the pollutants entering the MSTP depend on their physico-chemical 

properties. Particle-bound pollutants are separated by gravity and sedimentation, 
together with sludge particles, in the primary and secondary clarifiers (Fig. 1). 
Volatile substances may be degraded, end up with the sludge or pass through the 
treatment process without being changed, but they are mainly emitted into the 
atmosphere during treatment steps that involve aeration, such as pre-aeration and 
activated sludge aeration (Björlenius and Wahlberg, 2006). Substances dissolved in 
fat are mainly removed during mechanical treatment or together with floating sludge 
particles at the primary clarifier stage. Pollutants dissolved in the water phase are 
readily available for degradation and, therefore, are mainly degraded in the biological 
treatment step. Nevertheless, these compounds may bind or adsorb to sludge particles 
and reach the sludge treatment step. The amounts of various dissolved micropollutants 
– such as polycyclic aromatic compounds (PACs), polychlorinated biphenyls (PCBs), 
and human pharmaceuticals – present in process streams, and their fates during the 
treatments, have been considered in a few published studies (Stuer-Lauridsen and 
Kjolholt, 2000; Wang et al., 2001; Tan et al., 2007, Gourlay-Francé et al., 2008), but 
have not been intensively investigated to date. 

 
2.2 Biologically activated sorbents (BASs) 
 

Conventional biological wastewater treatment techniques involving AS generally 
have several drawbacks, including the formation of excess sludge, poor sludge 
settling, scum-foam formation, and strong sensitivity to high loads of pollutants (Jou 
et al., 2003). To overcome these problems, combined systems involving the use of 
various sorbent materials and AS mixtures, known as biologically activated sorbents 
(BASs) or “biofilters”, have been developed. The most widely used and recognized 
BASs are based on biologically activated carbon sorbents, such as granulated 
activated carbon (GAC) particles (Seredynska-Sobecka et al., 2006), also known as 
biologically activated carbon (BAC) (Imai et al., 1995; Walker and Weatherly, 1999), 
and powdered activated carbon (PAC) particles (Jonge et al., 1996; Widjaja et al., 
2004). Use of BASs reduces the above mentioned problems associated with 
wastewater treatment using solely AS, since they both provide sorptive surfaces and 
promote biodegradation (Walker and Weatherly, 1999; Sirotkin et al., 2001). The 
applicability of BASs for treating effluents from several industries (including textile, 
plating and petroleum industries) and landfill leachates has recently been explored 
using various materials as sorbents, including zeolites (Zweger et al., 2000), GAC 
(Imai et al., 1995) and PAC (Jonge et al., 1996; Widjaja et al., 2004). 

 
BAS-combined processes can remove a wide range of pollutants via 

biodegradation and other recalcitrant pollutants by sorption. Sorption and 
biodegradation processes are complementary and have several advantages, including 
low capital and operating costs, stable performance during periods of shock loads of 
some pollutants, tolerance of potential inhibitors (due to their sorption), and the 
capacity of microorganisms to regenerate the sorbents. In addition, sorption can 
compensate for failure of the biodegradation processes (Sirotkin et al., 2001) and 
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there is low excess sludge production. BASs are thought to be more effective than 
separate, traditional biodegradation techniques for removing phenols (Ivancev-
Tumbas et al., 1998), non-ionic synthetic surfactants (Sirotkin et al., 2001), volatile 
organic hydrocarbons (Voice et al., 1992), azo-dyes (Walker and Weatherly, 1999), 
and organic matter from oil-field brine (Dalmacija et al., 1996). The activated carbon 
used in BAC preparations has previously been shown to have a high capacity to 
adsorb PAHs from marine sediments and soil (Zimmerman et al., 2004; Cornelissen 
et al., 2005). Besides the above mentioned advantages of BASs, such BAC treatment 
systems are automatically regenerated by the microorganisms attached to the carbon, 
thus maintaining the systems’ sorption capacities, via various bioregeneration 
mechanisms as discussed by Xiaojian et al. (1991). 



3. PASSIVE SAMPLING TOOLS 
 
3.1 Passive sampling 
 
Passive sampling is based on the free flow (diffusion) of analyte molecules from 

the sampled medium to a collecting medium, driven by the difference in the chemical 
potentials of analytes between the two media (Gorecki and Namiesnik 2002). The 
amount of a given analyte extracted by an integrative sampler depends on its 
concentration in the sampled medium and the exposure time. Analytes from sampled 
media are trapped and retained by appropriate collecting media, solvents, chemical 
reagents or porous adsorbents (Vrana et al., 2005), which should ideally have 
virtually infinite capacity to retain the analytes. Passive samplers have broad 
applicability for extracting pollutants such as volatile organic compounds (VOCs), 
semivolatile organic compounds (SVOCs), hydrophobic organic compounds (HOCs), 
polar organic compounds (POCs) and inorganic compounds in the air, surface water, 
groundwater, wastewater, sediments, and soil pore water. 

 
Anthropogenic organic micropollutants in water are frequently present at trace or 

ultra-trace levels, so large volumes of water have to be extracted in order to detect 
them (Vrana et al., 2005), and (as mentioned above) their concentrations may vary 
substantially with time. Therefore, integrative sampling methods are more suitable 
than instantaneous or grab sampling methods for monitoring their levels in sewage 
water since they collect samples over long periods, thus providing data on average 
pollutant profiles rather than “snapshots” that are heavily biased as a result of the 
temporal fluctuations that generally occur in MSTPs. In addition, passive sampling 
overcomes the shortcomings of biological sampling, such as the complexities 
involved in handling biomonitoring organisms and their metabolism of organic 
pollutants. Thus, the designs of passive samplers mimic in situ respiratory exposure of 
aquatic organisms to dissolved organic pollutants. Organic pollutants retained in the 
collecting medium of passive samplers are protected from degradation by bacteria and 
UV light during sampling periods (especially during water sampling). A number of 
sampling phases can be identified during uptake: linear uptake (integrative), 
curvilinear uptake, and equilibrium partitioning (Figure 2; Huckins et al., 2002a). The 
phase in which analytes of interest are sequestered by the passive sampler depends on 
their physico-chemical properties, the environmental conditions and the duration of 
sampling. 
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Figure 2. Three passive sampler uptake phases as a function of the passive sampler exposure time in 
days, illustrating first-order exchange kinetics. Concentrations of analytes need to equal or exceed half 
their equilibrium concentrations in order to reach “half-life” exposure times (t1/2). Figure adapted from 
Huckins et al. (2002a). 

 

The exchange kinetics between the passive sampler and water can be described by 
a first-order, single compartment model, according to which the concentration of a 
given analyte at a given moment in time is determined by rates of chemical uptake 
and release (eq. 1). (Huckins et al., 2006). 

sewu
s CkCk

dt
dC

−=   (1) 

where Cs is the analyte concentration in the passive sampler (ng g-1), t is time in 
days, ku is the uptake rate constant (L g-1 d-1), Cw is the aqueous concentration (ng L-

1), and ke is the release rate constant (d-1). 
A passive sampling device can be operated either in the linear, time-integrative, 

uptake phase or in the equilibrium phase. Under the linear uptake regime, the release 
rate ke is negligible relative to the uptake rate ku and the passive sampling is 
considered to be time-integrative. Under integrative sampling conditions, equation 1 
can be reduced to: 

tkCC uws =   (2) 
Under an equilibrium regime, equation 1 can be reduced to: 

sww
e

u
ws KC

k
kCC ==   (3) 

where Ksw is the ratio of the two rate constants (ku/ke), and is known as the passive 
sampler-water partitioning coefficient (L g-1 or L L-1, depending on the receiving 
phase). 
 

3.2 Designs of passive samplers 
 
The first passive sampling devices for organic hydrophobic micropollutants in 

water were developed in the 1980s. The first patented simple passive device consisted 
of a nonpolar solvent reservoir separated from the water by nonporous polymeric 
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membranes (Byrne and Aylott, 1980). Later, Södergren (1987) developed the hexane-
filled cellulose membrane dialysis bag, but unfortunately the stability of the cellulose 
membrane was poor. Solvent-containing passive sampling devices were subsequently 
improved by testing various available materials for use as membranes. Following such 
trials, Huckins et al. (1990) recommended the use of passive sampling devices 
consisting of low density “layflat” polyethylene tubing containing a thin film of a 
model lipid, triolein, called “semipermeable membrane devices” (SPMDs). SPMDs 
are now the most widely used passive water samplers (Stuer-Lauridsen, 2005). 

 
However, a large number of integrative passive water samplers containing diverse 

kinds of collecting media (solvents, sorbents, resins or polymer coatings) and 
membranes have now been developed. Devices described in the literature include: 
activated carbon-filled passive dosimeters with perforated acrylic membranes 
(DiGiano et al., 1988); PISCES (passive in situ concentration extraction samplers), 
which consist of a chrome-plated brass tube filled with hexane enclosed by 
polyethylene membranes (Litten et al., 1993); polyethylene tubes filled with iso-
octane (Peterson et al., 1995); XAD-7 or Tenax-Ta resins in silicone polar carbon 
membranes (Zhang and Hardy, 1989); MESCO (membrane-enclosed sorptive 
coating) samplers, consisting of a bar coated with poly(dimethylsiloxane) (PDMS) 
enclosed in a dialysis membrane bag made from regenerated cellulose (Vrana et al., 
2001); and passive systems incorporating a C18 Empore™ disk and a membrane of 
polyethylene (for sampling compounds with log Kow values > 4.0) subsequently 
named Chemcatcher® samplers (Kingston et al., 2000; Vrana et al., 2005; Vrana et 
al., 2006). Integrative passive sampling devices made solely from low density 
polyethylene (LDPE) or silicone tubing without any solvent or resin have also been 
proposed (Huckins et al., 1989; Booij et al., 2000). 

 
In addition to integrative passive water samplers, there are a number of equilibrium 

phase-based passive water sampling devices, e.g. the solid-phase microextraction 
(SPME) devices developed by Pawliszyn (1997), Empore™ disks (Verhaar et al., 
1995), polyoxymethylene (POM) and polydimethylsiloxane (PDMS) membranes 
(Cornelissen et al., 2008). In these cases, equilibrium is established between the 
collecting medium of the sampler and the surrounding water during the sampling 
periods. 

 
Recently, concern about polar organic compounds (POCs) has increased and new 

passive devices for sampling them have been introduced, notably the polar organic 
chemical integrative sampler (POCIS) designed by Alvarez et al. (1999, 2000; 2004) 
and Petty et al. (2002) for sampling polar pesticides, pharmaceuticals, hormones, or 
compounds with log Kow values < 4.0. POCIS with two configurations are available, 
containing different types of sequestration media between microporous 
polyethersulfone (PES) membranes. The “generic” POCIS medium consists of three 
sorbent materials: Isolute ENV+, Ambersorb 1500 and S-X3 Bio Beads (Alvarez et 
al., 2004). “Generic” POCIS are mainly used for sampling polar pesticides, natural 
and synthetic hormones, and other polar organic compounds. POCIS with the second 
“pharmaceutical” configuration contain Oasis HLB sorbent, which is capable of 
sampling most classes of pharmaceuticals (Alvarez et al., 2004; Togola et al., 2007; 
Vermeirssen et al., 2005). Another type of passive sampler, the Chemcatcher®, has 
been developed for sampling polar pesticides (with log Kow values between 2 and 4) 
in aquatic environments (Kingston et al., 2000). A Chemcatcher® sampler consists of 
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a C18 adsorbent embedded in a polytetrafluoroethylene (PTFE) sampler body (a 47 
mm Empore™ disk) that acts as the receiving phase and a rate-limiting, hydrophilic 
PES membrane. 

 
3.3 Semipermeable membrane devices (SPMDs) 
 
As mentioned above, SPMDs (consisting of lipid-containing layflat LDPE tubing), 

were developed by Huckins et al. (1990). SPMDs are produced in a standard 
configuration (2.54 cm × 91.4 cm, 75-90 µm wall thickness) with a thin film of 1 mL 
of high purity (95 or 99 %) synthetic triolein sealed in the LDPE tube (Fig. 3). 

 

 
 

Figure 3. Semipermeable membrane device (SPMD) mounted on (a) a stainless steel holding device 
(called a “spider”) in a stainless steel canister for water sampling and (b) a spider installed on-line 
(installation from ExposMeter AB) in a biologically activated carbon treatment system. 
 

LDPE is a non-porous material with no fixed pores, only transient cavities with a 
typical size of 10 Å (1 nm) that allow the sequestration of only truly dissolved and 
non-ionized pollutants, since large molecules (molecular weights approx. > 600 Da), 
such as colloids, particles or humic acids are excluded (Ellis et al., 1995). LDPE 
cavity sizes are similar to the cut-off for the uptake of HOCs through biological 
membranes, e.g. in fish (Opperhuizen et al., 1985). A hypothesis that truly dissolved 
HOCs can cross biological membranes and bioconcentrated in living organisms 
(Hamelink et al., 1994) is one rationale for using SPMDs. 

 
The neutral triglyceride triolein (1,2,3-tri-[cis-9-octadecenoyl]glycerol) sealed in 

the LDPE tube mimics lipids in aquatic biota. Triolein was chosen because it is a 
major lipid found in most organisms, it is a liquid to about -4 °C, has a sufficiently 
high molecular weight (885.5 Da) for its permeability through the LDPE membrane to 
be extremely low, and is commercially available in a highly pure form (Huckins et al., 
2006). In addition, triolein-water partitioning coefficients are similar to, and 
correlated with, octanol-water partitioning coefficients (Kows) according to Chiou 
(1985). 

 
SPMDs accumulate nearly all dissolved phase HOCs with log Kow values ≥ 3 

(Huckins et al., 2006). For compounds with log Kow values > 7.0, SPMDs do not 
perform so well, since such highly hydrophobic compounds are mainly sorbed to 
particles and/or organic carbon, and thus only small amounts are available in the 
dissolved phase (Meadows et al., 1998). 
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3.4 Polar organic chemical integrative samplers (POCISs) 
 

A POCIS in “pharmaceutical” configuration consists of the solid phase sorbent 
Oasis HLB (poly[divinylbenzene]-co-N-vinylpyrrolidone) encased in microporous 
PES membranes (approximately 130 μm thick, 47 mm ∅, 0.1 µm pore size) and 
stainless steel washers (Alvarez et al., 2004). The microporous PES membrane of a 
POCIS is semipermeable and allows the transport of hydrophilic chemicals through to 
the sorbent, while excluding particles, colloids, biogenic substances and other 
interfering material. PES membranes have been compared with other commercially 
available polymeric membranes (LDPE, polysulfone, regenerated cellulose, an acrylic 
copolymer, nylon 66, and hydrophilic polypropylene) and confirmed to be the best for 
excluding interfering molecules, to be strong and durable during long-term exposures, 
to have high analyte uptake rates, and subject to minimal biofouling (Kingston et al., 
2000; Alvarez et al., 2004; Zhang et al., 2008). 

 
A standard POCIS device contains 100 mg of sorbent encased in a membrane-

sorbent-membrane sandwich, held by two supporting rings, thumbscrews and wing 
nuts, giving a total exposed membrane surface area of 18 cm2 and a surface area to 
mass of sorbent ratio of approximately 180 cm2g-1. 

 

 
 

Figure 4. Polar organic chemical integrative samplers (POCIS) (a) exposed in sewage effluent and (b) 
mounted on a holder inside a stainless steel canister for water sampling. 
 
Recently, larger capacity POCIS devices have been introduced with a sampling 
surface area of 45.8 cm2, 200 mg of the sorbent and an area to sorbent mass ratio of 
229 cm2g-1. POCIS devices are designed to sequester polar organic compounds 
(POCs) with log Kow values < 4 (Environmental Sampling Technologies, St. Joseph, 
MO, USA). 

 
3.5 Water concentration estimation models 
 

The aqueous concentrations of pollutants in passive samplers increase with time 
until equilibrium is attained. For several decades, linear (eq. 4) and equilibrium (eq. 6) 
uptake rate models were used in combination with laboratory-calibrated sampling 
rates (Rs; eq. 5) and SPMD-water partitioning coefficients (Ksw) to estimate water 
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concentrations of analytes from amounts collected by exposed SPMDs (Huckins et 
al., 1993, 2006): 

tR
NC

s

SPMD
w ⋅
=   (4) 

sswes VKkR =   (5) 

ssw

SPMD
w VK

NC =   (6) 

where Cw is the aqueous concentration of the analyte (ng L-1), NSPMD is the amount 
of the analyte absorbed by the SPMD (ng SPMD-1), Rs is the water sampling rate of 
the analyte (L d-1), Ksw is the analyte’s SPMD-water partitioning coefficient (L·L-1), t 
is the exposure period (days), ke is the release or elimination rate constant (d-1), and 
Vs is the SPMD volume (L). 
 

More recently, the “full” water concentration estimation model (eq. 7) was 
introduced, which can be used regardless of whether the analyte uptake is in the 
linear, curvilinear or equilibrium (Fig. 2) sampling phase (Booij et al., 2003a; Huckins 
et al., 2006): 
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Several studies have confirmed that during the exposure of POCIS to most tested 

polar chemicals the sampling is in the linear uptake phase after 28 days of sampling. 
Therefore, the linear uptake rate model, equation 4, is used to estimate sampling rates 
of polar analytes at ambient water concentrations (Alvarez et al., 2004; MacLeod et 
al., 2007). To determine analyte concentrations when using POCIS, equation 4 has to 
be adjusted by changing the term NSPMD to CsMs, where Cs is the analyte 
concentration in the POCIS sorbent and Ms is the mass of the sorbent. In order to 
determine accurate aqueous concentrations of the analytes, the Rs should be known; 
therefore sampling rates are determined both in the laboratory and in the field. The Rs 
does not vary with the water concentration, but can be affected by environmental 
conditions during field deployment. 

 
3.5.1 Laboratory calibration 
 

Laboratory calibration of passive samplers is usually performed by conducting 
flow-through experiments (Huckins et al., 1993, 1999; Luellen and Shea, 2002; Booij 
et al., 2003b; Zhang et al., 2008) or using static systems (microcosms) (Huckins et al., 
1999; Vrana and Schüürmann, 2002; Alvarez et al., 2004; MacLeod et al., 2007). 
Laboratory-derived Rs values are calculated according to the linear uptake model (eq. 
4) under the assumption that aqueous concentrations (Cw) of the analytes in the 
calibration system remain constant. Field deployments have been used to verify 
calibration-derived sampling rates by measuring, simultaneously, target compounds in 
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the water using grab sampling and passive samplers (Luellen and Shea, 2002; Zhang 
et al., 2008). Large numbers of laboratory calibrated Rs values have now been 
published for several groups of compounds, including PACs, PCBs, dioxins, 
chlorobenzenes, herbicides and pharmaceuticals (Huckins et al., 2006). However, 
further calibration studies are needed to determine Rs values of various compounds, 
especially alkylated species and other emerging pollutants. Laboratory-derived Rs 
values differ from actual Rs values in the field due to variations in temperature, water 
flow velocity, (bio)fouling of the membrane surfaces, and the geometry of the 
mounting cages. In addition, sorption of analytes to dissolved organic carbon (DOC) 
may result in overestimation of the dissolved concentrations during laboratory 
calibration studies and (hence) underestimation of true sampling rates (Huckins et al., 
2006). 

 
Variations in temperature and water flow rates can, reportedly, cause up to 10-fold 

differences in Rs values of SPMDs, due to variations in analyte uptake rates and facial 
velocity-turbulence effects, especially for compounds with log Kow values > 4.5, since 
their uptake is heavily influenced by the SPMDs’ external water boundary layer 
(WBL) (Huckins et al., 2002b; Booij et al., 2003). Calibration studies have indicated 
that POCIS analyte uptake rates are also under WBL control, since sampling rates 
have been found to be increased by stirring, which reduces the thickness of the 
aqueous boundary layer (Alvarez et al., 2004; MacLeod et al., 2007). Further, 
increases in water temperature (from 15 °C to 21 °C) either enhanced the sampling 
rates or kept them constant, depending on the analyte, in experiments reported by 
Togola et al. (2007); the highest determined increase was 100 %. 

 
In addition to the environmental factors already mentioned, pH and salinity can 

also influence the chemical state or solubility of pharmaceuticals, for example, and 
can therefore affect the Rs. However, Zhang et al. (2008) reported that the Rs values 
for several tested pharmaceuticals remained similar across the pH range 4 to 10, and 
concluded that POCIS accumulated both neutral and ionized forms of the target 
compounds. Salinity did not significantly influence the POCIS Rs values, except for 
the basic pharmaceuticals fluoxetine, amitryptiline, doxepine, and imipramine for 
which Rs values decreased from 40 % to 64 % in the presence of 35 practical salinity 
units (psu), relative to Rs recorded in the absence of salt (Togola et al., 2007). 

 
3.5.2 In-situ calibration 
 

The use of performance reference compounds (PRCs) has been suggested as a 
means to minimise differences between laboratory calibration and field exposure 
conditions, and ameliorate other problems, during in situ calibration (Huckins et al., 
2002b). PRCs are analytically non-interfering compounds (e.g. appropriate non-
labelled, deuterated, 13C- or 14C-labelled compounds) with moderate to relatively high 
fugacities spiked into the lipid of SPMDs prior to their deployment. This calibration 
approach is based on the hypothesis that the rates of losses of the PRCs will be 
proportional to the rates of analyte uptake, thus allowing the in situ Rs values of 
analytes of interest to be estimated (Booij et al., 1998). The PRC approach is only 
applicable to passive samplers that operate on the basis of isotropic exchange kinetics, 
when both the uptake and loss of chemicals obey first-order kinetics and half-lives 
(t1/2) during uptake and loss are approximately identical. PRCs have recently been 
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used to determine the effects of SPMD membrane biofouling (Huckins et al., 2002a; 
Paper II), flow-turbulence (Huckins et al., 2000b; Booij et al., 1998; Paper II), 
temperature dependence (Huckins et al., 2000b; Booij et al., 2003b) and photolysis 
(Bartkow et al., 2006) on the uptake rates of chemicals. 

 
The dissipation of a PRC can be described by the following equation: 

t

)N
Nln(

k PRC,0

PRC

PRC,e −=   (8) 

where ke,PRC is the PRC’s release rate constant (d-1); NPRC is the measured amount 
of the PRC after the exposure period (ng SPMD-1); N0,PRC is the measured amount of 
the PRC at the beginning of the exposure period, i.e. when t = 0 (ng SPMD-1); and t is 
the exposure period in days. 

Kinetic PRC sampling rates can be calculated using experimentally determined 
ke,PRC values and the following equation: 

PRC,ePRC,swsPRC,s kKVR =   (9) 
where Rs,PRC is the PRC sampling rate (L d-1); Vs is the SPMD volume (0.005 L for 

a standard size SPMD); Ksw,PRC  is the PRC’s SPMD-water partitioning coefficient 
(L·L-1); and ke,PRC is the PRC’s release rate constant (d-1). 

 
If experimentally determined Ksw,PRC values are not available, they can be 

estimated from Kow values using the following quadratic equation for non-polar 
organic compounds with an intercept (a0) for PAH compounds at -2.61 (Huckins et 
al., 2006): 

2
owow0PRC,sw )K(log1618.0Klog321.2aKlog −+=  (10) 

PRC-corrected Rs values for target analytes can be calculated using either of two 
models: empirical or WBL-controlled. In the former, empirically determined 
constants are used (Huckins et al., 2006): 
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PRC,setargt,s RR

α
α

=   (11) 

where Rs,target is the sampling rate of the target analyte (L d-1); Rs,PRC is the PRC-
corrected sampling rate (L d-1); αtarget is the target analyte compound-specific effect; 
and αPRC is the PRC-specific effect, which can be modelled using the following 
equation (Huckins et al., 2006): 
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The second model for evaluating PRC-corrected Rs, the water boundary layer 
(WBL)-controlled uptake model (Huckins et al., 2006, Booij et al., 2003b), applies 
when the exchange kinetics of the PRCs and analytes are under WBL control: 
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where Rs,target is the sampling rate of the target analyte (L d-1); Rs,PRC is the PRC-
corrected sampling rate (L d-1); VPRC is the PRC’s LeBas volume (cm3 mol-1); and 
Vtarget is the LeBas volume of the target analyte (cm3 mol-1). 
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The validity of incorporating PRCs in POCIS sorbents for estimating analyte 
concentrations is still under discussion, because analytes sampled by POCIS are 
adsorbed to the solid phase rather than being partitioned, as they are in SPMDs 
(Alvarez et al., 2007). The adsorption of solutes on active sites results in a greater loss 
of kinetic energy than their partitioning into liquids or liquid-like polymers, where 
anisotropic exchange is expected. POCIS sorbents act as infinite sinks, therefore the 
selection of PRCs with sufficiently low fugacity is problematic. Mazzella et al. (2007) 
have recently published results of experiments, in which “pharmaceutical” POCIS 
were spiked with deisopropylatrazine and simazine, indicating that 
deisopropylatrazine may be subject to isotropic exchange with “pharmaceutical” 
POCIS, but rates of simazine desorption appear to remain relatively constant. 

 
In summary, PRCs have been used for over a decade, but the applicability of the 

approach to field sampling, the effects of sampling media on the suitability of 
candidate PRCs and the limitations of the technique have only been addressed in a 
few studies. 



4. POLLUTANTS OF CONCERN 
 

4.1 Polycyclic aromatic compounds (PACs) 
 

Polycyclic aromatic hydrocarbons (PAHs) contain multiple fused ring structures of 
carbon and hydrogen. PAHs with carbon side chains of varying numbers, length, and 
location are termed alkylated PAHs. In this thesis, we focus on PAHs with two- to 
six-fused rings, alkylated PAHs, sulphur-containing PAHs, dibenzothiophene and 
alkylated dibenzothiophenes, the whole group was referred to as polycyclic aromatic 
compounds (PACs). Examples of chemical structures of these compounds, together 
with corresponding abbreviations, molecular weights, log Kow values and other 
physico-chemical properties are presented in Table 1. 

 
Table 1. Examples of PACs considered in this thesis, including abbreviations, numbers of fused rings, 
chemical structures, molecular weights (MW), and log Kow values, from Huckins et al. (2006) and 
calculated by the KOWWIN™ (US EPA). 

 

Polycyclic aromatic compounds 
(abbreviation) 

Number of 
fused rings 

Chemical 
structure 

MW 

g mol-1 
log Kow 

Naphthalene (Na) 2 
 

128.2 3.40 

2-methylnaphthalene (2-mNa) 2  142.2 3.86 

Acenaphthylene (AcNapthy) 3 
 

152.2 4.10 

Phenanthrene (Phe) 3 

 

178.2 4.50 

Dibenzothiophene (Dit) 3  184.3 4.20 

1-methyldibenzothiophene (1-mDit) 3 
 

198.3 4.71 

Fluoranthene (Fluo) 4 
 

202.3 5.20 

Pyrene (Py) 4 
 

202.3 5.30 

S

S
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Benzo[a]pyrene (BaP) 5 
 

252.3 6.40 

Benzo[g,h,i]perylene (BghiP) 6 

 

276.3 6.90 

 
PACs naturally occur in coal and crude oil, and are emitted during volcanic 

eruptions and forest fires. Anthropogenic sources of PACs in the environment can be 
divided between the petrogenic and pyrogenic sources. Petrogenic sources include 
leaks and spills from pipelines or terminals, and other sources of unburned petroleum, 
while pyrogenic sources include fires, combustion of petroleum products, incomplete 
combustion of organic material, roasting of organic material and metallurgical 
processing. Pyrogenic PAHs are characterized by unsubstituted ring structures, while 
petrogenic PAHs tend to have alkyl substitutions to the basic rings. 

 
PAHs are of great concern, because of their widely known toxic activities, such as 

mutagenic, teratogenic and carcinogenic effects, photo-induced toxicity and 
endocrine-disrupting activities (Albers 1995; Pacheso et al., 2001; Wernersson 2003, 
Clemons et al., 1998). PAHs can also be bioconcentrated by certain invertebrates that 
lack effective biotransformation systems, while fish and other aquatic vertebrates 
readily take them up and biotransform them (Walker 2001). PAHs are included in a 
list of 33 “priority substances” in the Water Framework Directive (2000/60/EC) that 
pose a threat to the environmental quality of surface waters in Europe (European 
Water Framework Directive, 2000). 

 
4.2 Polychlorinated biphenyls (PCBs) 
 
Polychlorinated biphenyls (PCBs) comprise a group of chlorinated compounds 

consisting theoretically of 209 congeners, with one to ten chlorine atoms attached to a 
biphenyl backbone (Fig. 5). Each congener has been assigned a systematic number by 
Ballschmitter and Zeller (1980) in a scheme that has been adopted by the International 
Union of Pure and Applied Chemists (IUPAC). 

Cln

1 
2 3 

4 

5 6 

1´ 
2´ 3´ 

4´ 

5´ 6´ 

meta 
ortho 

para 

 
Figure 5. General molecular structure of polychlorinated biphenyls (PCBs) (n=1-10). 

 
PCBs have been produced commercially and widely used, inter alia, as dielectric 

fluids in capacitors and transformers, heat transfer fluids and as additives in 
adhesives, cutting oils, hydraulic lubricants, sealants, and paints, because of their 
stability (chemical and physical), and useful physico-chemical characteristics. PCBs 
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are hydrophobic and persistent compounds with low volatility, and poor water 
solubility (which is inversely correlated with their number of chlorines). PCBs are 
also continuously emitted to the environment from various sources, including 
landfills, spills, the illegal disposal of PCB-containing products, and waste 
combustion. This group of compounds has been found in all environmental 
compartments, including water, air, sediments, soil, wildlife and even humans (Bacon 
et al., 1992; Muir et al., 1999; Jonsson et al., 2000; Herrick et al., 2007). PCBs are 
known to have several toxic effects, including inter alia, adverse effects on 
reproductive, neurological and endocrine systems (Safe, 1993; Giesy and Kannan, 
1998). When monitoring PCB exposure in the environment seven of the most 
bioaccumulative and biomagnifying congeners (PCBs 28, 52, 101, 118, 138, 153 and 
180) are usually analysed. 

 
4.3 Pharmaceuticals 
 
Human pharmaceuticals are a structurally and chemically complex class of 

compounds developed for specific biological purposes, for example to prevent or treat 
diseases and infections. Residues of human pharmaceuticals are continuously 
discharged into natural waters via effluents from sewage treatment plants, hospitals, 
drug manufacturing plants, leakage from landfills, and direct disposal of drugs to 
water courses (Bound and Voulvoulis, 2005; Lindberg et al., 2005; Gros et al., 2007; 
Larsson et al., 2007). Most of the pharmaceuticals are polar, hydrophilic compounds 
with low log Kow values that have to be able to pass through biological membranes to 
reach their targets inside the human body (Halling-Sørensen et al., 1998; Herberer, 
2002). Some of them are also pH sensitive, and their water solubility may be 
profoundly affected by the pH. In the environment they are mainly found in various 
water bodies in trace concentrations (typically 0.001 to 1 μg L-1). Data on 
pharmaceuticals that were analyzed in the study described in Paper V are presented in 
Table 2. 

 
Table 2. Target pharmaceuticals, their therapeutic use, CAS registry numbers, log Kow values 
(KOWWIN™; US EPA) and molecular structures 
 

Substance Therapeutic use CAS No. log Kow Molecular structure 

Ciprofloxacin Antibacterial 85721-33-1 0.00 

 

 

Disopyramide 
Cardiovascular 

drug 
3737-09-05 2.96 
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Levofloxacin Antibacterial 100986-85-4 -0.20 

 

Ranitidine 
Gastrointestinal 

drug 
66357-35-5 0.29 

 

Risperidone 
Antipsychotic, 

antidepressant 
106266-06-2 3.49 

 

Sulpiride 
Antidepressant, 

antipsychotic 
15676-16-1 0.65 
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Trimethoprim Antibacterial 738-70-5 0.73 

 

 
Potentially adverse effects of pharmaceuticals are of concern when there are 

continuous discharges into surface waters. Current data indicate that environmental 
levels of pharmaceuticals are lower than those known to cause acute toxicity (Halling-
Sørensen et al., 1998; MacLeod et al., 2007). Nevertheless, the effects of chronic 
exposure of aquatic organisms to environmentally relevant concentrations have only 
been examined in a few studies, and they may induce unexplored toxicological 
effects, such as disturbances of behaviour, immune function and fecundity, 
"feminization" of males of some organisms (Fent et al., 2006) and the development of 
microbial resistance. 



5. SAMPLING AND ANALYSIS 
 
5.1 Sampling with SPMDs and POCISs 
 
In order to ensure that levels of PACs and PCBs in the SPMDs reached detectable 

levels, at least 1-3 week sampling periods were used in the studies presented in the 
thesis, POCISs were exposed from 1 to 5 weeks in the assays to estimate the uptake 
kinetics of the pharmaceuticals (Paper V). In the POCISs field exposures, ca. 14-54 
day exposure periods were usually used, depending on the configuration of the 
samplers (Zhang et al., 2008; Alvarez et al., 2005). The main steps of the analytical 
procedures applied to the exposed SPMDs, POCISs and the resultant extracts are 
presented in Figure 6. 

 

 
 

Figure 6. Overview of analytical procedures for SPMD and POCIS samplers. 
 
During the first clean-up step, the exposed SPMDs and POCISs were washed in 

order to remove loose debris and other interfering material from the surface of the 
membranes (Fig. 6). Further, the extraction step was applied to both types of 
samplers, and the resulting extracts were subjected to chemical analysis. However, the 
SPMD extracts were subjected to an additional clean-up step, in which residues, 
breakdown products of the plastic films and lipids were removed. 

 
5.2 Sample clean-up, extraction and chemical analysis 
 
In the studies described in Papers I-IV, the exposed SPMDs were washed (the first 

clean-up step, Fig. 6), extracted and the extracts were cleaned by size exclusion 
chromatography methods (the second clean-up step, Fig. 6) and passage through open 
silica columns then analyzed by GC-MS as detailed by Söderström and Bergqvist 
(2003). However, the second clean-up step used in the studies presented in Papers I 
and II differed from those applied in the studies presented in Papers III and IV, since 
Envirosep ABC high resolution GPC and guard columns were used in the former, 
while in the latter borosilicate glass column for low/medium pressure liquid 
chromatography filled with S-X3 Bio-Beads were used and half of the SPMD extracts 
were used for ecotoxicity analyses, in parallel with the chemical analyses (Fig. 6). 
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In the study reported in Paper V, the exposed POCIS were cleaned and extracted 

according to standard operating procedures SOP E-51 and E-52 provided by 
Environmental Sampling Technologies, Inc., USA (2006) and Alvarez et al. (2004), 
with slight modifications to the sample preparation and chemical analysis protocols, 
as described in detail in Paper V. Chemical analysis was performed by LC-MS/MS, as 
previously described by Lindberg et al. (2005). 

 
5.3 Quality assurance and quality control (QA/QC) 
 
To assess the quality of obtained results, and ensure that they have sufficient 

accuracy and reproducibility for the intended purposes, it is important to employ a 
quality assurance and quality control strategy during the experiments and analysis. 
Therefore, during each experiment, one to three SPMD/POCIS were exposed to 
air/clean water to provide controls to assess their purity, and field controls (FCs) to 
assess contamination during their deployment and retrieval. In addition, laboratory 
blanks (LBs) were included that were run in parallel with the real samples to check 
for cross-contamination from solvents and materials used during the respective 
analyses. Laboratory blanks were run for each batch of samples analyzed. The results 
obtained from the samples for each individual compound were accepted when the 
corresponding FC and LB values were ≤ 30% and ≤ 10% of the samples’ values, 
otherwise the compound was not quantified. 

 
Internal standards (ISs) consisting of mixtures of 2H-labeled PAHs (naphthalene-

d8, acenaphthylene-d10, acenaphthene-d10, fluorene-d10, anthracene-d10, pyrene-d10, 
chrysene-d12, fluoranthene-d10, benzo[k]fluoranthene-d12 and benzo[g,h,i]perylene-
d12) and 13C-labeled PCBs (PCBs 28, 47, 52, 101, 105, 118, 138, 153, 156 and 180) 
were used to compensate for losses during preparation of the SPMD samples (Papers 
I-IV). The target compounds in the SPMD extracts were identified by using native 
reference mixtures for corresponding compounds of interest (as detailed in Papers I-
IV). The method limit of detection (LOD) for each analyte in these studies was three 
times the noise levels in the acquired chromatograms. To estimate losses during the 
instrumental analysis, two recovery standard(s), 2H-labeled dibenzofuran and 13C-
labeled PCB 157, were added to the samples before the GC-MS analysis. Recoveries 
of surrogate ISs were calculated and used to adjust the final results. In the SPMD 
studies presented in this thesis, recoveries between 50-120 % were regarded as 
acceptable. The reproducibility of the SPMD extractions and analyses discussed in 
Paper I was evaluated by comparing results obtained from duplicate samples, which 
generally differed by 1-50 % for individual PAHs, including alkylated PAHs (and up 
to 76 % in an extreme case). This degree of variation is consistent with relative 
percent differences (of 14-56 %) for measured PAH concentrations in replicate 
experiments reported by deVita and Crunkilton (1998). 

 
During POCISs analysis, 13C3-labeled ciprofloxacin, 13C3, 15N-labeled 

trimethoprim, and 2H-labeled carbamazepine-d10 were used as ISs (Paper V). For 
these samples no corrections were made for losses during LC-MS/MS analysis. 
Quantitative results were considered valid when analyte signal to noise ratios obtained 
from the samples exceeded 10. POCISs reproducibility was tested by using triplicate 
POCIS samples. The results indicated that relative standard deviations (RSTD) in 
percent, i.e. ratios between standard deviations and the corresponding average values 
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for individual pharmaceuticals, obtained from triplicate POCIS samples, varied 
between 3-56 %. 

 
5.4 Ecotoxicity analysis 
 
A number of acute aquatic toxicity tests are available for various applications, for 

example screening purposes, regulatory requirements, and predictive hazard 
assessments. General or ‘conventional’ toxicity tests, such as Microtox® and Vibrio 
fischeri toxicity assays, are used to assess effects of mixtures without excluding 
possible confounding factors, such as additive, synergistic or antagonistic interactions 
(Rand, 1995). In general, various species are used in these tests (bacteria, algae, 
invertebrates and fish); they are relatively rapid and simple, reliable, cheap, and well-
suited for incorporation in multi-trophical test batteries. More specific cell-based test 
systems, such as systems measuring ethoxyresorufin-O-deethylase (EROD) activity, 
chemically activated luciferase gene expression (CALUX) assays and Ames 
Salmonella bioassays target specific and well-described mechanisms of action, e.g. 
mutagenicity and the induction of various enzymatic activities. 

 
In the studies this thesis is based upon, the toxicity of the wastewater effluents was 

screened by using pre-concentrated SPMD extracts (Paper III), as follows. Firstly, the 
SPMD extracts were changed to toxicity test solutions according to a procedure 
previously described by Johnson et al. (2004). Then, the solutions were used in a 
series of acute toxicity bioassays, using the alga Desmodesmus subspicatus 
(Scenedesmus subspicatus), the bioluminescent bacterium Vibrio fischeri and the 
crustacean Daphnia magna Straus (detailed descriptions of bioassays and procedures 
used are provided in Paper III). For all bioassays, dose-response curves were 
established and 50 % effect concentrations (EC50) were determined. To relate the 
obtained EC50 results obtained from the extracts to the SPMD exposure times, the 
integrated parameter Vtox (L day-1), developed by Koci et al. (2003), was used. Vtox 
corrects for the volume of toxicants sampled during the SPMD exposure time, and 
thus the higher contamination of any sampled site the larger the Vtox value. 
Nevertheless, it should be noted that data from bioassays reflect the overall biological 
effects of all sampled dissolved toxic compounds present in the wastewater effluents. 

 
5.5 Multivariate data analysis 
 
The multivariate data analysis method Principal Component Analysis (PCA; Wold 

et al., 1998) was used to evaluate the data presented in Papers II and IV. For the study 
described in Paper IV, an experimental matrix with a “two level fractional factorial” 
design was set up to ensure that selected experiments would provide maximum 
information. Data from the experiments were auto-scaled and mean-centred before the 
multivariate data analysis. During the PCA, a multivariate data matrix X with N rows 
(observations, sampling sites in Papers II, IV) and K columns (variables, water 
sampling rates and PAH concentrations in Papers II and IV, respectively) were 
reduced to fewer principal components (PCs). The first PC is a projection vector 
oriented to explain as much variation as possible in the data set. The second PC is 
orthogonal to the first and explains the next largest variation, and so forth. To assess 
the significance of the acquired models cross-validation was performed and R2 and Q2 
values (percentage and cross-validated percentage of the variation explained by the 
models, respectively) were calculated (Eriksson et al., 2001). Outliers in the models 
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were defined as points lying outside the 95 % Hotelling’s T2 confidence intervals 
and/or beyond critical distances to the model in X space (DModX) defined by 95 % 
confidence intervals. The computer program SIMCA-P +11 (Umetrics AB, Umeå, 
Sweden) was used for the multivariate data analysis. 



6. APPLICATIONS OF SPMDs AND POCISs 
 
For decades, SPMDs have been used for sampling bioavailable HOCs in surface 

waters, groundwaters, air, sediments and soil porewaters (Huckins et al., 2006), while 
POCISs sample bioavailable hydrophilic compounds, and thus are only used to 
sample aquatic environments (Alvarez et al., 2004). In the work underlying this 
thesis, the focus was solely on the application of these samplers for water sampling. 
Both types of passive samplers have been used for assessing various aspects of 
aquatic environments, such as determination of pollutants and their TWA dissolved 
concentrations in streams, lakes and wastewater effluents, identification of pollution 
sources, and analyses of the transport and fate of pollutants (Huckins et al., 2006; 
Mills et al., 2007). In addition, SPMDs have been used for in situ extraction of readily 
bioavailable pollutants for toxicity screening, exposure measurements of aquatic 
organisms, assessment of bioconcentration factors of dissolved compounds, and 
evaluation of technological processes’ treatment efficiencies (Wang et al., 2003; 
Papers I, III, IV). Several published studies have compared SPMDs with aquatic 
organisms and their ability to predict the bioavailability of HOCs. SPMDs have 
proved to be good tools for assessing bioconcentration factors compared with fishes 
(Meadows et al., 1998; Wang et al., 2002; Shaw et al., 2004), blue mussels (Utvik et 
al., 1999; Booij et al., 2002; Boehm et al., 2005), clams (Moring and Rose, 1997) and 
crustaceans (Gourlay et al., 2005). 

 
6.1 Fates of micropollutants in municipal sewage treatment plants 
 
A hypothesis addressed in the studies reported in Papers I and II was that 

conventional MSTPs have low capacity to reduce levels of bioavailable PCBs and 
PAHs, including alkylated PAHs, during the treatment process. To test this 
hypothesis, concentrations of dissolved PAHs and PCBs were measured in the 
influents and effluents of two conventional MSTPs, one located at Šiauliai and one at 
Umeå, using SPMDs (Paper I). Several previously published studies have considered 
the occurrence and emissions of the bioavailable hydrophobic micropollutants from 
MSTPs (Stuer-Lauridsen and Kjolholt 2000, Wang et al. 2001; Miege et al. 2004). 
These studies identified MSTPs as the pollution sources of target PCBs, PAHs, 
organochlorine pesticides and substituted benzenes, and in some cases the aqueous 
concentrations of these pollutants were higher after than before the treatment process. 
For example, according to Wang et al. (2001), naphthalene and phenanthrene were 
present at higher concentrations (72 and 12 pg mL-1 of triolein, respectively) after 
than before the treatment process (34 and 10 pg mL-1 of triolein, respectively). 

 
Our results indicated that both MSTPs removed low molecular weight (LMW) 

PAHs (2- and 3-ring PAHs) quite effectively, with percentage removals ranging from 
84-100 % (Umeå) and 33-95 % (Šiauliai), except for 1-mPhe, levels of which were 50 
% higher in the effluent of the Šiauliai MSTP than in its influent. In contrast, the 
primarily bioavailable high molecular weight (HMW), 4-and 5-ring PAHs, were not 
removed or their levels were higher in the effluents, for example levels of pyrene 
increased 10-fold and 32-fold during passage through the Umeå and Šiauliai MSTPs, 
respectively (Figure 7). The total amounts of the 24 analyzed PAHs released were 570 
mg (Umeå) and 1900 mg (Šiauliai) per day. The PCB results showed that these 
compounds were not efficiently removed during the treatment process. All studied 
PCBs, except PCB 105 (at Šiauliai) and PCB 180 (not detected), were present at 
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higher concentrations in the effluents than in the influents. Discharges from these 
MSTPs were estimated to amount to 30 mg (Umeå) and 680 mg (Šiauliai) per day of 
the dissolved PCB10 (total of ten analyzed PCB congeners). The results from Paper I 
indicated that both MSTPs were not capable to efficiently reduce levels of some of the 
micropollutants that can potentially cause acute toxic effects. 

 
A follow-up study was undertaken to assess the changes in the dissolved PAH and 

alkylated PAH concentrations in each of the various processes of a MSTP (Paper II). 
Samples were taken from ten sites in Umeå MSTP, and the results showed that sum 
levels of 24 PAHs were successively reduced from approximately 3640 mg to ca. 420 
mg per day, corresponding to 89 % process removal efficiency. The results from this 
study confirmed the trends seen in the first study; the MSTP reduced levels of LMW 
PAHs quite effectively, but no clear decrease of HMW PAH levels was detected (as 
illustrated in Figure 7 for pyrene, the compound with the highest increase after the 
treatment process in both studies). 
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Figure 7. Illustrative changes in pyrene water concentrations during the municipal sewage treatment 
processes. Sampling sites: influents and effluents at Umeå and Šiauliai MSTPs (IN-1, IN-2 and EF-1 
and EF-2, respectively, Paper I), and 10 sampling sites (W1-W10) in the Umeå MSTP representing 
different stages in the treatment process, starting from raw sewage (IN-W1) and finishing with treated 
sewage effluent (EF-W10, Paper II). Note: water concentrations determined from single SPMDs at 
each sampling site. 

 
The low removal efficiencies and the observed increases in bioavailable HMW 

PAHs confirmed that the conventional MSTPs are not designed to remove efficiently 
some of these micropollutants. The effluents introduced these micropollutants in 
bioavailable forms to the recipient water bodies, which increased the potential 
ecotoxicological risk (Fig. 7). We were not able to determine factors in the sewage 
treatment process that may cause this increase, but we recognized significant 
increases of pyrene (and several other PAHs, including fluoranthene, 1-
methylphenanthrene, benzo[a]anthracene and chrysene; not presented in Fig. 7) in the 
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dissolved phase during the AS treatment step (W8, Fig. 7). However, additional 
studies are needed to elucidate the mechanisms and factors that influence 
repartitioning of these micropollutants between the water and particulate phases 
during the treatment process. 

 
6.2 Evaluation of biologically activated sorbent treatments 
 
SPMDs were used to study several alternative wastewater treatment processes 

(Papers III, IV). In the study described in Paper III, the objective was to identify a 
robust BAS for treating effluents polluted with petroleum products from sources such 
as ship ballast waters, petrochemical and municipal wastewaters, urban runoff, 
vehicle filling and washing waters (Paxeus, 1996; Manoli and Samara, 1999). For this 
study, a laboratory batch system was designed (Fig. 8), with reservoirs containing AS 
and four candidate BASs: BAS-C1a (activated carbon C1 and AS), BAS-C1b 
(duplicate C1 and AS), BAS-C2 (activated carbon C2 and AS), BAS-Z (zeolite and 
AS), BAS-A (anthracite and AS). C1 and C2 are two different kinds of activated 
carbon (see details Paper III, Table 1). 

 

 
 

Figure 8. Laboratory batch system set-up: 1 – tap water supply, 2 - nutrient and diesel:petrol mixture 
feeding funnel, 3 - simulated wastewater preparation reservoir, 4 – stirrer, 5 – semipermeable 
membrane devices (SPMDs), 6 – container for biologically activated sorbents (BASs) or activated 
sludge (AS), 7 - air compressor, 8 – air-flow regulators, 9 – air diffusers, 10 – treated wastewater taps, 
11- treated wastewater effluent vessels, 12 – water mixing pumps, 13 – treated wastewater outlets to 
drainage. 

 
The results from this study showed that the use of SPMDs as samplers enabled 

simultaneous estimation of the reduction of bioavailable PACs and ecotoxicity of 
effluents during the wastewater treatment process. The BASs with high sorption 
capacities (BAS-C1, BAS-C2 and BAS-Z) provided the highest removal efficiencies 
of dissolved PAH28 (sum of 28 analyzed PACs), ranging from 99.3 to 99.6 %; from 
19 μg L-1 in the influents to 77-140 ng L-1 in the effluents. In contrast, AS and BAS-A 
yielded the poorest removal efficiencies; 97.3 % and 98.0 %, leaving 520 and 380 ng 
PAH28 L-1 after passage through the studied BAS systems, respectively. Hence, 
sorption appeared to be an essential additional purification step during the treatment 
processes for efficient removal of dissolved PACs. 
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In the same study, shifts of individual PACs profiles were identified in the samples 
taken before and after the treatment process, depending on the sorption capacities of 
the BASs, especially for the unsubstituted PAHs (Fig. 9). In the influent, approx. 80 
% of the PACs consisted of alkylated PAHs (dominated by 2,6-dimethylnaphthalene, 
2,3,5-trimethylnaphthalene and 1-methylfluorene; Fig. 9a), while unsubstituted PAHs 
were found at lower levels (dominated by phenanthrene and pyrene; Fig. 9b). 
Effluents from BASs with high sorption capacities (BAS-C1, BAS-C2 and BAS-Z) 
had increased proportions of 2- to 4-fused ringed PAHs, especially fluorene, 
phenanthrene, fluoranthene and pyrene (Fig. 9b), which accounted for approx. 60-72 
% of PAH28 and low amounts of alkylated PAHs. In contrast, the effluents from AS 
and BAS-A with low sorption capacities contained approx. equal proportions of 
dissolved alkylated and unsubstituted PAHs. 
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Figure 9. Changes in relative amounts of polycyclic aromatic hydrocarbons (PAHs), including 
alkylated PAHs, in the dissolved phase of the influent wastewater (INav) and treated wastewater 
effluents from biologically activated sorbents (BAS-C1a, BAS-C1b, BAS-C2, BAS-Z, BAS-A) and 
activated sludge (AS) systems, calculated as percentages of the total contents of (a) the alkylated 
PAH10 and (b) the unsubstituted PAH18. Note: PAHs present at < 1 % of the total content are not 
included in the graphs. 

 
The carbon-based BAS-C1 and BAS-C2 were found to be the most robust systems 

according to PACs, total petroleum hydrocarbon (TPH) contents, and oxygen 
consumption measurements. In addition, all of the BASs reduced the ecotoxicity of 
the treated effluents by 80 to 90 %, according to algal and bacterial bioassays, 
although the crustacean bioassay indicated that the carbon-based BASs (BAS-C1,-C2 
and –A) decreased it by only 19-67 % (Figure 10). 
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Figure 10. Ecotoxicity (Vtox) values (L day-1) obtained from algal, bacterial and crustacean bioassays of 
average wastewater influents (INav) and treated effluents from biologically activated sorbents (BAS-
C1a, BAS-C1b, BAS-C2, BAS-Z, BAS-A) and activated sludge (AS). Note: * - Vtox (50) = 3.3 L day-1 
for INav according to the bacterial bioassay and the Vtox limit of quantification for the bacterial bioassay 
was 0.14 L day-1. 

 
The findings from the study indicated that none of the BASs were able to 

completely remove dissolved phase pollutants from the wastewater that caused acute 
toxicity to crustaceans. Thus, even if most of the PACs were removed from the 
effluent clear effects were seen. The bioassays used in the study reflect the overall 
toxicity from all dissolved hydrophobic compounds (original and transformed) in the 
wastewater and so chemicals other than the target analytes may have been responsible 
for the observed effects. In addition, recovery of the sorption capacity of the BAS-C1 
was observed over the course of the experiment, it was easier to desorb petroleum 
products from it and it had greater regenerative capacity than the other studied BASs. 
Therefore, the BAS-C1 was selected for use in the following study, described in Paper 
IV. 

 
6.3 Characterization of a biologically activated carbon system 
 
The selected treatment system containing the activated carbon C1 and AS (BAS-

C1), hereafter named the biologically activated carbon (BAC) system, was used in a 
specially designed pilot-scale wastewater treatment system (Figure 11). 
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Figure 11. Schematic diagram of the pilot-scale wastewater treatment system: 1 - tap water supply; 2 - 
simulated wastewater preparation tank; 3 - stirrer, 4 - diesel:petrol mixture feeding funnel; 5 - SPMD 
(semipermeable membrane device) sampler for the wastewater influent; 6 - feeding pump; 7 - biosorber 
1 (BS1) reservoir; 8 - biosorber 2 (BS2) reservoir; 9 - SPMD sampler for exhaust air from BS1; 10 - 
SPMD sampler for exhaust air from BS2; 11 - air vent; 12 - biologically activated carbon (BAC); 13 - 
drainage layers; 14 - air compressor; 15 - air diffusers; 16 - treated wastewater effluent vessel from 
BS1; 17 - treated wastewater effluent vessel from BS2; 18 - SPMD sampler for treated wastewater 
effluent from BS1; 19 - SPMD for treated wastewater effluent from BS2; 20 – treated wastewater 
outlets to drainage. 

 
The two identical biosorber reservoirs each contained 8 L of stabilized BAC 

system and operated in parallel, in order to reduce the number of experiments. A 
synthetic wastewater polluted with petroleum products was treated under aerobic, 
batch process conditions (Paper IV), and the capacity of the BAC system to remove 
dissolved phase PACs and petroleum hydrocarbons was examined across ranges of 
five technological process parameters (temperature, salinity, oxygen, petroleum 
products concentration, and process contact time) that were varied according to an 
experimental design (Table 3). 
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Table 3. Experimental design matrix indicating levels of the varied settings plus adaptation periods. 
Process input factors: dissolved oxygen concentration (Oxyg, mg O2 L-1); dissolved salt, NaCl, 
concentration (DSC, g L-1); temperature (Temp, °C); load of petroleum products, diesel:petrol mixture 
(1/1=v/v) (Oil, mg L-1); contact time (Time, hours) and designations for SPMD samples of the 
wastewater effluents (S1-S19) and the exhaust air (Air1, Air10, Air13, Air17, Air18) in each of the 
experiments. 
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Process factors 

Oxyg 
mgO2 L-1 

(2;5) 

DSC 
g L-1 

(0;20) 

Temp 
°C 

(15;25) 

Oil 
mg L-1 
(2;5) 

Time 
hours 

(12;24) 

05.01. (27-07) Adaptation period 

05.02. (07-14) BS1 1 S1, Air1 2  (9.2)b 0 15 (13) b 2 24 
BS2 S11 5 (10.8) 20 15 (12) 2 24 

05.02. (14-21) BS1 2 S2 5 (10.8) 0 15 (13) 2 12 
BS2 S12 2 (11.5) 20 15 (13) 2 12 

05.02. (22-15) Adaptation period (temperature, salt)a 

05.03. (15-22) BS1 3 S3 5  (7.2) 0 25 (24) 2 24 
BS2 S13, Air13 2  (5.5) 10 25 (23) 2 24 

05.04. (04-11) BS1 4 S4 2  (3.0) 0 25 (23) 2 12 
BS2 S14 5  (6.8) 10 25 (24) 2 12 

05.04. (12-19) Adaptation period (oil)a 

05.04. (19-26) BS1 5 S5 2  (6.7) 0 25 (24) 5 24 
BS2 S15 5  (4.3) 10 25 (25) 5 24 

05.04. (26-03) BS1 6 S6 5  (1.4) 0 25 (25) 5 12 
BS2 S16 2  (7.6) 10 25 (25) 5 12 

05.05. (04-10) Adaptation period (temperature)a 

05.05. (10-17) BS1 7 S7 5  (3.5) 0 15 (15) 5 24 
BS2 S17, Air17 2  (5.9) 10 15 (15) 5 24 

05.05 (17–24) BS1 8 S8 2  (1.8) 0 15 (15) 5 12 
BS2 S18 , Air18 5  (6.8) 10 15 (15) 5 12 

05.05. (25-30) Adaptation period (temperature, salt, oil)a 

05.05. (30-06) BS1 9 S9 3.5 (4.2) 5 20 (19) 3.5 18 
BS2 S19 3.5 (4.5) 5 20 (19) 3.5 18 

05.06. (07-14) Adaptation period (temperature, salt, oil)a 
05.06. (14-21) BS1 10 S10 , Air10 3.5 (3.6) 5 20 (19) 3.5 18 
a - adaptation period provided to allow the system to equilibrate following changes in the specified 
process parameters; b - values in brackets indicate values measured during the experiments. 

 
The results from 19 designed experiments showed that the BAC system effectively 

removed dissolved PACs across the studied ranges of process parameters. The key 
factor identified for process efficiency and robustness was sufficient sorption capacity 
during the BAC treatment process. Overall removal efficiencies of 96.9-99.7 % for 
the 36 analyzed dissolved PACs (PAH36 concentrations from 19-46 μg L-1 in the 
influents to 0.1-1.5 μg L-1 in the effluents) were achieved during the study. TPH 
removal efficiencies varied from 18-89 %, while BOD and COD decreased by 67.5-
98.6 % and 25.3-85 %, respectively, depending on the process conditions. TPH 
removal was dependent on the settings of the technological process parameters; a low 
biological activity resulted in a low TPH removal. In summary, PACs were largely 
removed, regardless of the settings, while TPH was most efficiently removed during 
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periods with high concentrations of petroleum products, possibly because the 
biological activity was highest during these weeks, since hydrocarbons are more 
readily biodegradable and provide more energy than the aromatic compounds in the 
petroleum products for the microorganisms in the AS of the BAC system. 

 
In addition, the behaviour of individual dissolved unsubstituted and alkylated 

PAHs and dibenzothiophenes during the treatment process was investigated using 
PCA. The resulting PCA model, explaining 81.3 % of the variation with five PCs, 
indicated that the profiles of these compounds in the exhaust air samples from the 
biosorbers during the treatment process (which were located in a relatively tight group 
on the right side of the score plot; Fig. 12a), were dominated by 3-ringed 
unsubstituted and methylated PAHs: phenanthrene (Phe), fluorene (Fl), 2-
methylphenanthrene (2-mPhe) (Fig. 12b). 

 
As shown in Figure 12a, the influent wastewater was separated in the score plot 

from all of the effluent samples except S1, S2 and S3 along the first PC. Limited 
amounts of PACs were released into the exhaust air from the biosorbers, 
corresponding to concentrations ranging approximately from 0.20 to 0.62 µg m-3 for 
PAH15 (based on data for 15 of the 16 US-EPA priority PAHs; all except 
naphthalene). The released amounts of PAH15 were proportional to their respective 
levels in the water effluents during the wastewater treatment process. 

 
The wastewater influents had higher proportions of alkylated 2-ringed PAHs (e.g. 

1-mNa, 2-mNa, 1,6-dmNa, 2,3,5-tmNa, Bi), which were located on the right side of 
the loading plot (Fig. 12 b). All of the effluent samples, except S1, S2 and S3, were 
dominated by 3- and 4-ringed unsubstituted and alkylated PAHs and 
dibenzothiophenes, such as 3,6-dimethylphenanthrene (3,6-dmPhe), 9-
methylphenanthrene (9-mPhe), 2-methyldibenzothiophene (2-mDit) and pyrene (Py) 
(Fig. 12 b). 
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Figure 12. Score (a) and loading plot (b) from a Principal Component Analysis (PCA) of polycyclic 
aromatic compound (PAC) profiles normalized to the sum of the analyzed 36 PACs (PAH36) found in 
the wastewater and exhaust air using semipermeable membrane devices. PACs accounting for < 1 % of 
the sum of PAH36 contents were excluded from the model. IN - influent wastewater (marked with open 
diamonds), OUT (S1, S2,…, S9, S10) - effluents during experiments S1, S2,…, S9, S10 from biosorber 
BS1, marked in black squares; OUT (S13, S14,…, S19) - effluents during experiments S13, S14,…, 
S19 from biosorber BS2, marked in black triangles. Air samples are marked with open triangles: Air1 - 
exhaust air from BS1 during experiment S1, Air10 - exhaust air from BS1 during experiment S10, 
Air13 - exhaust air from BS2 during experiment S13, Air17 - exhaust air from BS2 during experiment 
S17, Air18 - exhaust air from BS2 during experiment S18. The full names of the PACs are listed in 
Table 3, Paper IV. 

 
Another PCA model was calculated with 46 variables, explaining 70 % of the 

variation with three PCs, to examine the effects of variations in technological 
parameters on the efficiency of the process. This model incorporated the relative 
reductions in levels of individual and summed PAHs, BOD, COD, TPH, sorption 
capacities etc. observed in each of the 19 experiments with different combinations of 
five technological parameters. The model showed that combinations of low contact 
time (12 h) with low temperature (13-15 °C) or high dissolved oxygen concentration 
(7-11 mg O2 L-1) caused the highest releases of dissolved PACs in the treated 
effluents (as illustrated by the locations of experiments S18 and S6 on the opposite 
side to Sum PAH36 in Figure 13a and b). 
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Figure 13. (a) PC1 versus PC2 score plot obtained by Principal Component Analysis of the data 
acquired in experiments performed with biosorbers 1 (BS1) and 2 (BS2), marked with black squares 
and black triangles, respectively. The triplicate samples (S9 and S10 samples from BS1 and the S19 
sample from BS2) are marked with open black circles. The experimental settings are listed in Table 3. 
(b) Loading plot showing the dependency of the removal efficiencies on the tested process parameters: 
biochemical oxygen demand (BOD), chemical oxygen demand (COD), total petroleum hydrocarbons 
(TPH), sum of 36 analyzed polycyclic aromatic compounds (PACs) (Sum PAH36), sum of alkylated 
PAHs (Sum alkylPAH), sum of 15 US-EPA priority PAHs (Sum PAH15; naphthalene excluded) and 
individual PAHs (1-mNa, 2-mNa,….); and the sorption capacity (Sorp), dehydrogenase activity 
(DHA), biomass concentration (Biomass), and ratio of alkylated to unsubstituted PAHs (Ratio). Full 
names of the abbreviated PACs are listed in Table 3, Paper IV. 
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Biomass concentrations were highest in experiments S1 and S2, located on the left 
side of the score plot, probably at least partly because high amounts of oxygen were 
delivered to the biosorbers (measured values; 9.2 and 10.8 mg O2 L-1, respectively) in 
these experiments (Fig. 13). TPH removal rates were poor at these experiments: 18 % 
and 23 % for S1 and S2, respectively. This could be due to the high rate of aeration 
that may have caused heavy mixing of the BAC, which may have harmed the 
microorganisms and thus reduced the efficiency of the treatment of readily 
biodegradable hydrocarbons. Neither biomass nor DHA measurements in these 
experiments showed any indications of low bioactivity. 

 
TPH removal efficiency was found to be directly correlated with removal 

efficiencies of methylated naphthalenes, but inversely correlated with biomass 
concentration, which was measured to assess the bioactivity of the biosorbers (Fig. 
13). The latter finding suggests that this parameter did not provide good indications of 
the bioactivity of the BAC system during the treatment process. Thus, to improve 
knowledge about the system, further parameters describing the bioactivity of the 
process should be included. In addition, there were major differences in PAH 
concentrations between the effluents obtained in the experiments that were most 
extreme according to the PCA model – S5 (high contact time, 24 h; and high 
temperature, 24 °C) and S18 (short contact time, 12 h; salinity, 10 g L-1 NaCl; and 
low temperature,15 °C) – up to 24-fold differences in the concentrations of individual 
PAHs in the effluents, a 9-fold higher sum of PAH36 (1174 ng L-1) in the effluent 
from experiment S18, and overall PACs removal efficiencies of 97.4% versus 99.7 % 
in experiments S18 and S5, respectively. The effluent during experiment S18 also had 
substantially higher proportions of 1,6-dmNa, 2,3,5-tmNa, Phe and methylated 
dibenzothiophenes, Fluo, Py, 3,6-dmPhe and 1-mPy than the effluent during 
experiment S5. 

 
To briefly summarise the presented results - the investigated BAC system was capable 
of robustly removing PACs from synthetic wastewater in conditions spanning wide 
ranges of process parameters, in large part because it had sufficient sorption capacity. 
Removal efficiencies of PACs were consistently high. 



7. DEVELOPMENT OF PASSIVE SAMPLING TECHNIQUES 
 
In order to determine the aqueous concentrations of analytes using passive samplers, 

sampling rates (Rs) of the specific analytes are required. Two types of calibration studies can 
be used to determine these constants: laboratory and in-situ calibration. As yet, laboratory-
calibrated POCIS Rs values and their dependence on variables such as temperature, salinity, 
analyte concentrations and water movement are available for limited numbers of 
pharmaceuticals (Alvarez et al., 2004; Togola and Budzinski, 2007; MacLeod et al., 2007; 
Zhang et al., 2008). Therefore, further research is needed in order to determine accurate Rs 
values and their dependence on environmental conditions. Such data are crucial for studies of 
risks posed by emerging pharmaceuticals in the environment. Since SPMDs have been in use 
since the early 1990’s; laboratory-calibrated SPMD Rs values have been reported for several 
groups of non-polar pollutants under various environmental conditions in several studies 
(Huckins et al., 2006). Nevertheless, SPMD users have incomplete knowledge of the effects 
of environmental conditions on SPMD sampling rates during field sampling, and few studies 
are available in which performance reference compounds (PRCs) were used during calibration 
in the field (Booij et al., 1998; Huckins et al., 2000b; Huckins et al., 2002a; Booij et al., 
2003b). 

 
7.1 Laboratory calibration of POCISs 
 
Pharmaceuticals are found in surface waters and wastewaters and there is a need to develop 

accurate sampling techniques to obtain a more accurate understanding of environmental levels 
of pharmaceuticals. In the study described in Paper V, seven model pharmaceuticals, 
representing four categories of drugs (antibacterial, cardiovascular, gastrointestinal and 
antidepressant, and antipsychotic drugs) were used. The effect of temperature on the uptake of 
the selected pharmaceuticals by POCISs in laboratory conditions was investigated. 
Laboratory-calibrated POCIS Rs values for the seven human pharmaceuticals were 
determined under quiescent water conditions at temperatures of 5 °C and 18 °C, close to 
general upper and lower limits of water temperatures in most rivers and lakes of Northern 
Europe, during 5-week exposure experiments. Furthermore, the influence of water flow on the 
uptake of the pharmaceuticals at both temperatures was investigated (data not reported in this 
thesis). 

 
The results from the study, presented in Table 4, show that all of the studied 

pharmaceuticals (except ranitidine, which was excluded, because its water concentrations 
were below the limit of quantification) were in a linear uptake, integrative sampling phase, 
until 35 days of exposure under both temperature conditions. Linearity regression coefficients 
between analyte concentration factor (CF) values, i.e. ratios of the amounts of 
pharmaceuticals collected by POCIS to aqueous concentrations, and POCIS exposure 
durations for samples collected at 18 °C varied between 0.85 and 0.92, while those for 
samples collected at 5 °C ranged between 0.87 and 1.00. 
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Table 4. POCIS sampling rate values (Rs; L day-1) for human pharmaceuticals and linearity regression 
coefficients between the duration of POCIS exposure (days) and concentration factors (CF; L), i.e. ratios of the 
amounts of pharmaceuticals collected by POCIS to aqueous concentrations, at 5 °C and 18 °C under quiescent 
water conditions. 

 

Analyte Rs at 18 °C, 
L day-1 

Rs at 5 °C, 
L day-1 

Linearity 
coefficient at 

18 °C, R2 

Linearity 
coefficient at 

5 °C, R2 
Ciprofloxacin 0.006 0.008 0.86 0.87 
Disopyramide 0.096 0.086 0.86 1.00 
Levofloxacin 0.021 0.017 0.85 0.96 
Risperidone 0.050 0.022 0.92 1.00 
Sulpiride 0.042 0.051 0.88 0.99 
Trimethoprim 0.056 0.044 0.92 1.00 

 
The results confirmed that the POCIS uptake of pharmaceuticals was dependent on the 

temperature. The uptake of four out of six studied analytes was higher at 18 °C, by 10-56 %, 
with the highest increase of 56 % for risperidone. The exceptions were ciprofloxacin and 
sulpiride, for which the determined Rs values were lower under the higher temperature 
conditions (Table 4). The correlations between the determined Rs values and the 
hydrophobicity of the studied pharmaceuticals, which have log Kow values between -0.20 and 
3.49, were also examined, as illustrated in Figure 14, and the determined Rs values were in 
good agreement with, or around three times lower than, values reported by MacLeod et al. 
(2007). For example, the Rs for trimethoprim has been estimated to be 0.090 L day-1 at 22 °C, 
while the values obtained here were 0.056 and 0.044 L day-1 at 18 °C and 5 °C, respectively 
(Fig. 14, Table 4). 
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Figure 14. Correlations between laboratory-calibrated sampling rates (Rs; L day-1) and logarithms of octanol-
water partitioning coefficients (log Kow) under quiescent water conditions for the pharmaceuticals ciprofloxacin-
Cip, levofloxacin-Lev, trimethoprim-Tri, sulpiride-Sul, disopyramide-Dis and risperidone-Ris at 18 °C (Paper 
V); azithromycin-1, omeprazole-2, levothyroxine-3 and fluoxetin-4 at 23 °C (Alvarez et al., 2004); atenolol-5, 
hydrochlorothiazide-6, sulfapyridine-7, trimethoprim-8, sulfamethazine-9, sulfadimethoxine-10, codeine-11, 
metoprolol-12, temazepam-13, carbamezepine-14, erythromycin-15, propranolol-16, roxithromycin-17, 
ketoprofen-18, naproxen-19, clarithromycin-20, celecoxib-21, fenoprofen-22, diclofenac-23, fluoxetin-24 and 
gemfibrozil-25 at 22 °C (MacLeod et al., 2007). Note: the surface area to sorbent ratios of POCISs used in the 
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study reported in Paper V and by MacLeod et al. (2007) were 229 cm2 g-1, while those used by Alvarez et al. 
(2004) were slightly smaller, 180 cm2 g-1. 

 
The data presented in Figure 14 indicate that the correlations between Rs and log Kow 

values were linear for pharmaceuticals with log Kow values lower than ca. 3, but the increases 
in Rs values seemed to decline with further increases in log Kow values. Results reported by 
Alvarez et al. (2004) and MacLeod et al. (2007) appear to fit well with the Rs values 
presented in Paper V, and provide similar indications. These findings suggest that POCISs are 
suitable and are in the integrative sampling phase for pharmaceuticals with log Kow values < 3 
during the sampling periods applied in the studies. According to the manufacturer 
(Environmental Sampling Technologies, St. Joseph, USA), POCISs are designed to sequester 
polar organic compounds with log Kow values < 4. Similar correlation patterns, of Rs values 
linearly increasing with increases in log Kow values initially, but the increases declining with 
further increases in log Kow values, have been previously observed for non-polar organic 
compounds sampled with SPMDs (Huckins et al., 2006). 

 
In conclusion, the Rs values obtained were 10-56 % higher for four of the six 

pharmaceuticals at the higher temperature, probably due to the general increases in water 
solubility and associated reductions in partitioning to particles of POCs with increases in 
temperature (Söderström et al., 2008). However, two of the pharmaceuticals, ciprofloxacin 
and sulpiride, had higher Rs values at lower temperature, for unknown reasons, which require 
further investigation. Similarly, Togola et al. (2007) found Rs values for 16 pharmaceuticals 
to be higher in exposure tests at 21 °C than at 15 °C under stirred water conditions, the 
highest increase being 100 % for ketoprofen, but no between-temperature differences in Rs 
values for one of them, carbamezapine. 

 
It should be noted that for polar compounds hydrophobicity or log Kow is not the optimal 

physico-chemical parameter for describing the uptake mechanism by POCISs. However, 
previous studies have found correlations between POCIS Rs and log Kow values to be similar 
to correlations for uptake rates of non-polar compounds by SPMDs, which are strongly 
related to their hydrophobicity, but not their molecular weights (MacLeod et al., 2007). The 
molecular structures of the pharmaceuticals may strongly influence their uptake by POCISs, 
however trends in the uptake rates of two antibacterials with very similar chemical structures, 
ciprofloxacin and levofloxacin, were very different; being 25 % lower and 19 % higher at 18 
°C, respectively. 

 
7.2 In situ calibration of SPMDs 
 
The in situ calibrated Rs values for 24 individual PAHs, including alkylated PAHs, were 

determined according to data on the release from SPMDs of five performance reference 
compounds (PRCs), with log Kow values between 4.20-6.34, at 10 sampling sites (W1-W10) 
representing different stages in the treatment process in the Umeå MSTP (Paper II). Estimated 
PRC release rate constants (ke,PRC) ranged from 0.002 to 0.18 day-1 at all studied sites. 
Determined ke,PRC values for the PRC fluorene-d10 (0.02 to 0.11 d-1) were lower than those 
obtained by Gourlay-Francé et al. (2008) at two French conventional MSTPs (0.02 to max 
0.22 d-1). 

 
To obtain PRC-corrected water sampling rates using the PRC release data, we selected 

PRCs for which losses were in the range ≥ 50-98 %, to avoid potential “burst effect” during 
their release from the SPMDs but still have sufficient amounts to quantify by the analytical 
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method. Laboratory calibrated-Rs values ranging from 0.5 L day-1 for naphthalene to 2.5 L 
day-1 for pyrene were selected from a study reported by Huckins et al. (2004). PRC-corrected 
Rs values were then calculated for the 24 PAHs using the empirical uptake model (Paper II, 
eq. 4), which varied from 2 L day-1 (naphthalene at sampling site W9) to 21 L day-1 
(fluoranthene and pyrene at sampling site W1). In addition, PRC-corrected Rs values were 
estimated by using the WBL-controlled uptake model (Paper II, eq. 6), which yielded Rs 
values ranging between 3 L day-1 (HMW PAHs at sampling site W9) and 18 L day-1 (HMW 
PAHs at sampling site W1 and LMW PAHs at W8). A PCA model based on PRC-corrected 
and laboratory calibrated-Rs values, was established that identified groups of sampling sites 
with similar exposure conditions, in terms of variables such as (bio)fouling and water 
turbulence that influenced the release of the PRCs from exposed SPMDs (Figure 15). 

 

 

W8-w 
High ke 

Figure 15. Principal Component Analysis (PCA) score plot for SPMD sampling rates of the 24 analyzed PAHs, 
including alkylated PAHs, based on the laboratory-calibration data (W-cal; Huckins et al., 2004) and PRC-
corrected sampling rates calculated by the empirical (W1-e to W10-e) and WBL (W1-w to W10-w) uptake rate 
models. Note: W1 - W10 sampling sites along MSTP, starting with W1-raw sewage influent to W10 - treated 
sewage effluent (for detailed description, see Paper II, Table S1). 

 
Two main groups of sampling sites were recognized (Fig. 15) among the PRC-corrected Rs 

values for the studied PAHs in the PCA score plot. The first (Group 1) comprises sampling 
sites W2, W5, W6 and W9. At all of these sites the sewage water flow was slow, e.g. in the 
clarifiers (W5, W6, W9), except sampling site W2, where the FeSO4 added in large quantities 
may have had a strong influence. The ke values derived from the PRC release data were low 
(0.002-0.06 d-1) for all of these sampling sites. The second (Group 2) includes three sampling 
sites (W3, W4 and W7), where the exposure conditions were similar, and minor fouling was 
observed on the membrane surfaces of the SPMDs. Sampling sites with turbulent sewage 
water flow (W1, W8 and W10), and consequently high ke values (0.002-0.18 d-1), were 
located to the right side of the plot. At sampling site W8, in the active sludge basin, there was 
high bacterial activity and powerful aeration, which increased the mixing. 

 
This study confirmed that environmental conditions affected the SPMD sampling rates, 

therefore, it is important to use SPMDs with PRCs during field sampling at sites where there 
are extreme environmental conditions (e.g. in wastewater processes streams and highly 
turbulent waters) and to sample seasonally in situations where there may be large between-
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season temperature differences, etc. In situ calibrated Rs values were 4- to 8-times higher 
(empirical uptake model) and 6- to 7- times higher (WBL-controlled uptake model) than 
laboratory-calibrated Rs values for individual PAHs. Variations in temperature and water flow 
rates can reportedly cause up to 4- to 10- time differences, due to variations in analyte uptake 
rates and facial velocity-turbulence effects, especially for compounds with log Kow values > 
4.5 (Huckins et al., 2002b; Booij et al., 2003b). Thus, the use of laboratory-calibrated Rs 
values would lead to overestimates of the PAH concentrations in the wastewater. In the study, 
determined HMW PAH water concentrations were on average 5-times lower when using 
PRC-corrected Rs values. 

 



8. CONCLUDING REMARKS AND FUTURE PERSPECTIVES 
 
The major conclusions from the studies underlying this thesis can be summarized as 

follows: 
 

• studies performed at MSTPs (Papers I and II) revealed that a conventional sewage 
treatment process has low capacity to remove dissolved four-ringed PAHs, some 
of the five-ringed PAHs, and tri- to hexa-chlorinated biphenyls. However, two- 
and three-ringed PAHs, including alkylated PAHs, were removed efficiently, with 
removal efficiencies for individual compounds varying between 33 and 100 %. 

 
• activated carbon-based biologically activated sorbents (Paper III) removed 

dissolved PACs most efficiently and a system with no sorbent, containing only 
activated sludge, removed them least efficiently (removal efficiencies: 99.3-99.6 
% and 97.3 %, respectively). 

 
• the ecotoxicity of effluents from all studied biologically activated sorbent systems 

(except activated sludge) was reduced by more than 80 % and 90 %, according to 
algal and bacterial bioassays, respectively. However, crustacean tests indicated 
that carbon-based biologically activated sorbents reduced the toxicity of 
wastewater by only 19-67 % (Paper III). 

 
• designed pilot-scale biologically activated carbon system (Paper IV) robustly 

removed dissolved/bioavailable PAH36, with removal efficiencies of 96.9-99.7 % 
across tested ranges of five treatment process parameters. 

 
• the uptake of PAHs by SPMDs was found to be affected by extreme 

environmental conditions, such as high turbulence and (bio)fouling of 
membranes. PRC-corrected Rs values for 24 individual PAH compounds 
determined in situ ranged between 2 and 21 L day-1; 4-8 times higher than 
published laboratory calibrated Rs values. These environmental effects could lead 
to HMW PAH water concentrations being overestimated by a factor of five, on 
average, if unadjusted laboratory-calibrated Rs values are used (Paper II). 

 
• the POCIS laboratory calibration study (Paper V) showed that Rs values for four 

pharmaceuticals (disopyramide, levofloxacin, risperidone, and trimethoprim) were 
between 10-56 % higher at 18 °C than at 5 °C. However, the values for 
ciprofloxacin and sulpiride were higher at the lower temperature tested. 

 
• the uptake of the test pharmaceuticals was in the linear phase throughout the 35-

days exposure periods at both temperatures. In addition, there was an almost 
linear correlation between determined Rs and log Kow values for the 
pharmaceuticals up to log Kow values of ca. 3. 

 
 

Further studies on the mechanisms involved in the partitioning of organic 
micropollutants between the particulate and dissolved phases during municipal sewage 
treatment process are warranted. It is important to improve our understanding of these 
mechanisms, especially during activated sludge treatment step in which biodegradation and 
heavy mixing (via aeration of activated sludge) occur. Our results indicate that the removal 
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of bioavailable PACs was enhanced by the addition of sorbents with high sorption 
capacities to activated sludge. Thus, in the future, the possibility of incorporating such 
sorbents in conventional sewage treatment plants should be considered. 

 
Regarding the presented biologically activated carbon system (Paper IV), the effects of 

further parameters should be assessed to improve our understanding of the fate of PACs 
during the treatment process and to describe the biological activity in the system. 

 
Passive samplers were confirmed to be good sampling tools for investigating the 

efficiency of technological treatments. However, to improve the applicability of these 
samplers, further calibration studies are needed to determine SPMD and POCIS sampling 
rates for emerging pollutants, such as pharmaceuticals, personal care products and polar 
pesticides in diverse environmental conditions e.g. across wide ranges of pH, salinity, 
water turbulence, etc. Further studies are also needed to identify suitable performance 
reference compounds for in situ calibration of POCISs and to evaluate correlations 
between physico-chemical properties of polar micropollutants and POCIS sampling rates. 
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