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Abstract 
The presence of micropollutants (MPs) in the water systems is a growing concern, as these 

substances may trigger unwanted ecological effects and can be toxic to humans and wildlife. 

The main sources of MP contamination are the discharges from inadequately treated 

wastewater. In sparsely populated areas (including large areas of Sweden), where the 

establishment of conventional wastewater treatment plants (WWTPs) for the sanitation of 

wastewater is not feasible, the use of more cost-effective small-scale on-site sewage 

treatment facilities (OSSFs) is widespread. OSSFs are important sources of MPs and there is 

a growing concern since these facilities can potentially contaminate groundwater.  

The present project aims at evaluating the performance of different adsorbents potentially 

useful for the removal of organic MPs in OSSFs: granulated activated carbon (GAC), Xylit, 

lignite, sand and GAC followed by Polonite (GAC+P). A set of 83 MPs from different 

categories including pharmaceuticals, per- and polyfluoroalkyl substances (PFASs), 

stimulants and parabens, among others, were used to assess the performance of the selected 

adsorbents. GAC+P and GAC showed the best removal efficiencies (close to 100% for most 

of the compounds), showing no statistically significant difference between them. This fact 

suggests that the role played by Polonite in the removal was not significant. Lower average 

removal efficiencies were obtained with the other sorbents: Xylit (75%), lignite (68%) and 

sand (47%). GAC and GAC+P showed to be also the best sorbents regarding the potential 

longevity, since their performance remained stable during the longer-term experiments. The 

potential correlations between the removal efficiencies obtained with the different approaches 

and the specific physicochemical properties of the evaluated MPs were studied. Results 

showed that PFASs removal was mostly dependent on the PFAS chain length and the pH of 

the water. Molecular weight, distribution coefficient (Log Kow), octanol water partitioning 

coefficient (Log D pH5.5, Log D pH7.4) and surface area were highly correlated with high 

removal efficiency of PFASs for Xylit, lignite and sand sorbents. For all MPs (excluding 

PFASs) Xylit and lignite did have many commonalities, indicating that the removal 

mechanisms of the two sorbents were rather similar. The MP removal was dependent on the 

lipophilicity of the compound and on the pH of the wastewater.  

Another objective consisted in assessing if OSSFs can contaminate the surrounding 

groundwater due to infiltration processes. Incoming wastewater from two OSSFs and 

groundwater samples from sites potentially affected by these facilities were evaluated. 56 of 

the 83 studied analytes were detected in the groundwater samples. The similarity in the 

composition profiles between the OSSF water and the related groundwater for several 

categories of MPs indicates that these facilities are contaminating the groundwater with MPs. 

Therefore, more studies and controls should be performed to monitor the extent of MP 

contamination from OSSFs to groundwater.  

Keywords: wastewater, OSSF, micropollutants, MP, PFAS, liquid chromatography, LC, 

mass spectrometry, MS, ESI, GAC, lignite 
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Populärvetenskaplig sammanfattning 

Mikroföroreningar har släppts ut under lång tid i vår miljö men det är inte förrän på senare tid 

de har uppmärksammats. De har hittats i alarmerande stora kvantiteter i våra vattendrag, sjöar 

och grundvatten. Mikroföroreningar kommer från mediciner, bekämpningsmedel, per- och 

polyfluoralkylsubstanser (PFASs), industrikemikalier med mera. PFASs är av extra stort 

intresse då de är mycket stabila och bryts därför inte ner lätt i miljön. PFASs finns i många 

konsumentprodukter som tex lim, läder, textil, ytbehandlingar och brandskum. Mycket av 

mikroföroreningarna har visat sig vara giftiga för både människor och miljö, där vissa även är 

cancerframkallande. Eftersom det finns så många olika mikroföroreningar i många olika 

kombinationer i våra vatten, så är förståelsen av deras miljöpåverkan otillräcklig.  

Det flesta av alla mikroföroreningar släpps ut i miljön via vårat avloppsvatten. Idag finns det 

ungefär 700,000 hushåll i Sverige som inte är kopplade till det offentliga avloppsystemet och 

istället använder sina egna småskaliga vattenreningsverk. Utsläppen av mikroföroreningar 

kan vara betydligt större än i de offentliga vattenreningsverken. 180,000 av dessa småskaliga 

vattenreningsverk uppfyller inte miljökraven (som fokuserar mest på kväve, fosfor och 

bakterieutsläpp) och ingen av dem har speciella system för att fånga upp mikroföroreningar. 

Därför behöver nya absorbenter utvecklas och implementeras för att minska utsläppen av 

mikroföroreningar.   

Huvudsyftet med det här examensarbetet var att öka förståelsen för hur mikroföroreningar 

kan fångas upp ur avloppsvatten. Detta gjordes med 5 olika absorbenter: Granulerat Aktivt 

Kol (GAC), GAC med Polonite, Xylit, lignite och sand. Syftet var  även att undersöka vad 

som händer med mikroföroreningar i ett småskaligt vattenreningsverk. 

Av de fem absorbenterna visade det sig att GAC och GAC med Polonite vara bäst överlag att 

fånga upp mikroföroreningar. De lyckades båda att ta bort nästan 100% av alla 

mikroföroreningar från avloppsvattnet. De andra absorbenterna varierade mellan 74% till 

47%. GAC och GAC med Polonite gjorde också bra ifrån sig med att ta upp PFASs, som är 

extra svåra att absorbera jämfört med de andra mikroföroreningarna. Dessutom degraderades 

inte dessa absorbenter så mycket med tiden (experimentet höll på i 12 veckor). Polonite gav 

inte någon större förbättring av absorptionsförmågan eller degradationstiden. Enligt resultaten 

från denna studie så bör man rekommendera  att implementera GAC absorbenter till alla 

småskaliga vattenreningsverk, för att förminska mikroföroreningsutsläppen. 

Under den här studien så undersöktes också hur mekanismerna för att absorbera 

mikroföroreningarna fungerar. De fysikaliska och kemiska egenskaperna samt 

absorptionsförmågan visualiserades för att se beteendemönster. Resultaten (se figur nedan) 

visade att PFASs klumpade ihop sig beroende på dess molekylstorlek. Mikroföroreningarna 

som var från medicin verkade klumpa ihop, vilket betyder att de beter sig likadant under 

absorptionen, med några få undantag. Beteendet hos mikroföroreningarna från både PFASs 

och mediciner var samma för alla absorbenter. Det var för få prov från de andra 

mikroföroreningarna för att dra några slutsatser. Allmänt sett så förändrades inte beteendet av 

mikroföroreningarna beroende på absorbent, vilket betyder att mikroföroreningarnas 
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egenskaper har större inverkan på deras beteende än vad absorbentens egenskaper har. Detta 

kan vara viktigt för vidare studier, då det underlättar valet av mikroföroreningar som ska 

användas under experiment. I många studier så är valet av antal mikroföroreningar begränsat 

och därför är det viktigt att välja representativa mikroföroreningar och inte utstickare för 

deras respektive typ. 

 

Figuren visar mikroföroreningarna från mediciner (lila) och PFASs (blå) klumpar ihop. 

Egenskaperna som visade sig påverka beteendet av mikroföroreningarna var pH och hur  

hydrofoba de var. En hydrofob molekyl vill inte blandas i vatten. Detta betyder att 

molekylens egenskaper som påverkar hur hydrofob den är eller hur beroende den är på pH, 

kan användas för att förutsäga hur bra olika mikroföroreningar kan absorberas. 

Grundvattnet nära två olika småskaliga vattenreningsverk i Åre analyserades för att öka 

förståelsen för riskerna. Analysen visade att det fanns stora mängder mikroföroreningar i 

grundvattnet på båda platserna. Mikroföroreningarna i grundvattnet jämfördes med 

mikroföroreningarna i avloppsvattnet som kom in i vattenreningsverken. Resultatet visade att 

de småskaliga vattenreningsverken inte klarade av att ta bort mikroföroreningarna från 

avloppsvattnet, utan släpper direkt ut dem i grundvattnet. Detta innebär att 

mikroföroreningarna går direkt in i dricksvattnet, växter och djur.  

Forskningen som utfördes under det här examensarbetet kommer att bidra till förståelsen av 

mikroföroreningarnas beteende och miljörisker. Första steg för att motverka 

mikroföroreningar är att implementera bättre absorbenter och metoder i vattenreningsverken, 

som tex GAC-absorbenter. Mer forskning behövs om mikroföroreningarnas miljöpåverkan. 

Nyckelord: mikroföroreningar, avloppsvatten, småskaliga vattenreningsverk, PFAS, GAC, 

lignite   
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 Introduction 1.

1.1 Background 

1.1.1 Micropollutants: Sources of contamination and associated risks 

Micropollutants (MPs), also known as emerging pollutants, are compounds that are increasingly 

being detected in the environment and are not currently included in routine environmental 

monitoring programs. There is a concern that these compounds may trigger unwanted ecological 

effects and thus they are candidates for future legislation due to their adverse effects and / or 

persistency (Eggen et al. 2014). 

MPs have mostly an anthropogenic origin and encompass a large and diverse number of 

substances. Only in few cases are MPs naturally accruing (e.g. cyanotoxins, which are produced 

by bacteria (Pelaez et al. 2010)). MPs include pharmaceuticals, personal care products, 

pesticides, artificial sweeteners, per- and polyfluoroalkyl substances (PFASs), parabens, 

stimulants or industrial chemicals, among other substances. However, only a small portion have 

been sufficiently monitored in the water bodies (Loos et al. 2013). A more detailed description of 

the different families of MPs that are relevant for the present work is presented at the end of this 

section. MPs have been detected in different environmental compartments including 

groundwater (Luo et al. 2014), surface water (Clara et al. 2005), seawater (Luo et al. 2014), 

marine (Nödler et al. 2014) and river sediments (Scrimshaw, Lester 1996) and even in marine 

organisms (Muñoz et al. 2010). MPs have been found in water systems in concentrations ranging 

from lower ng L
-1

 to few µg L
-1

 (Luo et al. 2014). The presence of MPs has also been reported in 

drinking water at concentrations up to 100 ng L
-1

 (Luo et al. 2014). Therefore, MPs are 

considered a potential hazard to the environment and also to human health (EPA, U. S.).  

There are many different pathways for the MPs to enter the aquatic environment. The main one 

is through wastewater treatment plant (WWTP) discharges due to their partial or non-existent 

removal during conventional wastewater treatments (Luo et al. 2014). It is noteworthy that 

conventional WWTPs are mainly designed to remove large amounts of carbon, nitrogen and 

phosphorous present in the influent in the mg L
-1

 range. The WWTP currently in use in Europe 

do not have targeted MP removal strategies and therefore a significant amount of the MPs in 

influent wastewater are not removed and are released into the aquatic environment (Eggen et al. 

2014). In sparsely populated areas (including large areas of Sweden), where the establishment of 

conventional WWTPs for the sanitation of wastewater is not feasible, the use of more cost-

effective small-scale on-site sewage treatment facilities (OSSFs) is widespread. OSSFs have 

shown poor efficiency regarding both nutrients removal and MPs removal as reported by  The 

Swedish Environmental Protection Agency and by Gros et al. 2017. Studies about MPs removal 

in OSSFs are very limited and the environmental impact of these sanitation facilities is not 

completely understood (Blum et al. 2016). However, they are important sources of MPs entering 

into the aquatic environment (Gago-Ferrero et al. 2017). Apart from that, MPs can also end up in 

the water system through surface run off from agriculture or through industrial runoff (Eggen et 
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al. 2014). Spills and leaching from manufactured products as well as direct disposal are also 

major sources of MP contamination (Nair et al. 2013).  

MPs have demonstrated to be hazardous for the environment. Several of these substances have 

been shown to be toxic to living organisms  (Fent et al. 2006; Utsumi et al. 1992). MPs can 

mimic, disrupt or modulate the endocrine system of living organisms (Jones et al. 2007), and this 

can lead to developmental and reproductive abnormalities in aquatic life, such as feminization of 

fish (Purdom et al. 1994). Another risk is the development of multi resistant genes (Czekalski et 

al. 2012). Also, some of the MPs have been shown to be carcinogenic (Bledzka et al. 2014; 

Utsumi et al. 1992). However, a realistic evaluation of the toxicity of the MPs in the environment 

is a challenging task. As there are thousands of MPs in the environment and they are occurring in 

the water systems as mixtures, it is very difficult to correlate an ecological effect to a particular 

MP (Eggen et al. 2014). There is even a greater lack of knowledge when it comes to the 

transformation products of MPs, which can be even more toxic than the corresponding parent 

compounds (Schwarzenbach et al. 2006). Altogether, it seems clear that a lot more research is 

needed to better monitor and understand the effects of MPs in the environment. 

PFASs 

Per- and polyfluoroalkyl substances (PFASs) are a diverse group of compounds resistant to heat, 

water, and oil. PFASs have a hydrophobic tale and hydrophilic head. The tail, alkylated chain, is 

saturated with florine atoms. The chain length and the hydrophobic functional group determine 

the physiochemical properties of the PFASs. Depending on their particular physicochemical 

properties, the different PFASs are used in different applications  (Schultz et al. 2003). PFASs 

are widely used in several industrial applications and consumer products including adhesives, 

coatings, leather, textiles, fire-fighting foams and metal plating, among others. 

PFASs can be harmful to both to the environment and humans. PFASs are of special concern as 

they are very stable in the environment and some of them have the tendency to bioaccumulate 

(Gonzalez-Barreiro et al. 2006; Houde et al. 2006). There is little research on the toxic effects of 

PFASs in humans, but they have been shown to lead to hepatotoxicity and reproductive toxicity 

at high concentrations (Borg et al. 2013). Also the potential carcinogenicity of PFASs for 

humans has been shown (Wielsøe et al. 2015). It is noteworthy that PFASs have also been 

measured in drinking water in Sweden (Gyllenhammar et al. 2015) and in drinking water 

reservoirs (Ahrens et al. 2015). Therefore, more research into the extent of PFASs contamination 

and the toxicological risks it poses is needed.  

Pharmaceuticals 

Pharmaceuticals are a wide group of substances that include compounds of different therapeutic 

families including antidepressants, anxiolytics, antipsychotics, antibiotics, antiepileptics, 

analgesics, nonsteroidal anti-inflammatory drugs (NSAIDs), diuretics, antihypertensives, 

antiulcers or steroids, among others. There are about 3000 compounds registered in the EU for 

pharmaceutical use (Joss et al. 2006). The large domestic consumption of these substances 
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combined with inefficient wastewater treatment contribute to their high presence in the aquatic 

environment (Borova et al. 2014). Discharges from hospitals are also relevant sources for these 

compounds. Pharmaceuticals are designed to have an effect on biological organisms and 

therefore they can be especially dangerous in the environment (Joss et al. 2005).  Aquatic 

systems in particular are very sensitive to pharmaceutical contamination (Lowenberg et al. 

2014). Some of these compounds are endocrine disrupting compounds (EDCs) (Jones et al. 

2007). EDCs can mimic, disrupt or modulate the endocrine system of living organisms, which 

makes them especially dangerous for the environment (Nair et al. 2013). There are also concerns 

that the presence of antibiotics in the water systems can lead to increased growth of antibiotic 

resistant bacteria (Kolpin et al. 2002). 

Artificial sweeteners 

Artificial sweeteners are chemicals that have low or no caloric impact, but due to their chemical 

structure they interact with our sweet receptors and thereby taste sweet when eaten. They are 

popular sugar replacements and are especially popular in diet foods. They have been shown to be 

safe for human consumption, but their impact on the environment is not well understood (Lange 

et al. 2012). Artificial sweeteners have only been recently considered emerging pollutants 

(Kokotou et al. 2012). The concentrations of artificial sweeteners found in treated wastewater 

and in water systems are very often higher than the rest of MPs (Kokotou et al. 2012), showing a 

large consumption (Neset et al. 2010) and poor degradation  in the conventional wastewater 

treatments (Kokotou et al. 2012; Labare, Alexander 1993). These facts show the need for more 

research regarding their environmental impact to be even more urgent (Lange et al. 2012). 

The few studies that have been done on sucralose, a widely used artificial sweetener, show low 

bioaccumulation potential and from low to no toxic effect on aquatic life (Hjorth et al. 2010; 

Huggett, Stoddard 2011; Lillicrap et al. 2011). It does not seem to be toxic to plants either (Soh 

et al. 2011) but the effects of long term exposure are largely unknown (Kokotou et al. 2012).  

Pesticides 

Pesticides are a group of chemicals that are designed to act against specific plants, insects, fungi 

or small animals. They are mainly used to protect crops from weeds and other pests (Isin, 

Yildirim 2007). Pesticides mainly contaminate the water systems through agricultural surface 

runoff (Lapworth et al. 2012). However, pesticides can also be found in urban environments, as 

they are used for e.g. grass management and on non-agricultural plants (Kock-Schulmeyer et al. 

2013). They have been found in influent and effluent wastewater from industrial and domestic 

regions (Ensminger et al. 2013; Kock-Schulmeyer et al. 2013). Pesticides are not removed well 

with the current wastewater treatment systems in use, showing poor removal (Kock-Schulmeyer 

et al. 2013). Pesticides have been shown to be harmful to humans and to the environment and to 

be carcinogenic in humans (Snedeker 2001). Pesticide exposure has also shown wide range of 

developmental, reproductive and immunological effects in birds and mammals (Mineau 2005). 
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Personal care products 

Personal care products (PCPs) constitute a large group of emerging environmental pollutants that 

have been receiving steadily growing attention over the last decade. PCPs include components 

from sunscreens, make up, deodorants, shampoos and many other common items (Boxall et al. 

2012). Several PCPs ingredients are among the most commonly detected organic compounds in 

many relevant studies, including in the seminal report on organic contaminants in US streams 

(Kolpin et al. 2002). Several PCPs have become pseudo-persistent in the environment. Because 

of the lipophilic properties of these substances, it is expected that they can reach and accumulate 

in tissues of aquatic organisms in different trophic levels (Gago-Ferrero et al. 2012).They have 

been shown to have harmful effects on the environment, especially on aquatic ecosystems 

(Gago-Ferrero et al. 2012). However, there is scarce data about, and limited understanding of the 

environmental occurrence, fate, distribution, and effects despite their extensive use (Boxall et al. 

2012). 

Parabens 

Parabens are compounds that are used due to their antibacterial and antifungal properties. They 

are very effective preservatives. Parabens are widely used in personal care products, as many as 

80% of the products contain these substances. They can also be found in pharmaceuticals, 

industrial goods and even in food products. Chemically, parabens are esters of p-hydroxybenzoic 

acid with alkyl substituents. In alkaline solutions they are hydrolyzed, but they remain stable in 

acidic solutions (Bledzka et al. 2014). When the parabens come in contact with chlorinated tap 

water, chlorinated and brominated highly stable by-products are formed (Canosa et al. 2006; 

Terasaki, Makino 2008). Often the chlorinated by-products are more harmful to the environment 

then the parent compound (Terasaki et al. 2009). Parabens have been shown to be EDCs (Boberg 

et al. 2010) and are thought to even be potentially carcinogenic (Darbre et al. 2004).  

1.1.2 OSSFs: Environmental impact associated to the emissions of MPs and wastewater 

treatment 

In the context of this thesis, on-site small-scale facilities (OSSFs) are defined as WWTP not 

connected to the municipal WWTP. The Swedish agency for Marine and Water Management 

considers WWTPs serving less than 200 households to be OSSFs, and is in charge of monitoring 

these. Currently in Sweden, there are approximately 700,000 private households that are not 

connected to public WWTPs and are useing OSSFs for sanitation. Out of this number there are 

about 180,000 OSSFs that are not living up to the environmental standards. The environmental 

standards are set by the Swedish government and the standards are mostly concerned with 

nutrient emissions (The Swedish Environmental Protection Agency). It is the responsibility of 

the property owners to keep the OSSF functional and up to code, but many times there is lack of 

motivation from the property owners and there is a lack of oversite. In general, there is a large 

gap in knowledge about the exact number and the condition of OSSFs in Sweden today (The 

Swedish Environmental Protection Agency).  
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The wastewater treatment in OSSFs has currently three main goals; to reduce the number of 

pathogens, to remove nutrients (mainly N and P), which may lead to eutrophication of the 

catchment area, and to reduce the biochemical oxygen demand (Avloppsguiden | Behandling). 

The OSSFs that are in accordance with the environmental regulations should include mechanical, 

biological and chemical wastewater treatment. The mechanical wastewater treatment removes 

macropollutants, like partials and solid waste. Phosphorous is removed from wastewater through 

chemical treatment. During biological treatment, organic matter is removed from the wastewater 

with the help of microorganisms. The biological treatment step also includes nitrogen removal 

processes. An added filtration step can further increase the effluent water purity by removing any 

remaining particles from the water (The Swedish Environmental Protection Agency). The most 

common types of OSSFs used in Sweden are infiltration beds (30%) and soil beds (14%) 

(Olshammar 2015). However, these treatments do not focus on the removal of MPs and these 

compounds are not removed effectively in currently used water treatment processes. It is 

noteworthy that a large percentage of the facilities (56%) still work with inadequate treatments, 

using septic tanks without any other treatment. High levels of MPs (in the same range as for 

conventional WWTPs) have been detected in OSSFs effluents (Blum et al. 2016). Recently, a 

study carried out by Gros et al. revealed that the removal efficiencies were not significantly 

different between large and medium-scale WWTPs and OSSFs located in Sweden (Gros et al. 

2017). 

Although there have been some advances in the development of MPs removal techniques in large 

scale WWTPs (Hollender et al. 2009), the release of MPs from OSSFs is less investigated and 

their impact on the environment is less well understood. Current OSSF research has its focus on 

phosphorus elimination and the impact of the nutrients on the environment (Gustafsson et al. 

2008; Cucarella, Renman 2009; Renman, Renman 2010). Nevertheless, research regarding MP 

removal in OSSF is scarce. Most of the work studying MP removal in OSSFs are focused on a 

very limited amount of MPs (Matamoros et al. 2009, Godfrey et al. 2007, Carrara et al. 2008, 

Conn et al. 2010, Stanford, Weinberg 2010, Teerlink et al. 2012). So far, there have been no 

conclusive studies focusing on the impact of MP contaminated effluent from OSSFs on the water 

system and aquatic environment. However, results obtained from the research group where this 

thesis is performed, indicated that OSSFs are relevant sources of MPs in the close surface water 

(Gago-Ferrero et al. 2017). 

Considering all these facts, there is an urgent need for new technology to improve the MP 

removal in OSSFs. New solutions should be simple, cost effective and require little maintenance 

so they can be easily implemented (YunHo, Gunten 2010). For large scale WWTP, ozonation is 

a promising alternative for MP removal (Pisarenko et al. 2012). However, this approach is 

neither cost effective nor advisable for OSSFs. The use of vegetation grown on the filtration beds 

has been tested to reduce the loads of MPs, but poor results were obtained (Hosseini 2012).  
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The present project is part of an investigation for the development of a cheap and durable filter 

for OSSFs that can remove significant amounts of the MPs from the influents. The study 

considers different adsorbents that are described below: 

Sand 

Sand is a commonly used filter material and the most common adsorbent used in infiltration bed-

based OSSFs. It is a cheap material, easy to use and with minimum maintenance requirements 

(Sand Filters 2001). Sand filters remove well bacteria and viruses from wastewater (Vega et al. 

2003). However, they are not very effective at removing phosphorous. Often sand filters are not 

enough for adequate wastewater treatment and additional purification steps are required (Sand 

Filters 2001). However, it is an interesting material to compare with the other adsorbents. 

Granular Activated Carbon 

Granular Activated Carbon (GAC) is produced from wood, coal or other materials with high 

carbon content. The particular GAC of interest for wastewater treatment in this experiment is 

produced from bituminous coal. GAC is divided into subcategories by particle size. In 

wastewater treatment, it works by adsorbing organic molecules by physical or chemical 

adsorption processes. As it is a very porous material and has a relatively large surface area, it can 

be used to adsorb organic pollutants from its surroundings (U.S. EPA). GAC has shown to be 

effective at removing low concentrations of organic pollutants from wastewater (Hamdaoui, 

Naffrechoux 2007). It has also  been shown to be affective even for PFAS removal (Rahman et 

al. 2014). In the study carried out by Hernandez-Leal et al., it showed 72% or higher removal 

efficiency of the studied MPs in column experiments with greywater (Hernandez-Leal et al. 

2011). There is also one study indicating that this material can be effective in the removal of 

PFASs (Rahman et al. 2014). GAC can be also regenerated for further use by thermal oxidation, 

which makes it an environmentally friendly method (Calgon Carbon).  

Lignite and Xylit 

Lignite is a type of coal, also known as “brown coal”. It is younger than normal coal and 

therefore it is also found closer to the surface. It is moderately common and is mostly used to 

produce electricity. Lignite has high levels of moisture and low fixed carbon (25-35%) 

(Gutenberg). Lignite has high oxygen content which makes it suitable to adsorb different 

substances effectively from wastewater. Lignite has been shown to be promising with regards to 

pesticide removal, when combined with slow infiltration (Donner et al. 2002). Lignite is cheap 

and abundant, which makes it a promising alternative to other activated coal sorbents (Aivalioti 

et al. 2012). Lignite coal costs $22.36 and bituminous coal (GAC) costs $51.57 per short ton 

according to U.S Energy Information Administration, reported 2015 (Coal Prices and Outlook - 

Energy Information Administration). Lignite has approximately 20 % larger pore volume 

compared to bituminous based coal carbon, potentially adding to its longevity (activated carbon - 

Jurassic Carbon). 
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Xyloid lignite (Xylit) is a type of lignite. It is also referred to as fossil wood, as it can often look 

like normal wood even though the properties of the “wood” are greatly altered (Gutenberg).  

Polonite 

Polonite is a filter composed of calcium silicate. The calcium in Polonite is a very reactive 

adsorbent and it easily adsorbs other substances (Filter bed technology | Ecofiltration Nordic 

AB). It has been demonstrated to be very good at removing phosphorous from water (Renman, 

Renman 2010). Currently it is mainly used as a phosphorous filter, but it could also be used as an 

adsorbent for MP removal (Large scale wastewater treatment | Ecofiltration Nordic AB). 

1.1.3 The risk of groundwater contamination 

As described in the previous section, high levels of MPs have been detected in OSSFs effluents 

and in surface water affected by OSSFs (Blum et al. 2016; Gros et al. 2017). One of the main 

concerns regarding the use of these sanitation facilities is that they can threaten the quality of 

groundwater (The Swedish Environmental Protection Agency). In a general extent, in infiltration 

bed OSSFs systems, wastewater coming out of a sedimentation tank is purified by passing it 

through a constructed sand bed and then through the natural soil layers. The treated water is then 

drained to surface or groundwater (Avloppsguiden | infiltration). Therefore, the risk of 

groundwater contamination is high. In the present study, the goal was to test this hypothesis by 

analysing the effluent wastewater from two OSSFs located in Åre municipality, in Sweden. The 

groundwater around the area of the OSSFs was also analysed, as it is potentially affected by 

these facilities. The goal was to determine if the groundwater is contaminated with MPs and if 

this contamination can be directly linked to the OSSFs. With this objective in mind, some of the 

main tasks were the analysis and evaluation of the concentrations and the composition profiles of 

different categories of MPs in all the sampling sites to better understand the spread and the extent 

of the contamination.  

1.2 Objectives 

The main objective of the present thesis is to gain new insight into the removal efficiency of MPs 

in wastewater using GAC, Xylit, Lignite, Sand and GAC+Polonite filter and the fate of MPs in 

groundwater near OSSFs. 

The attainment of these main objectives implies other specific objectives: 

 To evaluate the performance of different sorbents (i.e. GAC, Xylit, Lignite, Sand and 

GAC+Polonite) potentially useful for the removal of organic MPs.  

 To find correlations between the removal efficiencies obtained with the different sorbents 

and the specific physicochemical properties of the evaluated MPs. 

 To evaluate the extent of MP contamination in groundwater from commonly used 

OSSFs.  
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1.3 Limitations of the study 

One limitation of the study was that my research group had very limited control over the column 

experiments and the associated sampling. These tasks were performed by the Royal Institute of 

Technology (KTH).  

The column experiments samples were spiked at a final concentration of 2 µg L
-1

.  This 

concentration can be too low for some analytes and it may be challenging to properly evaluate 

the performance of some compounds. The high volume of spiked water required (> 600 L) 

combined with the limited amount of native standards available, made it necessary to spike this 

concentration level. On the other hand, these concentrations are more realistic to natural levels in 

the environment, so the experiments can be easily extrapolated. This also had an influence in 

getting artefacts when trying to relate the physicochemical properties with the removal efficiency 

of GAC and GAC+P.   

The groundwater sampling was also performed by Umeå University and our research group did 

not participate into the sampling strategy. A more extensive sampling (including more 

potentially affected sites as well as samples of drinking water from associated wells) would be 

required for reaching sound conclusions.   
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 Materials and methods 2.

2.1 Column experiments and groundwater evaluation 

2.1.1 Chemicals and reagents 

In total 83 substances were evaluated in the present study. Target analyte names, general 

categories and types, CAS numbers, molecular formulas, molecular weights and Log Kow values 

are shown in Table  A in Appendix 7.1. Analytes that were spiked in the column experiments to 

evaluate the removal efficiencies (REs) (using a native standard solution 1 mg mL
-1

) are marked 

with an asterisk in the table. Out of the 83 analytes studied, 56 were spiked.  

All analytical standards used for quantification were of high purity grade (>95%) and purchased 

from Sigma-Aldrich (Sweden) except pesticides, which were acquired from Teknolab AB 

(Kungsbacka, Sweden). Isotopically labelled internal standards (IS) for PFASs, pesticides, 

pharmaceuticals, personal care products, parabens, artificial sweeteners and stimulants were 

purchased from Wellington Laboratories (Canada), Teknolab AB (Kungsbacka, Sweden), and 

Sigma-Aldrich and Toronto Research Chemicals (Toronto, Canada), respectively. For all the 

compounds of interest except for PFASs, the substances acquired as solids were dissolved in 

methanol, and prepared at a concentration of 1 mg mL
-1

. For PFASs, stock solutions were 

prepared at a concentration of 0.01 mg mL
-1

 in methanol. After preparation, the standards were 

stored at −20°C. The Pharmaceutical IS concentration was 1 µg mL
-1

 and the PFAS IS 

concentration was 0.05 µg mL
-1

. 

For chemical analysis, analytical grade acetonitrile, methanol (MeOH) and ethyl acetate were 

purchased from Merck (Darmstadt, Germany). Formic acid 98% (FA), ammonium formate, 25% 

ammonia solution and ammonium acetate were acquired from Sigma-Aldrich (Sweden). 

Ethylenediaminetetraacetic acid disodium salt dehydrate (EDTA, 0.200N) was acquired from 

ThermoFisher GmbH (Germany). Ultrapure water was produced by a Milli-Q Advantage 

Ultrapure Water purification system (Millipore, Billercia, MA) and filtered through a 0.22 µm 

Millipak Express membrane. Glass fibre filters (WhatmanTM, 1.2 µm and 0.7 µm) were 

purchased from Sigma-Aldrich (Sweden).  

2.1.2 Sample collection and sampling 

Column experiments 

In the laboratory scale column experiments, five different sorbents were tested to evaluate their 

performance at removing MPs from wastewater: bituminous coal GAC, Xylit, Lignite, Sand and 

bituminous coal GAC+Polonite (Table 1). The general characteristics of these sorbents have 

been described in Section 1.1.2. The bituminous coal GAC, with product name 

ENVIROCARB
TM

 207EA, was purchased from Waterlink Sutcliffe Carbons (London, UK). 

“Fossil wood” lignite, with product name Xylit, was purchased from Mátrai Erómú (Bükkárány, 

Hungary). Polonite was purchased from Ecofiltration Nordic AB (Sweden). Sand was purchased 

from Rådasand AB (Sweden). The pore volume and average pore size of all the tested sorbents 

are summarized in Table 1. 
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Table 1: Specific properties of the sorbents used in the column experiments. 

Sorbent 
Pore volume  

(cm³ g
-1

)  

Average pore size 

(nm) 

GAC 0.507 2.2 

Xylit 0.010 16.7 

Lignite 0.020 14.7 

Sand 0.002 17.0 

Polonite 0.022 23.1 

Information provided by KTH 

 

The MP removal experiments were carried out during 12 consecutive weeks. Samples for 

analysis were collected after 1, 2, 4, 8 and 12 weeks. The wastewater used for the experiments 

consisted of real effluent wastewater from a septic tank located in Brottby (Sweden). The 

wastewater was spiked with the native compounds solution (using a native standard solution 1 

mg mL
-1

) to reach a concentration of 2 µg L
-1

. 

There were five columns filled with 50 cm of different sorbent each, and a sixth “blank” column 

without any sorbet material (experiments performed with distilled water) that was used to control 

the leakage from the instrument. The column experiment setup can be seen in Figure 1. The 

material of the columns was stainless steel; the length was 60 cm and the diameter was 5 cm. 

The bottom of the columns was covered with stainless net, with a pore size of 0.5 mm. In the 

case of the GAC+Polonite, the effluent water obtained from GAC was pumped to Polonite. The 

wastewater was stored in a refrigerator at 12 
o
C and slowly stirred during pumping. The flow 

was vertical from top to bottom with a wastewater surface load of 364 L day
-1 

m
-2

 per column 

(about 0.5 mL min
-1

). Different funnels were placed under each column to collect the water into 

collecting brown glass bottles.  
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Figure 1: Experimental setup for column experiments.  

 

Different blanks were used in the present study, including fresh MQ water, MQ water blank that 

had passed through the stainless-steel column (with no sorbent), and MQ water sample taken in 

the beginning and end of the sampling week. Each of the MQ samples was gathered each 

sampling week (except week 12). The inlet samples consisted of two different types of samples 

for each week. “Inlet”: wastewater effluent from a septic tank in Brottby, Sweden, it was used to 

determine the true MP contamination in the wastewater. “Inlet(sp) day 0”: Spiked “Inlet” that 

was loaded onto the column and used to calculate the removal efficiency (RE). The “samples to 

test the adsorbents” composed of effluent “Inlet(sp) day 0” wastewater that had passed through 

the stainless-steel column containing one of the five sorbents (sand, lignite, Xylit, GAC or 

GAC+P). All of the described samples were gathered week 1, 2, 4, 8 and 12. The samples were 

stored in freezer (-20
o
 C).  

Groundwater samples 

In order to evaluate the potential contamination of MPs in groundwater by OSSFs, two areas 

potentially affected were investigated. Groundwater surrounding two open filtration system 
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OSSFs (also known as infiltration bed systems) operated by Åre municipality was sampled and 

evaluated. The first OSSF was located at Ånn and the second one at Storlien. The incoming 

wastewater, after the septic tank, to the two OSSFs also was analysed, in order to be able to 

evaluate the contamination profile.   

Ånn: The sewage treatment facility at Ånn is designed for a water flow of 17 m
3
 h

-1
 with 

maximal capacity of 34 m
3
 h

-1
 (≈500 population equivalent (p.e.)). Actual average loading is 219 

m
3
 day

-1
 (350 p.e.). The wastewater is pumped to a septic tank from a pump station (with 

maximal pumping capacity of 21 L s
-1

). The septic tank consisted of three sedimentation pools: 

rough settlement (70 m
3
), clarification (58 m

3
) and secondary clarification (37 m

3
). The total 

volume of sludge is 180 m
3
 with a residence time of 6 h (17m

3
 h

-1
). The septic tank is emptied 

once or twice per year. The wastewater from the septic tank is pumped to the infiltration field at 

Klocka, located 2 km away. The capacity of the infiltration pump is about 11 L s
-1

. The 

infiltration site is located on a natural ridge. The infiltration system is designed for a daily 

loading rate of 240 L m
-2

. The infiltrated wastewater is percolated to groundwater, and thereafter 

discharged westwards to Storklockabäcken. No sewage water from industrial activities is 

connected to this facility.  

Figure 2 shows the sampling locations on a satellite image of the area. The distance between the 

infiltration site and groundwater is about 8 m. The furthest sampling point from the OSSF (“Far” 

in the figure, also called the “background sample”) is a reference site, at which the groundwater 

is thought to be unaffected by the wastewater. A second groundwater sample, “Close”, was 

collected from groundwater after the infiltration ponds, which should be along the major 

groundwater flow from the infiltration site. The “Inlet” sample was collected from the incoming 

sewage water, from the septic tank, to the infiltration site.  
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Figure 2: Sampling locations at Ånn.  

 

Storlien: Storlien is a popular resort area for winter sports in Sweden. The treatment facility has a 

designed loading capacity of 900 m
3
 day

-1
 (4000 p.e.), which is equivalent to about 225 L for 

each person (when considering leakage). As in the previous facility, wastewater is first pumped 

to a septic tank which consists of three open ponds. After the septic tank, the water is pumped to 

an open infiltration system. The infiltrated sewage water is percolated to groundwater and 

discharged southern east and thereafter down to Visjön. The total volume of the septic tank is 

4900 m
3
, with residence time of 5 days. The pump station has a capacity of 3600 m

3
 day

-1
. The 

infiltration system (600 m
2
) consists of six infiltration beds (Figure 3), with a designed loading 

capacity of 250 L m
-2

. The average water load to the infiltration beds is 160 m
3
 day

-1
, with higher 

load during winter season and holidays due to the increased number of tourists. Infiltration beds 

are operated in pairs and switched weekly between A/B and D/E (Figure 3). Infiltration beds C 

and F are only used during springtime. At the sampling date for this study, water was pumped 

into bed A and B.  

Figure 3 shows an overview of the sampling location and indicates where the samples were 

taken. The distance between the infiltration site and groundwater is about 3 m. “Inlet” sample 

was gathered from the incoming sewage water after septic tank. Two groundwater samples 

(Close 1 and Close 2) were gathered from sampling points that are reaching the groundwater 

beneath the infiltration bed. And two additional groundwater samples (Far 1 and Far 2) were 
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gathered from sampling points that should be along the ground water flow to recipient, but in 

two different directions. 

Table 2 summarizes the collected samples. The samples were frozen for storage and transport 

prior to sample preparation.  

 
Figure 3: Sampling locations at Storlien.  

 

Table 2: Sampling collection for the groundwater experiments from Åre municipality.  

Sample Name Site Description of water samples 

Storlien blank Storlien Milli-Q water 

Ånn Close Ånn Groundwater after infiltration 

Ånn Far Ånn Background sample 

Ånn Inlet Ånn Incoming water after septic tank 

Storlien Inlet Storlien Incoming water after septic tank 

Storlien Close 1 Storlien Groundwater at infiltration bed 

Storlien Close 2 Storlien Groundwater at infiltration bed 

Storlien Far 1 Storlien Groundwater 

Storlien Far 2 Storlien Groundwater 
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2.1.3 Sample preparation 

Sample pre-treatment 

All samples were frozen at -18
o
C and stored in the dark to prevent degradation of the target 

compounds until analysis. The samples were filtered through a glass microfiber filter grade GF/F 

(Whatman, thickness 0.42 mm, pore size 0.7 μm) to remove particles from the water samples. 

The filters were heat treated in the oven at 400
o
C for 4 h before use. The filtrated samples were 

spiked with 0.1 µg of pharmaceutical IS and 0.01 µg of PFAS IS. For each 100 mL of sample, 3 

mL of 0.1 M Na2EDTA solution was added. 

In the column experiments, the filtered samples consisted of 100 mL for inlet samples and 200 

mL for effluents and blanks. In the groundwater experiments, the filtered samples volumes were 

500 mL, except for the sample Ånn Close, where only 400 mL could be obtained. Samples had 

duplicates or triplicates.  

Clean up and preconcentration 

Extraction of the samples was carried out by solid phase extraction (SPE) following a method 

based on the one developed by Gros et al. 2017. The SPE cartridges used were Oasis HLB (500 

mg, 6 mL) from Waters Corporation (Milford, USA). In a first step the cartridges were 

conditioned with 6 mL of methanol followed by 6 mL of MQ water without the use of vacuum. 

During the sample loading (sample volumes are described under “Sample pre-treatment”), 

vacuum was used and the drop rate was set to 2 mL min
-1

. Washing was performed by using 4 

mL of MQ water. The loaded and washed cartridges were dried under vacuum for 20 min. The 

samples were eluted with 8 mL of methanol without using vacuum. Finally, 1 min of drying 

under vacuum was applied. The samples were then evaporated to dryness under a nitrogen 

stream, by using nitrogen evaporator N-EVAPTM112, and then reconstituted in 100 µL of 

methanol. The samples were stored at -20
o
C until analysis. Shortly prior to the instrumental 

analysis, 400 µL of MQ water was added to the samples and they were vortexed for 15 sec. 

2.1.4 Instrumental analysis 

Analysis was carried out using a DIONEX UltiMate 3000 Ultra-Performance Liquid 

Chromatograpy (UPLC) system (Thermo SCIENTIFIC, Waltham, MA, USA) coupled to a triple 

quadrupole mass spectrometer (TSQ QUANTIVA) (Thermo SCIENTIFIC, Waltham, MA, USA) 

with electrospray ionisation (ESI). Chromatographic separation was performed on an Acquity 

BEH C18 column (50 mm × 2.1 mm, 1.7 µm). The column was purchased from Waters 

Corporation (Manchester, UK) and was preceded by a guard column of the same packaging 

material. The UPLC system was operated with Thermo Xcalibur software and the MS system 

with TSQ Quantiva Tune Application software. The method development and data processing 

were carried out using Thermo TraceFinder General LC software.  

Acquisition was performed in positive and negative mode simultaneously during one 

chromatographic run. During the run, positive and negative modes were alternated with a short 

cycle time (interscan delay) between them (0.34 sec). Therefore, the selected parameters were a 
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compromise to achieve optimal resolution and sensitivity for all the compounds in those modes. 

The aqueous phase consisted of 5 mM ammonium acetate buffer and the organic phase was 

acetonitrile. Flow rate was 0.5 mL min
-1

 and the column temperature was set at 40 
o
C. The 

injection volume was 10 µL.  Retention window was set to 140 sec (or 2.333 min). The multi-

step gradient used during the analysis is summarized in Table 3 and the MS parameters are 

available in Table 4. The total runtime was 15 min.   

Table 3: Chromatographic multi-step gradient. 

Step Time (min) Organic phase % 

1 0.00 2 

2 0.50 2 

3 10.00 99 

4 13.00 99 

5 13.10 2 

6 15.00 2 

 

Table 4: MS parameters.  

Parameter Set value 

Spray voltage Static; 

Positive Ion (V): 3500.0 

Negative Ion (V): 2500.0 

Sheath Gas (Arb) 50 

Auxiliary Gas (Arb) 15 

Sweep Gas (Arb) 2 

Ion Transfer Tube Temperature (
o
C) 325 

Vaporizer Temperature (
o
C) 400 

Cycle Time (sec) 0.34 

Q1 Resolution (FWHM) 0.70 

Q2 Resolution (FWHM) 0.70 

CID
a
 Gas (mTorr) 1.50 

 
a
CID=Collision-induced dissociation. 

The retention times, the selected reaction monitoring (SRM) transitions and the collision 

energies (CE) for each analyte along with the IS are summarized in Table  C,  in the Appendix 

7.3. As seen from this table (Appendix 7.3), each analyte had at least 2 SRM transitions (with 

the exception of PFBA, PFPeA and vaporic acid) and most had three or more. The analyte 

chromatograms for the first SRM transition (as listed in Table  C in Appendix 7.3) for 20 ng L
-1

 

standard solution can be seen in Appendix 7.4. The chromatograms for the first SRM transition 

(as listed in Table  C in Appendix 7.3) for analytes present in week 1 spiked inlet sample can be 

seen in Appendix 7.5.  
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2.1.5 Quality control and quality assurance 

In order to prevent contamination, all of the glassware and other relevant equipment used during 

the experiment was washed and then heat treated at 400
o
C for 4 h. Equipment was also 

sequentially rinsed with MQ water, ethanol and methanol before use. Gloves were worn during 

sample preparation. To prevent degradation of the analytes, all glass bottles used to store the 

samples and stock standard solutions were brown tinted and stored in the dark.  

Quality parameters of the analytical methods, including recovery efficiency for the method, 

method limits of detection (MLODs) for column experiments and method limit of quantification 

(MLOQs) for column experiments are summarized in Table  B in Appendix 7.1. Groundwater 

experiments MLOD and MLOQ can be seen in Table  V in Appendix 7.9. Method (shows 

laboratory sources of contamination) and field blanks (show total ambient conditions during 

sampling and laboratory sources of contamination) were used to evaluate potential background 

levels of target analytes. Method limit of detection (MLOD) was calculated according to 

Equation 1, and method limit of quantification (MLOQ) was calculated according to Equation 

2. The MLOD and MLOQ were calculated from column experiment samples for column 

experiments evaluation and from groundwater samples for groundwater evaluation. For analytes 

not present in the respective experiment samples, 10 ng L
-1

 standard solution was used. Signal to 

noise ratio, S/N, was calculated by the Thermo TraceFinder General LC software by evaluation 

the ratio between the analyte peak area and the area of the noise.  Noise was the area of the 

chromatogram just next to the analyte peak (for a similar length of time as the analyte peak). All 

of the peaks were also visually inspected to assure realistic MLODs.  

𝑀𝐿𝑂𝐷 =
3∗𝑐
𝑆
𝑁⁄

     (1) 

Equation 1: MLOD – Method limit of detection, c – concentration, S/N – signal to noise ratio. 

 

𝑀𝐿𝑂𝑄 =
10∗𝑐
𝑆
𝑁⁄

     (2) 

Equation 2: MLOQ – Method limit of quantification, c – concentration, S/N – signal to noise 

ratio. 

 

The MLOQ ranged between 0.003 to 13.9 ng L
-1

 (primidone MLOQ = 209.6 ng L
-1

) and the 

MLOD ranged between 0.0009 to 4.18 ng L
-1

 (primidone MLOQ = 62.9 ng L
-1

) for column 

experiments. For groundwater experiment samples, the MLOQ ranged between 0.003 to 41.8 ng 

L
-1

 and MLOD ranged between 0.0008 to 12.6 ng L
-1

. 

Recoveries were determined by spiking a known concentration of target analytes and comparing 

the concentrations before and after the whole SPE-HPLC-MS/MS process, calculated by internal 

standard addition. Non-spiked samples were also analysed, as the wastewater can naturally 
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contain target MPs, and the concentration was subtracted from the spiked samples, to evaluate 

recovery accurately.  

Twelve-point calibration curves (0.025–500 ng mL
-1

) were generated using linear regression 

analysis. The linearity was qualified by linear correlation coefficient, R2 for the range of 

concentrations present in the samples for each compound. The calibration curves obtained were 

linear with R2˃ 0.9 in all cases, for most analytes R2>0.99 was obtained. 

Data acquisition and evaluation were performed with Thermo TraceFinder General LC software. 

Quantification was based on peak areas and was performed by comparing the analytes peak to a 

corresponding IS peak (with a known concentration) and to the calibration curve. The 

corresponding or the most similar deuterated compound (in terms of chemical structure and 

chromatographic retention time) was used as IS for each compound. Table  C, in Appendix 7.3, 

shows which particular IS was used for the quantification of each compound. The identification 

and confirmation criteria for the analysis of the target compounds were based on the Commission 

Decision 2002/657/EC (EUR-Lex - 32002D0657 - EN - EUR-Lex). The used method (UPLC-

MS/MS) complied with the criteria by obtaining the required 4 identification points (EUR-Lex - 

32002D0657 - EN - EUR-Lex). This was achieved by having at least 1 precursor and 2 product 

ions (2 SRMs) for each analyte.  

2.1.6 Data evaluation 

Statistical analysis applied to the column experiments 

Two-way analysis of variance (ANOVA) without replication was used to evaluate which of the 

sorbents had the overall best removal efficiency of the analysed MPs. P-values <0.05 were 

considered significant. Average removal efficiencies were used. For concentrations <MLOD, a 

value corresponding to MLOD/2 was used for removal efficiency calculations. Inter-week 

variations of the removal efficiencies of each sorbent were evaluated with two-way ANOVA 

without replication.  

The grouping of analytes according to their removal and selected physiochemical properties was 

evaluated with Partial Least Squares (PLS). The PLS software used was SIMCA 14.0 software 

package (Umetrics, Umeå, Sweden). PLS transforms X variables into unrelated scores and 

tempts to find a linear relationship between the X and the Y scores. The different physiochemical 

properties of the analytes used for PLS can be found in Appendix 7.6. The average removal 

efficiency (of all weeks) for each analyte was set as the Y-variable. The fitted intercept 

regression lines for R2Y should not exceed 0.4 and Q2 should not exceed 0.05. If the values 

would be higher than that, then it would imply an overfitted model or that the correlations might 

be due to chance (Rybacka, Andersson 2016). The R2X should not be below 0.3, as then the 

model does not explain enough of the data. Two principle components (PC) were used. Each of 

the sorbents was evaluated separately. The data was evaluated in multiple combinations; 

including (I) all the MPs analysed, (II) all the MPs except PFAS and (III) only PFAS. Score 
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scatter plots were evaluated. A correlation matrix for all physiochemical properties was also 

evaluated. 

The correlation between the analytes chemical properties and the removal efficiency with 

different adsorbents was evaluated with Pearson Correlation analysis. The physiochemical 

properties used for the analysis are showed in Appendix 7.6. The variables that were already not 

in a logarithmic scale were adjusted to this (MW, WS, S, SP, SA, SA/SP and AB). All variable 

series were adjusted to positive values, by addition of ten, to be able to put them in logarithmic 

scale.    

Cluster analysis for the evaluation of the groundwater study 

In the groundwater study, the similarity between the different sampling sites was investigated by 

cluster analysis based on MPs compositional profiles (Past 3.10, (Hammer Ø., Harper D. A. T., 

Ryan P. D. 2001)).The paired group (UPGMA) clustering algorithm and Chord similarity index 

was chosen for evaluating the similarity of MPs composition profiles in the sampling sites. 

 

 

 

 

  



29 

 

 Results and Discussion 3.

3.1 Column experiments 

3.1.1 Removal of MPs with the tested sorbents 

Of the 83 target analytes, 57 recidues were detected in the initial non-spiked inlet samples 

(“inlet”). MPs were present in a wide range of concentrations, from values close to the MLODs 

up to levels above 5 µg L
-1

 for eight evaluated substances: acetaminophen (paracetamol), 

caffeine, diclofenac, ibuprofen, metformin, metoprolol, nicotine and sucralose. The samples were 

spiked with 56 compounds as described in Section 2.1.1 and all of these substances were 

detected. The removal efficiencies (REs) of the analytes with the different sorbents for each 

analysed week can be seen in Appendix 7.7.1.  

The total measured concentrations varied widely after the treatment with the different sorbents, 

as can be seen in Table 5. The total inlet concentration was high (829 µg L
-1

 in spiked inlets and 

699 µg L
-1

 in non-spiked inlets), indicating a rather high level of MP contamination in the 

untreated wastewater. the best overall REs were obtained using GAC+P and GAC, with total 

concentrations after treatment of 5.51 µg L
-1

 (∑MPs reduction 99 %) and 3.01 µg L
-1 

(∑MPs 

reduction 99.6 %), respectively. After the treatment with lignite, Xylite and sand the total 

concentration decreased to 457 µg L
-1

 (∑MPs reduction 45 %), 187 µg L
-1

 (∑MPs reduction 77 

%) and 337 µg L
- 1

(∑MPs reduction 59 %), respectively. Results for lignite should be evaluated 

with care since this sorbent affected the behaviour of some internal standards (the IS peak area 

was too low), resulting in overestimated concentrations.  

Table 5: Total measured concentration, ∑MPs reduction (%) and average removal efficiency 

(%) of all analytes throughout all five weeks, calculated for the inlet and the five different 

evaluated sorbents (lignite, Xylit, GAC+P, GAC and sand). 

 
Inlet 

Spiked 

Inlet 
Lignite Xylite GAC+P GAC Sand 

Total measured 

concentration (µg L
-1

) 
699 829 457 187 5.51 3.01 338 

∑MPs reduction (%) - - 45 77 99 99.6 59 

Average removal 

efficiency (%) 
- - 65 74 95 96 47 

 

The calculated REs obtained for each compound during the different weeks along with the 

MLODs and MLOQs are shown in Appendix 7.7.1. The different sorbents removed the MPs 

with different efficiencies. Figure 4 shows average removal efficiency of 47% for the evaluated 

MPs using sand. The treatment with sand is relevant since it is comparable to the one performed 

in infiltration bed OSSFs, which is the most frequently used in Sweden. The obtained REs were 

not satisfactory and the average value of 47 % RE was the lowest obtained among the tested 

sorbents. Low MP RE of sand filters has been previously reported by (Blum et al. 2016), 
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showing that it is not an effective approach. Lignite and Xylit showed better average removal 

efficiencies (68 and 75 %, respectively), but far from the ones obtained with GAC and GAC+P. 

Average REs of 97 % and 98 % were obtained for GAC and GAC+P, respectively. GAC (and by 

extension GAC+P) has been widely reported in the scientific literature to have good MP removal 

capabilities (Margot et al. 2013, Boehler et al. 2012, Altmann et al. 2014). However, the good 

REs obtained in the present work are better than the previously reported ones, including the 

study carried out by Hernandez-Leal et al. 2011 in grey water for 16 MPs, with REs higher than 

72 %. 

Appendix 7.7.2 includes the results from the two-way analysis of variance (ANOVA) without 

replication to compare the REs between the different sorbents in multiple scenarios: (I) including 

all sorbents, (II) Xylit, GAC+P and GAC, (III) GAC+P and GAC. Results showed that there was 

a significant variation between the REs of the five sorbents tested (p = 4.63*10
-36

), meaning that 

the five sorbents did not have a statistically similar REs. A significant variation between the 

three sorbents with the best RE (Xylit, GAC+P and GAC) was also determined (p = 2*10
-11

), 

meaning that the three sorbents did not have statistically similar REs. Finally, the MPs REs had 

no statistically significant difference (p = 0.42) between GAC and GAC+P (they had statistically 

similar REs), suggesting that the role played by Polonite in the removal process was not 

significant.   

 
Figure 4: Boxplot showing the average (over the 12 weeks) removal efficiencies obtained for the 

studied MPs with different sorbent materials. 

 

The different physicochemical properties of PFASs can lead to different behaviour in 

comparison with the rest of MPs during the removal processes (Gonzalez-Barreiro et al. 2006). 

Therefore, we evaluated this class separately and the results are summarized in Table 6 and 

Figure 5.  
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Table 6: Total measured concentration, ∑MPs reduction (%) and average removal efficiency 

(%) of PFASs throughout all five weeks, calculated for the spiked and non-spiked inlets and for 

the five different evaluated sorbents (lignite, Xylit, GAC+P, GAC and sand). 

 
Inlet 

Spiked 

Inlet 
Lignite Xylite GAC+P GAC Sand 

Total measured 

concentration (ng L
-1

) 
35.0 14,197 11,016 11,569 399 380 11,759 

∑PFASs reduction 

(%) 
- - 22 19 97 97 17 

Average removal 

efficiency (%) 
- - 38 35 94 93 27 

 

GAC and GAC+P were the sorbents showing the best REs (∑PFASs reduction 97 % and 93 % 

and average removal values of 97 % and 94 %, respectively). The two-way ANOVA test 

evaluating the average weekly REs of PFASs for GAC+P and GAC sorbent showed no 

significant difference between them (p = 0.21), suggesting once again that the influence of 

Polonite on the removal process was not significant. The differences with the other materials 

were more pronounced. The performances of the other sorbents lignite, Xylit and sand for the 

removal of PFASs were poor with average RE of 38 %, 35 % and 27 %, respectively. Therefore, 

Lignite, Xylit and sand do not seem to be good sorbents for PFASs removal from wastewater. 

The specific role of some selected physicochemical properties in the removal process will be 

studied with detail in Section 3.1.3. 
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Figure 5: Boxplot showing the average removal efficiencies obtained for PFASs with different 

sorbent materials. 

 

Unlike when evaluating the removal of all MPs, the two-way ANOVA comparing lignite and 

Xylit showed no statistically significant difference between the sorbents in the REs of PFASs (p 

= 0.26). For lignite, the ∑PFASs reduction was 22 % and for Xylit it was 19 %.  

3.1.2 Inter-week variations in removal efficiency 

The inter-week variations in the REs for the evaluated MPs with different sorbents were 

evaluated. The objective was to determine potential decreases in the REs during the evaluated 

period (12 weeks). The RE of MPs is expected to decrease after a certain time due to partial 

saturation of the sorbents (Hernandez-Leal et al. 2011). In a last step, the breakthrough volume 

can be exceeded meaning that the sorbent is totally saturated and is no longer functioning 

removing the compounds. The breakthrough volume is important since it determines the 

potential longevity of the sorbent. This study does not aim at determining the breakthrough 

volumes. However, the observation of the different trends in the period of study can provide 

important information to compare the potential longevity of the tested sorbents. This is a very 

important factor since after this point, sorbents should be either replaced or regenerated, with the 

associated economic costs.    

The curves representing the average RE for all the studied MPs vs time are shown in Figure 6. 

In all the curves, it can be observed that the REs slightly increased during the first week (GAC, 

GAC+P or sand) or the first three weeks (lignite and Xilyt). This behaviour can be explained by 

the fact that there is often organic matter attached to the sorbents before they are used. Therefore, 

an equilibrium time is required until the sorbent can perform at their maximum capacities. This 

has been described in previous studies with soil by Murillo-Torres et al. 2012 and with 

preloading GAC experiments by Detlef R. U. Knappe et al. 1999. After the equilibration point, 
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all the sorbents showed a decreasing trend to different extents. The inter-week variation was 

evaluated using two-way ANOVA without replication, and because of the equilibration problem 

described above, only the last three weeks were used for the calculations. Results can be seen in 

Appendix 7.7.3. 

GAC and GAC+P had statistically no significant difference in inter-week variation (p = 0.06 and 

p = 0.27 respectively) and they had low decrease in the average RE during the 12 weeks (from 

98 % at week 2 to 96 % by the end of the experiment for GAC+P and similarly 99 % to 95 % for 

GAC). Lignite and Xylit showed a longer period of equilibration where the average RE increased 

from 62 % to ≈80 % in both cases. After that point, the RE for Xylit decreased very slightly until 

78 %, but this change was statistically insignificant (p= 0.18). On the contrary, the RE for lignite 

sharply decreased until 60 % after 12 weeks and this sharp decrease in RE was statistically 

significant (p=0.0001). After the equilibration, sand also showed a statistically significant (p= 

0.004) decrease in RE (from 47 % to 35 %). These results show that GAC and GAC+P were also 

the best sorbents for the removal of MPs also considering the potential longevity. 

 
Figure 6: Average removal efficiency (%) throughout the twelve-week experiment for each 

sorbent for ∑MPs.  

 

From Figure 6 the average behaviour of the sum of evaluated micropollutants (∑MPs) can be 

determined. However, the behaviour of the 57 detected individual MPs was not homogeneous. 

For example, the RE vs time was also plotted for nine selected analytes that were considered 

representative of the whole list of substances. The curves for each sorbent are available in Figure  

A in Appendix 7.7.3. In the graphs, it can be observed that the curves for GAC+P and GAC 
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were always close to 100% RE for the selected analytes, except in the case of methylparaben, 

where a significant dip for an unknown reason in RE occurred in the fourth week. Lignite 

showed a strong decreasing RE trend over time for caffeine, DEET, ibuprofen, metformin and 

PFOS. Sand showed also a strong decrease in RE over time for DEET, ibuprofen, nicotine and 

PFOS. This is consistent with the observations made from Figure 6. For the other sorbents, the 

behaviour of the different MPs was much more heterogeneous and it is difficult to make sound 

conclusions from the curves. Nevertheless, it seems clear that the specific behaviour of each 

micropollutant should be evaluated separately to obtain a realistic picture.   

3.1.3 Grouping of compounds according to physicochemical properties and removal 

MPs include thousands of chemicals with a very wide range of physicochemical properties. It is 

expected that the RE of these substances during the different applied wastewater treatments is 

related to some of those properties. In order to better understand how the different analytes 

behave with the tested sorbent materials, if they can be grouped together by categories and if 

they are correlated with each other PLS was used to construct score scatter plots. Removal 

efficiency was used as Y variable and the X variables (as seen in Appendix 7.6) were molecular 

weight (MW), acid dissociation constant (pka), partition coefficient (log Kow), water solubility 

(WS), distribution coefficient at pH 5.5 and at pH 7.4 (Log D (pH 5.5) and Log D (pH 7.4) 

respectively), surface area (S), apolar surface area (SA), polar surface area (SP), the ratio 

between apolar and polar surface area (SA/SP) and number of aromatic bonds (AB). In cases 

when the REs were very similar (e.g. GAC and GAC+P, most of them between 90 and 100%), 

the main factor affecting the grouping is the combination of the selected physicochemical 

properties.  

Figure 7 shows the results obtained when using GAC as a sorbent. It can be observed that 

PFASs formed a clear group, meaning that their physicochemical properties are clearly different 

from the rest of the studied MPs and, to a lesser extent, that they followed a different removal 

pattern. When looking at the PFASs group, it can be observed that they are placed in increasing 

chain length order from right to left. This is because the physicochemical properties of this group 

of compounds are related to the chain length and the RE can also be affected by this factor. 

There does not seem to be any distinction between sulfonated and carbonated PFASs in their 

groupings. The three short-chained sulfonated PFASs (PFBS, PFHxS, PFOS) do group, but they 

also have very similar chain lengths. FOSA is the outlier of the group, probably because is the 

only sulphonamide.  The score scatter plots for lignite, Xylit, GAC+P and sand are available in 

Appendix 7.7.5. The different grouping of PFASs in comparison with the rest of MPs was 

observed with all the sorbents, highlighting the different characteristics of these compounds. 

Pharmaceuticals and stimulants also grouped well as is shown in Figure 7 (GAC) and Appendix 

7.7.5 (for other sorbents). In all the cases, few general outliers were identified, such as 

amitriptyline, metformin, salicylic acid and simvastatin. Amitriptyline might be an outlier 

because it has the highest SA/SP ratio (174) of all analytes, closest other being mirtazapine with 

22.5. Metformin is the only analyte analysed with no AB (excluding PFASs), and it also has the 
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highest WS (same WS as for nicotine, 1,000,000 mg L
-1

 – miscible with water). Salicylic acid is 

one of the smallest molecules analysed (138 Da), and it also has one of the lowest pka values 

(2.9). Simvastatin has the highest surface area (S) (646 Å
2
) of all the analysed analytes (excusing 

PFASs), and also one of the highest MWs (418 Da). Overall, all the named outliers are rather 

different from each other, and do not seem to share many commonalities.  

Pharmaceuticals include a very heterogeneous number of compounds and the different 

subcategories might also group according to their potential similar physicochemical properties 

and removal mechanisms. Pharmaceuticals and stimulants were studied separately and the results 

obtained are shown in Figure 8 (GAC) and in the Appendix 7.7.5 (for the other sorbents).  

Figure 8 showed that several different classes of pharmaceuticals clearly grouped, including 

antidepressants, antiepileptic, antihypertensive, beta blockers or NSAIDs. This fact can be 

explained due to that pharmaceuticals with similar mode of action (often with the same chemical 

functional groups) have closer physicochemical properties and therefore behave similarly with 

the different sorbents.  

Outliers were easy to find in each category. Primidone was an outlier for antiepileptics, 

potentially due to its low Log D values (Log D pH5.5= -0.2 and Log D pH7.4= -0.66) compared 

to other antiepileptics (where the Log D pH5.5 values varied from 1.43 to 2.28 and Log D pH7.4 

values varied from 0.1 to 2.28). Also, primidone had pka=11.6, while for the rest of the analytes, 

pka varied from only 4.17 to 5.7. Amitriptyline was an outlier amongst antidepressants for all 

other sorbents except for GAC, for GAC norsertraline was an outlier antidepressant. 

Amitriptyline and norsertraline both have rather low WS (0.82 mg L
-1 

and 10.61 mg L
-1

 resp.) 

compared to other antidepressants (WS from 31.09 mg L
-1 

to 537.10 mg L
-1

). Also, amitriptyline 

has very low SP (3 Å
2
) and very high SA (523 Å

2
), compared to the rest of the antidepressants 

(SP from 19 to 40 Å
2
 and SA from 404 to 470 Å

2
), and it has the highest SA/SP of all analytes 

(174). Salicylic acid was an outlier amongst NSAIDs, which could potentially be explained by its 

very different WS (3803 mg L
-1

) compared to other NSAIDs (from 0.09 mg L
-1

 to 144.9 mg L
-1

). 

It is also the smallest NSAID (138 Da, others from 206 to 353 Da).  

The three evaluated parabens were located very close to each other in the score scatter plots. For 

other categories of MPs (pesticides, artificial sweeteners and personal care products) the number 

of substances was too low to draw sound conclusions regarding their removal pattern. 

In general, the consistent grouping with the different sorbents indicates a potentially strong 

relationship between the physicochemical properties of the substances and the removal patterns 

during wastewater treatment. The presented graphics, showing the removal groupings, can be 

very useful for future studies evaluating MP removal. They allow the possibility to select 

representative MPs, and to avoid potential outliers that do not conform well to the general 

category. By being able to select representative analytes for each group of MPs of interest, the 

results of future studies would have higher significance and would have more relevant results.
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Figure 7: Score Scatter Plot for all the studied micropollutants for the removal experiments 

performed using the sorbent GAC. The blue and the purple rectangles show the grouping of 

PFAS pharmaceutical, respectively. 

 

Figure 8: Score Scatter Plot for the studied pharmaceuticals and stimulants for the removal 

experiments performed using the sorbent GAC. The yellow rectangle shows antidepressant 

grouping, purple shows antiepileptic grouping, orange shows antihypertensive grouping, bright 

pink shows beta blocker grouping and light pink shows NSAID grouping. 
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3.1.4 Relation of the removal efficiencies with the physicochemical properties of the MPs 

To relate the physiochemical properties of the analytes with their REs, the following variables 

were normalized and studied with Pearson Correlation analysis: molecular weight (MW), acid 

dissociation constant (pka), partition coefficient (Log Kow), water solubility (WS), distribution 

coefficient at pH 5.5 and at pH 7.4 (Log D (pH 5.5) and Log D (pH 7.4) respectively), surface 

area (S), apolar surface area (SA), polar surface area (SP), the ratio between apolar and polar 

surface area (SA/SP) and number of aromatic bonds (AB) (Table 7). These variables were partly 

selected based on assumptions made about variables that could potentially affect the removal. 

For example, the water solubility might affect removal, depending on how well the analytes are 

dissolved in wastewater. Other variables such as AB, S, SA, SP and SA/SP were selected based 

on literature from Svahn, Bjorklund 2015. The assumption was that these variables would be 

able to behave like a proxy for the functional groups of the analytes. A table containing all the 

values for the variables used for the tests can be found in Appendix 7.6. These variables, along 

with calculated removal efficiencies for the different analytes (Appendix 7.7.1) were analysed 

using Pearson Correlation analysis, the resulting table can be seen in Table 7.  

When examining the influence of the variables on the RE of MPs, it is important to take into 

account that some of them correlate with each other (Appendix 7.7.4). For example, MW and S 

are highly correlated since both parameters describe the molecule size (R=0.73). In addition, Log 

D pH5.5 and pH7.4 are highly correlated with each other (R=0.9) and they are also correlated 

with Log Kow (R=0.76 for pH5.5 and R=0.75 for pH7.4). Therefore, for future studies, only one 

of these variables can be sufficient in order to evaluate and to predict the potential correlation 

between RE and MPs. MW is also rather correlated with Log Kow (R=0.66), so choosing one of 

the Log Ds for future analysis would be advisable. 

PFASs were evaluated separately from the rest of MPs since their behaviour was very 

differentiated (Figure 7). When comparing the variables affecting PFASs removal with the 

different evaluated sorbents, clear differences were observed (Table 7). GAC+P had no 

correlated variables, and GAC had less highly correlated variables than other sorbents. Lignite 

and Xylit showed very similar variables affecting the removal of PFASs, as well as similar REs. 

In both cases MW, Log Kow, Log D pH5.5, Log D pH7.4 and S were highly correlated with high 

removal efficiency. This similarity in their behaviour can be explained as Xylit is a form of 

lignite, and they have very similar properties.  The same variables affected the removal when 

using sand as a sorbent (p < 0.05). However, the significance was lower than for lignite and 

Xylit. The similarities and differences of the correlated variables with RE of PFASs between 

lignite, Xylit and sand are illustrated in Figure 9 (the figure illustrating Log D pH5.5 correlation 

with RE are in Appendix 7.8). The small differences in the significant levels of the correlated 

variables could be explained by the lower average PFASs RE with sand (27 %) compared to both 

lignite (38 %) and Xylit (35 %).  REs obtained with GAC showed correlation with MW, Log Kow 

and S (Table 7). However, when the correlations were graphically visualized, it becomes clear 

that the statistically significance is a result from an artefact (Figure 10). Since REs close to 
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100% were obtained for all the compounds using GAC+P (94 %) and GAC (93 %), results are 

biased. It is not possible to extract any reliable significant trends and follow up experiments with 

higher spiking levels or less adsorbents are needed.  

Table 7: Correlation of the evaluated physicochemical properties with the removal efficiency of 

the analytes with the different sorbents. The correlation is shown as R values, and the 

significance of the correlation is shown with a p-value representative colouring, 95% confidence 

interval.   

 All MPs (excluding PFASs) PFASs 

Lignite Xylit GAC+P GAC Sand Lignite Xylit GAC+P GAC Sand 

Log MW 0.08 -0.03 -0.08 0.00 -0.26 0.87 0.88 -0.40 -0.60 0.85 

pka 0.12 0.31 -0.14 0.15 0.39 0.41 0.40 0.05 0.10 0.01 

Log Kow 0.28 0.05 -0.08 -0.12 -0.06 0.82 0.87 -0.49 -0.67 0.80 

Log (WS+10) -0.11 0.01 0.03 0.05 0.17 0.08 0.01 0.32 0.25 0.26 

Log D pH5.5 0.19 0.06 0.02 0.02 -0.01 0.92 0.93 -0.35 -0.50 0.70 

Log D pH7.4 0.49 0.40 -0.03 0.04 0.21 0.91 0.92 -0.37 -0.52 0.70 

Log S 0.33 0.21 0.02 0.16 -0.06 0.87 0.90 -0.45 -0.64 0.87 

Log (SA+10) 0.43 0.35 -0.01 0.13 0.01 -0.24 -0.28 0.25 0.30 -0.03 

Log (SP+10) -0.37 -0.37 0.09 -0.02 -0.32 -0.01 -0.08 0.28 0.33 0.03 

Log (SA/SP+10) 0.38 0.33 -0.02 0.06 0.21 -0.33 -0.37 0.23 0.28 -0.06 

Log (AB+10) 0.18 0.07 -0.22 -0.09 -0.14 - - - - - 

No colour – p>0.05, result is not significant 

Light grey – p<0.05  

Dark grey – p<0.01  

Black – p<0.001  

 

The size of the PFAS molecules (corresponding to MW and S variables) were correlated with 

high REs as shown in Table 7 and Figure 9. The longer chained PFASs (larger molecular size) 

are more hydrophobic and tend to stronger bonds with the sorbents than the shorter chained 

counterparts, resulting in better removal. The relationship between PFASs chain length and 

sorption has also been demonstrated by Higgins, Luthy 2006 and McCleaf et al. 2017. However, 

the long chained PFASs are also more likely to sorb to the soil and sediments in contact with the 

contaminated water (Ahrens et al. 2010). It means that they might be overall harder to remove 

from the environment once they are present. This makes it even more important to remove 

PFASs during wastewater treatment.  

Log D pH5.5, Log D pH7.4 (as well as Log Kow) are a measure of the lipophilicity, meaning that 

the higher Log D the more hydrophobic is the compound. These variables can be easily 

influenced by changing the pH of the solvent, thereby altering the RE of PFASs. The relation of 

the sorption of PFASs and the pH dependency has been previously described by Higgins, Luthy 

2006. With lower wastewater pH, the analytes are more lipophilic and thereby the retention of 

the PFASs to the sorbent will be increased and the RE will be increased.  
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Figure 9: Physiochemical properties affecting PFASs removal for lignite, Xylit and sand. In the 

figures, the physiochemical property (y-axis) is plotted against removal efficiency (%) (x-axis). 

Significance of the trend is shown with a p-value, 95% confidence interval, p-value <0.05 is 

considered to be significant. 
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Figure 10: Physiochemical properties affecting PFAS removal for GAC. In the figures, the 

physiochemical property (y-axis) is plotted against removal efficiency (%) (x-axis). Significance 

of the trend is shown with a p-value, 95% confidence interval, p-value <0.05 is considered to be 

significant. 

 

The variables correlated with the overall MP removal (excluding PFASs) can be seen in Table 7. 

Lignite and Xylit showed once again a similar pattern in variables correlated with RE, with the 

exception of pka and S. pka showed to be correlated with RE for Xylit but not for lignite, and S 

was correlated for lignite but not for Xylit. Also, there were differences in the significance level 

of the variables between the two sorbents; Log D pH7.4 and SA were more highly correlated 

with RE for lignite than they were for Xylit. These differences explain why Xylit and lignite had 

significantly different removal efficiencies (p=0.001) and why Xylit had overall better average 

REs than lignite (74 % and 65 %, respectively). The better performance in the removal of MPs 

with Xylit could be attributable to less of a reliance on S and by being more correlated with pka. 

The variables correlated with RE for all MPs are graphically illustrated in Appendix 7.8. 

GAC+P and GAC could not be evaluated, due to overly high RE, as discussed above. Sand, 

having the lowest average RE (47 %), and only SP and pka was correlated with RE. The low 

number of correlated variables could explain the low average REs; the sand sorbent might not 

have been specific enough resulting in a lot of competing removal mechanisms.   

For Xylit and sand, a high pka was also significantly correlated with high REs. The higher the 

pka, the less likely the analyte is to be ionized in the solution. Meaning that the higher the pka 

the less water soluble the compound will be, resulting in stronger sorption to the sorbent and 

thereby higher RE. SA, SP and SA/SP were correlated variables for lignite and Xylit (SP also for 

sand). The sorbents were designed to remove non-polar MPs. Therefore, the larger the SA area 

of the sorbent was and smaller the SP was, the better it would be removed. Having a large SA 

and small SP means that the MP interacts with the sorbent through strong non-polar interactions 

and hydrophobic interactions. The importance of high SA/SP for high sorption for 

pharmaceuticals has been also demonstrated by Svahn, Bjorklund 2015. Hydrophobic 

interactions being one of the most important mechanism of sorption for pharmaceuticals has also 

been previously demonstrated by Scheytt et al. 2005. 
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The evaluation of the potential correlations between the physicochemical properties and the REs 

could not be performed for all the MPs at the same time. As was previously mentioned, the 

specific properties of PFAS biased the results leading to false correlations as it is illustrated in 

Appendix 7.8. 

3.2 Groundwater samples 

Incoming water (effluent water of septic tank), shortened to “inlet”, from two infiltration OSSFs 

was evaluated along with groundwater samples from sites potentially affected by these facilities. 

The goal was to determine if OSSFs represent a real risk for the contamination of groundwater 

with MPs. In order to better discuss the composition profiles of the samples, the analytes were 

divided into six categories; (I) Antiepileptics. Antihypertensives and Antilipidemic Agents, 

(II) Antibiotics and Antidepressants, (III) Beta blockers and NSAIDs, (IV) Other 

Pharmaceuticals, including analgesics, antifungals, antipsychotic agents, diuretics, opiates, 

opioids and metabolites and sedatives, (V) PFASs and (VI) Other substances, including 

artificial sweeteners, parabens, personal care products, pesticides and stimulants. 

3.2.1 Occurrence of MPs in the evaluated area 

Out of the 83 analysed analytes, 65 were detected in the OSSF wastewater samples. 56 analytes 

were determined in at least one groundwater sample. All the compounds detected in the 

groundwater samples were previously detected in the OSSFs except 6 analytes (propylparaben, 

FOSA, PFHxA, PFUnDA, amitriptyline and sertraline) in Storlien and 5 analytes (PFHpA, 

PFHxA, PFNA, PFOS and PFUnDA) in Ånn. Overall, 23 analytes were found in more than 80 % 

of the samples and 12 out of the 23 analytes were found in 100% of the samples: five 

pharmaceuticals (erythromycin, lidocaine, metformin, norsertraline, salicylic acid and valproic 

acid), two widely used stimulants (caffeine and nicotine), one PFAS (PFOA), one 

pesticide/insect repellent (DEET) and two parabens (ethylparaben and methylparaben). The 

concentration ranges for each analyte along with their frequency of detection are summarized in 

Table 8. The samples were divided into inlet wastewater from the OSSFs and groundwater 

samples. The full table with the specific concentration for each analyte detected in each sample, 

including MLOD and MLOQ, can be seen in Appendix 7.9. It is noteworthy that the inlet 

OSSFs samples were collected as a grab sample at one specific point in time and they contain the 

MPs accumulated in a relatively small period of time (few days). Grab sample is a sample taken 

at a specific time or during a very short time, and therefore it only represents the wastewater MP 

composition of that specific point of time. However, the accumulation of MPs in the 

groundwater occurred potentially during a much longer period (years). This is one reason why 

the concentrations in groundwater for some analytes can be higher than those found in OSSFs 

samples, or (as mentioned above) some analytes detected in groundwater were not detected in 

the inlet at all.  
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Table 8: Concentration ranges and frequencies of detection for the evaluated micropollutants 

detected in the wastewater of the selected OSSFs and the groundwater samples potentially 

affected by these facilities.  

   

Inlet 

concentration 

range (ng L
-1

) 

Groundwater 

concentration 

range (ng L
-1

) 

Frequency 

of 

detection 

(%) Category Type Analytes Min Max Min Max 

(I)  

Antiepileptics. 

Antihypertensives 

and Antilipidemic 

Agents 

Antiepileptic 

Carbamazepine 0.8 12 2.2 21 88 

Lamotrigine 0.4 8.6 13 39 75 

Primidone n.d. n.d. n.d. n.d. n.d. 

Valproic acid 3.9 35 1.9 11 100 

Antihypertensive 

Diltiazem 0.2 0.2 n.d. n.d. 13 

Irbesartan 4.1 157 34 130 75 

Losartan 70 178 0.8 28 75 

Valsartan 0.3 160 33 92 75 

Antilipidemic 

Agents 

Atorvastatin 10 22 0.5 6.6 75 

Gemfibrozil 0.4 0.4 1.1 2.8 63 

Simvastatin 2.7 2.7 n.d. n.d. 13 

 

(II)  

Antibiotics and 

Antidepressants 

Antibiotic 

Amoxicillin n.d. n.d. n.d. n.d. n.d. 

Azithromycin 3.1 3.1 n.d. n.d. 13 

Chloramphenicol n.d. n.d. n.d. n.d. n.d. 

Clarithromycin 0.1 3.4 0.2 1.0 75 

Erythromycin 0.2 21 0.1 2.6 100 

Metronidazole 0.7 0.7 n.d. n.d. 13 

Roxithromycin n.d. n.d. n.d. n.d. n.d. 

Sulfamethoxazole 0.7 0.9 0.1 4.6 88 

Tetracycline n.d. n.d. n.d. n.d. n.d. 

Trimethoprim 0.3 2.7 0.5 1.1 63 

Antidepressant 

Amitriptyline 341 341 1.2 1.2 25 

Citalopram 1.3 4.9 0.1 0.1 50 

Desvenlafaxine 1.4 18 7.8 20 75 

Fluoxetine 0.8 0.8 n.d. n.d. 13 

Mirtazapine 3.6 57 0.4 5.2 75 

Norsertraline 11 13 5.4 9.0 100 

Paroxetine 6.6 6.6 n.d. n.d. 13 

Sertraline 2.4 2.4 0.4 0.4 25 

Venlafaxine 8.6 64 17 21 63 

(III) 

Beta blockers and 

NSAIDs 

Beta blocker 

Albuterol 0.5 0.5 0.1 0.4 38 

Atenolol 42 167 6.9 15 75 

Metoprolol 79 185 4.8 37 75 
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Inlet 

concentration 

range (ng L
-1

) 

Groundwater 

concentration 

range (ng L
-1

) 

Frequency 

of 

detection 

(%) Category Type Analytes Min Max Min Max 

Propranolol 1.3 2.2 0.2 0.3 63 

Sotalol 0.4 13 3.2 9.9 75 

NSAID 

(nonsteroidal anti-

inflammatory 

drug) 

Aceclofenac 1.1 1.1 n.d. n.d. 13 

Diclofenac 37 53 7.1 45 75 

Ibuprofen 757 1400 2.6 502 88 

Meclofenamic acid 1.3 1.3 n.d. n.d. 13 

Mefenamic Acid n.d. n.d. n.d. n.d. n.d. 

Naproxen 98 600 7.0 14 63 

Salicylic acid 14 25 2.5 12 100 

(IV) 

Other 

Pharmaceuticals 

Analgesics 

(painkiller) 

Acetaminophen 

(Paracetamol) 

4465 9215 12 114 75 

Tramadol 26 244 3.4 23 75 

Anesthetic Lidocaine 6.5 41 0.1 8.6 100 

Antidiabetic Metformin 822 922 0.3 176 100 

Antifungal 
Climbazole 2.2 3.3 0.3 1.2 63 

Fluconazole 16 17 0.7 26 88 

Antilipemic drug Bezafibrate 0.5 0.5 0.2 0.2 50 

Antipsychotic Clozapine 4.8 4.8 0.7 0.7 25 

Antisecretory 

Agent 

Omeprazole 2.2 94 n.d. n.d. 25 

Ranitidine 9.4 9.4 n.d. n.d. 13 

Diuretics 
Furosemide 35 110 2.8 26 75 

Hydrochlorothiazide 73 100 18 62 75 

Opiates. Opioids 

and metabolites 

Codeine 40 205 0.6 15 75 

Oxycodone n.d. n.d. n.d. n.d. n.d. 

Sedative 
Diazepam 0.02 2.2 0.02 0.02 38 

Oxazepam 3.1 24 9.5 23 75 

(V) 

PFASs 

 FOSA 0.01 0.01 0.01 2.6 88 

PFBA n.d. n.d. n.d. n.d. n.d. 

PFBS 0.2 0.3 0.2 0.4 88 

PFDA 0.2 0.2 0.2 0.4 63 

PFDoDA n.d. n.d. n.d. n.d. n.d. 

PFHpA 0.2 0.2 0.2 0.4 75 

PFHxA n.d. n.d. 0.3 0.8 63 

PFHxS 0.7 1.0 0.3 1.0 88 

PFNA 0.1 0.1 0.1 0.2 75 
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Inlet 

concentration 

range (ng L
-1

) 

Groundwater 

concentration 

range (ng L
-1

) 

Frequency 

of 

detection 

(%) Category Type Analytes Min Max Min Max 

PFOA 0.1 0.5 0.2 2.2 100 

PFOS 0.7 0.7 0.1 3.9 88 

PFPeA n.d. n.d. n.d. n.d. n.d. 

PFTeDA n.d. n.d. n.d. n.d. n.d. 

PFUnDA n.d. n.d. 0.02 0.2 50 

(VI) 

Other substances 

Artificial 

sweetener 

Acesulfame 41 112 5.2 55 88 

Sucralose 225 1316 82 814 88 

Paraben 

Ethylparaben 0.2 0.5 0.1 2.8 100 

Methylparaben 0.6 5.0 1.4 444 100 

Propylparaben 3.8 3.8 0.6 93 88 

UV filter Oxybenzone 6.9 6.9 n.d. n.d. 13 

Insect repellent DEET 24 142 0.5 28 100 

Metabolite of 

dichlobenil 

BAM 8.0 8.0 n.d. n.d. 13 

Stimulant 

Caffeine 5788 9419 40 885 100 

Cocaine 0.1 0.1 0.1 0.1 38 

Nicotine 714 1627 0.6 30 100 

 

In general, the inlet samples had higher MPs total concentrations (Ånn 14,942 ng L
-1

 and 

Storlien 25,641 ng L
-1

), compared with the groundwater samples (Ånn from 104 ng L
-1

 to 222 ng 

L
-1

 and Storlien from 1,796 ng L
-1

 to 2,771 ng L
-1

). The high levels of MPs in groundwater and 

other water systems have also been previously reported by Juhler, Felding and by  Phillips et al. 

2015.  Figure 11 shows the relative abundance of each analyte type, grouped in the different 

compound categories. In general, there were high levels of MP contamination found in the inlet 

samples and lower concentrations were found in groundwater. It should be noted, that as the 

“Inlet” samples are grab samples, then not many conclusions can be drawn by comparing 

concentrations of analytes in the inlet to the concentrations the groundwater samples. This is 

because the “Inlet” samples only represent a specific point in time, while the MPs in 

groundwater might have been accumulating over many years.  
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Figure 11: Total concentration of the different categories of MPs in the evaluated samples (ng L
-

1
). 

 

Overall, the Ånn samples, both inlet and groundwater samples, had lower detected MP 

concentrations (total concertation was 15,267 ng L
-1

) compared to Storlien (total concentration 

was 34,621 ng L
-1

). The difference in groundwater samples, between Ånn and Storlien, could be 

due to different reasons, such as ground composition (soil composition, presence of clay, 

porosity of the soil, etc.). It could be that the soil around the Ånn OSSF is slightly better at 

removing MPs, resulting in a lower amount reaching the groundwater. The difference could also 

be due to the Ånn OSSF being connected to a lower number of households, and therefore the 

overall amount of MPs received by that facility is lower. Also, there is an accumulation effect in 

the groundwater, as the small amounts of MPs which was not removed by the infiltration bed 

might add up over time in the groundwater to a high concentration. There could also be other 

nearby OSSFs. 

The six different categories of analytes were all represented in all samples, but in very different 

concentrations. “Antiepileptics. Antihypertensives and Antilipidemic Agents” had relatively low 

concentrations both in inlet samples (Ånn inlet 229 ng L
-1 

and Storlien 437 ng L
-1

) and in the 

groundwater samples (Ånn from 4 to 12 ng L
-1

 and Storlien from 110 to 212 ng L
-1

). “Antibiotics 

and Antidepressants” had a lot higher inlet concentration in Ånn (481 ng L
-1

) compared to 

Storlien (86 ng L
-1

), and the groundwater contamination was rather low in both locations (Ånn 6 
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to 9 ng L
-1

 and Storlien 28 to 53 ng L
-1

). “Beta blockers and NSAIDs” had inlet concentrations in 

Ånn of 1,271 ng L
-1

 and in Storlien 2,207 ng L
-1

, of that concertation, a large part was from 

ibuprofen (in Ånn 757 ng L
-1

 and in Storlien 1,401 ng L
-1

). “Other pharmaceuticals” were 

strongly represented in the samples, especially in the inlet samples (Ånn 6,039 ng L
-1

 and 

Storlien 10,307 ng L
-1

). This was most likely exaggerated due to the extremely high 

concentrations of acetaminophen (paracetamol) in the inlets (Ånn 4,465 ng L
-1

 and Storlien 

9,216 ng L
-1

). PFASs had very low concentrations in all samples (from 9 to 0.3 ng L
-1

) showing 

that this area is not heavily affected by these pollutants. Apart from that, high levels of caffeine, 

nicotine and sucralose were found in the samples. These MPs were in much higher 

concentrations compared to the rest of detected MPs. 

The groundwater samples were collected at different distances from the studied OSSFs in order 

to investigate differences and the existence of a potential gradient. The hypothesis was that the 

concentration of MPs would be significantly lower in the sites located far from the OSSFs. For 

Ånn the total concentration of MPs in the groundwater sampling site located far from the OSSF 

(104 ng L
-1

) was lower than in the closer location (221 ng L
-1

). This indicates that even though 

the MPs are reaching the groundwater, the contamination is more localized. On the other hand, in 

Storlien the groundwater contamination was strong in all the measured groundwater samples 

(from 1,796 to 2,771 ng L
-1

). The total measured concentration of MPs was even slightly higher 

in the groundwater samples taken from further away (Far 2= 2,771 ng L
-1

, Far 1= 2,292 ng L
-1

, 

Close 1= 2,122 ng L
-1

, Close 2= 1,796 ng L
-1

), as seen from Figure 11. This indicates 

widespread contamination that could be due to many factors, such as the overall MP load on the 

facility, how it was constructed and the ground around the OSSF. Also, it could be because of 

factors not related to the studied OSSFs, such as other nearby OSSFs, or the previously 

mentioned accumulation affect in groundwater. 

3.2.2 Composition profiles of MPs in OSSF wastewater and potentially affected groundwater 

The composition profiles (Figure 13 and Figure 14) and the cluster analysis (Figure 15) of the 

different sampling locations were evaluated. Some analytes, with very high concentrations, were 

excluded from their respective substance classes as they would have overwhelmed the 

composition profile (i.e. from “Beta blockers and NSAIDs” ibuprofen was exuded, from “Other 

Pharmaceuticals” acetaminophen (paracetamol) and metformin were excluded and from “Other 

Substances” sucralose, caffeine and nicotine were excluded). But all the analytes of a certain 

class where included in the total concentration calculation. Cluster analysis was done to better 

see if there was a trend, as visually, it can be hard to determine if the composition profiles look 

similar or not. In general, the Storlien samples composition profiles did look similar and different 

from Ånn samples.  

For Antiepileptics, Antihypertensives and Antilipidemic Agents the composition profiles 

were very similar for the incoming water from the OSSFs of Storlien and the water from 

potentially affected groundwater. The two far locations were bit more different from each other, 

but similar still to the close locations. This would make sense, as the far locations in Storlien 
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were rather distant from each other, and the location Far 1 was much closer to the infiltration 

bed, compared to Far 2. This demonstrates that these compounds are reaching the groundwater 

from the associated OSSFs. The four groundwater samples showed a similar profile. Therefore, 

the OSSF seems to be the major source of MPs in the groundwater. For Ånn this is not so 

obvious. It can be because the concentrations are very low in the groundwater and some of the 

compounds are below MLOQ. Therefore, the composition profiles are not clear. However, the 

cluster analysis showed higher correlation between these sites. 

Antibiotics and Antidepressants did not show a strong correlation between the sites visually, 

but cluster analysis did show the expected trends for both Storlien and Ånn. In both cases 

composition from the inlet to the groundwater changed with the distance to the OSSF. Why 

trends in this category might have been harder to observe, might have been due to generally low 

concentrations of antibiotics (from 0.4 to 32 ng L
-1

) and antidepressants (from 9 to 54 ng L
-1

 and 

Ånn Inlet=480 ng L
-1

) in the samples. Antibiotics and antidepressants were also evaluated as 

separate categories (Appendix 7.9.1). There did not seem to be any clear trends for antibiotics. 

But antidepressants somewhat did show the expected trend, especially when looking at cluster 

analysis.  

For Beta blockers and NSAIDs, a clear trend could not be observed neither visually nor from 

cluster analysis. Other Pharmaceuticals showed a similar trend as with “Antiepileptics, 

Antihypertensives and Antilipidemic Agents” for Storlien; clearly linking the groundwater 

contamination to the OSSF. For Ånn no conclusions could be drawn due to very low 

concentrations in groundwater (1.0 to 0.4 ng L
-1

).  

PFASs show a strong correlation between the samples taken from Storlien, as all four 

groundwater samples and even the inlet look very similar. It should also be noted, that PFASs 

seem to increase in concentration the further the groundwater is from the OSSF (Inlet= ng L
-1

, 

Close 1= 6.5 ng L
-1

, Close 2=6.3 ng L
-1

, Far 1=8.3 ng L
-1

, Far 2=9.3 ng L
-1

). This can be due to 

the way the groundwater system is connected. There is a flow from the close locations to the far 

locations. This can lead to accumulation of PFASs in the far locations, as PFASs do not 

biodegrade well. Also, diffuse sources, such as atmospheric deposition, runoff and storm water 

can make a significant contribution to the PFASs levels in the groundwater. No trends could be 

observed in the Ånn samples.    

From the Other Substances, sucralose (inlet from 225 to 1,316 ng L
-1

, groundwater from 0 to 

814 ng L
-1

), caffeine (inlet from 5,788 to 9,419 ng L
-1

, groundwater from 40 to 885 ng L
-1

) and 

nicotine (inlet from 714 to 1,627 ng L
-1

, groundwater from 2 to 30 ng L
-1

) were excluded from 

the composition profiles and from the cluster analysis, due to their extremely high 

concentrations. As these analytes are very common, a high concentration of them was expected. 

The total concentration of these can be seen in Figure 12. From there it can be observed, that 

caffeine is found in very high concentrations in the inlet samples (from 5,788 ng L
-1 

to 9,419 ng 

L
-1

). In groundwater however, especially in Storlien, sucralose seems to be the most prominent 
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(from 431 ng L
-1 

to 814 ng L
-1

). This could be due to the poor degradation  of sucralose in the 

OSSFs (Kokotou et al. 2012; Labare, Alexander 1993). In the Figure 14, methylparaben is 

strongly represented amongst “other substances” (inlet from 0.6 to 5 ng L
-1

, groundwater from 

1.4 to 444 ng L
-1

), this is because it is a very common preservative and is widely used in PCPs 

and food. There does seem to a similar pattern correlating the four groundwater samples in 

Storlien, indicating that the contamination is linked to the OSSF. No trends could be observed in 

Ånn samples.   

 
Figure 12: Composition profile (%) for sucralose, caffeine and nicotine in OSSF wastewater and 

groundwater. The total concentration in the sample is listed on the top of each bar (ng L
-1

). 

 

In general, the composition profiles and cluster analysis showed, that indeed the samples were 

connected and that Inlet sample was more similar overall to the Close samples, and that the 

Close samples were more like Far samples. The results showed a change in the composition 

profiles of the analytes, as they were filtered both through the infiltration bed and through the 

surrounding ground. This is clear evidence that the OSSFs were the main source of groundwater 

MP contamination is the surrounding area.  
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Figure 13: Composition profiles (%) for the evaluated groups of substances in OSSF wastewater and 

groundwater. The total concentration of all the compounds belonging to each category is listed on the top of 

each bar (ng L
-1

). Some analytes, with very high concentrations, were excluded from their respective substance 

classes as they would have overwhelmed the composition profile. From Beta blockers and NSAIDs ibuprofen 

was exuded. But all the analytes of a certain class where included in the total sample concentration calculation. 
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Figure 14: Composition profiles (%) for the evaluated groups of substances in OSSF wastewater and 

groundwater. The total concentration of all the compounds belonging to each category is listed on the top of 

each bar (ng L
-1

). Some analytes, with very high concentrations, were excluded from their respective substance 

classes as they would have overwhelmed the composition profile. From “other pharmaceuticals” 

acetaminophen (paracetamol) and metformin were excluded, from “other substances” sucralose, caffeine and 

nicotine were excluded. But all the analytes of a certain class where included in the total sample concentration 

calculation. 
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Figure 15: Cluster analysis based on the different concentrations of the measured analytes of the 

evaluated categories of MPs in the different sampling sites.  Some analytes, with very high 

concentrations, were excluded from their respective substance classes as they would have overwhelmed 

the cluster analysis. From “beta blockers and NSAIDs” ibuprofen was exuded. From “other 

pharmaceuticals” acetaminophen (paracetamol) and metformin were excluded, from “other substances” 

sucralose, caffeine and nicotine were excluded. 
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 Conclusion 4.
The evaluation of the removal efficiency of 83 MPs showed that GAC+P and GAC had the best 

average REs (98 % and 97 %, respectively), followed by Xylit (75%), lignite (68%) and sand 

(47%). Two-way ANOVA without replication test showed that there was no statistical difference 

between the GAC+P and GAC REs (p = 0.42). The results thus suggest that the role played by 

Polonite in the removal process was not significant. For PFASs the differences in REs between 

the best sorbents (GAC+P and GAC) and the other sorbents (lignite, Xylit and sand) was even 

more pronounced. This illustrats further the inadequacy of sand, lignite and Xylit for wastewater 

treatment regarding removal of MPs.  

There was no statistically significant change in RE with time for GAC+P, GAC nor for Xylit. 

The results also showed that Xylit was better than lignite, as it had better average REs and it had 

superior longevity. Sand was the worst tested sorbent, with both lowest average RE and with fast 

decreasing RE with time. The results also showed that Polonite does not improve the RE nor the 

longevity of GAC. In conclusion, GAC is superior for wastewater treatment, compared to the 

other tested sorbents. 

The PLS score scatter plots showed, for all sorbents studied, a similar pattern and clear 

groupings of pharmaceuticals and PFASs were observed. This illustrated that the PFAS and 

pharmaceutical groups had significantly different physiochemical properties and that they 

interact with the sorbents differently. The three evaluated parabens were also located very close 

to each other in the score scatter plots. For other categories of MPs (pesticides, artificial 

sweeteners and personal care products) the number of substances was too low to draw sound 

conclusions regarding their removal pattern. Pharmaceutical and stimulant score scatter plots 

also showed that several different classes of pharmaceutical clearly grouped including 

antidepressants, antiepileptic, antihypertensive, beta blockers or NSAIDs. This could be 

explained by the fact that pharmaceuticals with similar mode of action (often with the same 

chemical functional groups) have closer physicochemical properties and therefore behave 

similarly with the different sorbents. In general, the consistent grouping with the different 

sorbents indicates a potentially strong relationship between the physicochemical properties of the 

substances and the removal patterns during wastewater treatment. These results can be important 

for future studies as it simplifies the process of choosing representative MPs for experiments. For 

many studies only a handful of MPs are chosen, and therefore it is important that they are not 

outliers, but represent well their respective groups.  

Pearson Correlation analysis studying the relation of the removal efficiencies with the 

physicochemical properties of the MPs were performed. The results of the study showed that 

PFAS removal was mostly dependent on the PFAS chain length and the pH of the water. In 

particular, MW, Log Kow, Log D pH5.5, Log D pH7.4 and S were highly correlated with high 

removal efficiency for Xylit, lignite and sand sorbents. The longer the PFAS chain length the 

more hydrophobic it will be, and therefore it will have better RE. But this also means that the 
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longer chained PFASs will also interact stronger with the sediments and other particles in natural 

water, making them harder to remove, compared to shorter PFASs, once they are already in the 

environment.  

For all MPs (excluding PFASs) Xylit and lignite did have several commonalities, indicating that 

the removal mechanisms of the two sorbents are rather similar. In general, high correlation with 

high pka and Log D pH7.4 and RE indicates, as for the case with PFASs, that lipophilicity is 

important for RE. Also, having a large SA and small SP (and large SA/SP) means that the MP 

interacts with the sorbent through strong non-polar interactions and hydrophobic interactions. 

Therefore SA/SP (and SA, SP) are good predictors of MP removal. With the current study design 

no correlated variables could be determined for GAC+P nor GAC for any of the tested analytes 

combinations (neither for all MPs nor PFASs). 

Regarding the potential contamination of groundwater by surrounding OSSFs, the results showed 

that there was rather high MP contamination in groundwater surrounding the OSSF. In Ånn the 

contamination was more localized, as the MP concentration decreased with distance from the 

OSSF. In Storlien, the contamination appeared to be more widespread, as all sampled 

groundwater locations showed similarly high levels of contamination. Composition profiles and 

cluster analysis for many of the analyte groups showed that in Storlien the OSSF seems to be the 

major source of MPs in the groundwater. Other sources of contamination could have also 

included the accumulation affect in groundwater and nearby other OSSFs. For Ånn this trend 

was not so obvious, and no sound conclusions could be made. The high amount of MP 

contamination in the groundwater is a problem, as it affects the quality of drinking water and is a 

general threat to the environment. More measures should the taken to reduce the MP 

contamination from OSSFs.  
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 For future study 5.
The physicochemical properties affecting GAC and GAC+P could not be evaluated, since all the 

REs were close to 100%. Therefore, it would be advisable to perform experiments with much 

higher concentrations, or to alter the REs by other means. Although such high concentrations are 

not environmentally realistic, it would allow to get more comprehensive conclusions regarding 

the physiochemical properties affecting removal.  

The PLS could also be improved by increasing the number of analytes. It would be interesting to 

see if there are also groupings for pesticides, artificial sweeteners and personal care products. 

Also, more pharmaceuticals of different types would increase the understanding of the different 

pharmaceutical groupings. This might also help to better understand the outliers. 

Inter-week variation of the different sorbents would be improved if there would be multiple 

replicates of each sample, allowing also to better visualize the behavior of individual analytes 

with the different sorbents. Also, longer experiment duration would be required to better asses 

the longevity of the sorbents.  

To better understand the extent of MP contamination in groundwater, a more extensive 

monitoring would be required, with more OSSFs and with more affected groundwater. It would 

also be needed to sample drinking water wells, since people in the area are drinking the 

groundwater and it can potentially be contaminated.  

  



55 

 

 Publication bibliography 6.
activated carbon - Jurassic Carbon. Available online at 

https://www.jurassiccarbon.com/pages/activated-carbon, checked on 4/21/2017. 

Ahrens, Lutz; Norström, Karin; Viktor, Tomas; Cousins, Anna Palm; Josefsson, Sarah (2015): 

Stockholm Arlanda Airport as a source of per- and polyfluoroalkyl substances to water, 

sediment and fish. In Chemosphere 129, pp. 33–38. DOI: 

10.1016/j.chemosphere.2014.03.136. 

Ahrens, Lutz; Taniyasu, Sachi; Yeung, Leo W. Y.; Yamashita, Nobuyoshi; Lam, Paul K. S.; 

Ebinghaus, Ralf (2010): Distribution of polyfluoroalkyl compounds in water, suspended 

particulate matter and sediment from Tokyo Bay, Japan. In Chemosphere 79 (3), pp. 266–

272. DOI: 10.1016/j.chemosphere.2010.01.045. 

Aivalioti, Maria; Pothoulaki, Despina; Papoulias, Panagiotis; Gidarakos, Evangelos (2012): 

Removal of BTEX, MTBE and TAME from aqueous solutions by adsorption onto raw and 

thermally treated lignite. In Journal of hazardous materials 207-208, pp. 136–146. DOI: 

10.1016/j.jhazmat.2011.04.084. 

Altmann, Johannes; Ruhl, Aki Sebastian; Zietzschmann, Frederik; Jekel, Martin (2014): Direct 

comparison of ozonation and adsorption onto powdered activated carbon for micropollutant 

removal in advanced wastewater treatment. In Water research 55, pp. 185–193. DOI: 

10.1016/j.watres.2014.02.025. 

Avloppsguiden | Behandling: små avlopp, avloppsteknik, m.m. | avloppsguiden.se. Available 

online at http://husagare.avloppsguiden.se/behandling.html, checked on 1/9/2017. 

Avloppsguiden | infiltration. Available online at 

http://husagare.avloppsguiden.se/infiltration.html, checked on 5/24/2017. 

Bledzka, Dorota; Gromadzinska, Jolanta; Wasowicz, Wojciech (2014): Parabens. From 

environmental studies to human health. In Environment International 67, pp. 27–42. DOI: 

10.1016/j.envint.2014.02.007. 

Blum, Kristin M.; Andersson, Patrik L.; Renman, Gunno; Ahrens, Lutz; Gros, Meritxell; Wiberg, 

Karin; Haglund, Peter (2016): Non-target screening and prioritization of potentially 

persistent, bioaccumulating and toxic domestic wastewater contaminants and their removal 

in on-site and large-scale sewage treatment plants. In The Science of the total environment 

575, pp. 265–275. DOI: 10.1016/j.scitotenv.2016.09.135. 

Boberg, Julie; Taxvig, Camilla; Christiansen, Sofie; Hass, Ulla (2010): Possible endocrine 

disrupting effects of parabens and their metabolites. In Reproductive toxicology (Elmsford, 

N.Y.) 30 (2), pp. 301–312. DOI: 10.1016/j.reprotox.2010.03.011. 

Boehler, M.; Zwickenpflug, B.; Hollender, J.; Ternes, T.; Joss, A.; Siegrist, H. (2012): Removal 

of micropollutants in municipal wastewater treatment plants by powder-activated carbon. In 

Water Science and Technology 66 (10), pp. 2115–2121. DOI: 10.2166/wst.2012.353. 



56 

 

Borg, Daniel; Lund, Bert-Ove; Lindquist, Nils-Gunnar; Håkansson, Helen (2013): Cumulative 

health risk assessment of 17 perfluoroalkylated and polyfluoroalkylated substances (PFASs) 

in the Swedish population. In Environment International 59, pp. 112–123. DOI: 

10.1016/j.envint.2013.05.009. 

Borova, Viola L.; Maragou, Niki C.; Gago-Ferrero, Pablo; Pistos, Constantinos; Thomaidis, 

Nikolaos S. (2014): Highly sensitive determination of 68 psychoactive pharmaceuticals, 

illicit drugs, and related human metabolites in wastewater by liquid chromatography-tandem 

mass spectrometry. In Analytical and bioanalytical chemistry 406 (17), pp. 4273–4285. 

DOI: 10.1007/s00216-014-7819-3. 

Boxall, Alistair B. A.; Rudd, Murray A.; Brooks, Bryan W.; Caldwell, Daniel J.; Choi, Kyungho; 

Hickmann, Silke et al. (2012): Pharmaceuticals and personal care products in the 

environment: what are the big questions? In Environmental health perspectives 120 (9), 

pp. 1221–1229. DOI: 10.1289/ehp.1104477. 

Calgon Carbon: Granular Activated Carbon. Available online at 

http://www.calgoncarbon.com/granular-activated-carbon/, checked on 11/22/2016. 

Canosa, P.; Rodriguez, I.; Rubi, E.; Negreira, N.; Cela, R. (2006): Formation of halogenated by-

products of parabens in chlorinated water. In Analytica chimica acta 575 (1), pp. 106–113. 

DOI: 10.1016/j.aca.2006.05.068. 

Carrara, Cherilyn; Ptacek, Carol J.; Robertson, William D.; Blowes, David W.; Moncur, Michael 

C.; Sverko, Ed; Backus, Sean (2008): Fate of Pharmaceutical and Trace Organic 

Compounds in Three Septic System Plumes, Ontario, Canada. In Environ. Sci. Technol. 42 

(8), pp. 2805–2811. DOI: 10.1021/es070344q. 

Clara, M.; Kreuzinger, N.; Strenn, B.; Gans, O.; Kroiss, H. (2005): The solids retention time-a 

suitable design parameter to evaluate the capacity of wastewater treatment plants to remove 

micropollutants. In Water research 39 (1), pp. 97–106. DOI: 10.1016/j.watres.2004.08.036. 

Coal Prices and Outlook - Energy Information Administration. Available online at 

https://www.eia.gov/energyexplained/index.cfm?page=coal_prices, checked on 4/21/2017. 

Conn, Kathleen E.; Siegrist, Robert L.; Barber, Larry B.; Meyer, Michael T. (2010): Fate of trace 

organic compounds during vadose zone soil treatment in an onsite wastewater system. In 

Environmental toxicology and chemistry 29 (2), pp. 285–293. DOI: 10.1002/etc.40. 

Cucarella, Victor; Renman, Gunno (2009): Phosphorus sorption capacity of filter materials used 

for on-site wastewater treatment determined in batch experiments-a comparative study. In 

Journal of environmental quality 38 (2), pp. 381–392. DOI: 10.2134/jeq2008.0192. 

Czekalski, Nadine; Berthold, Tom; Caucci, Serena; Egli, Andrea; Buergmann, Helmut (2012): 

Increased Levels of Multiresistant Bacteria and Resistance Genes after Wastewater 

Treatment and Their Dissemination into Lake Geneva, Switzerland. In Front. Microbiol. 3, 

p. 106. DOI: 10.3389/fmicb.2012.00106. 



57 

 

Darbre, P. D.; Aljarrah, A.; Miller, W. R.; Coldham, N. G.; Sauer, M. J.; Pope, G. S. (2004): 

Concentrations of parabens in human breast tumours. In Journal of applied toxicology : JAT 

24 (1), pp. 5–13. DOI: 10.1002/jat.958. 

Detlef R. U. Knappe; Vernon L. Snoeyink; Pascal Roche; Maria JosÈ Prados; and Marie- 

Marguerite Bourbigot (1999): Atrazine removal by preloaded GAC. In American Water 

Works Association 91 (10), pp. 97–109. 

Donner, C.; Remmler, F.; Zullei-Seibert, N.; Schöttler, U.; Grathwohl, P. (2002): Enhanced 

removal of herbicides by different in-site barrier-systems (GAC, FAC, anthracite, lignite 

coke) in slow sand filtration. In Water Science and Technology: Water Supply 2 (1), 

pp. 123–128. Available online at 

http://ws.iwaponline.com/content/ppiwawstws/2/1/123.full.pdf. 

Eggen, Rik I. L.; Hollender, Juliane; Joss, Adriano; Scharer, Michael; Stamm, Christian (2014): 

Reducing the discharge of micropollutants in the aquatic environment: the benefits of 

upgrading wastewater treatment plants. In Environmental science & technology 48 (14), 

pp. 7683–7689. DOI: 10.1021/es500907n. 

Ensminger, Michael P.; Budd, Robert; Kelley, Kevin C.; Goh, Kean S. (2013): Pesticide 

occurrence and aquatic benchmark exceedances in urban surface waters and sediments in 

three urban areas of California, USA, 2008-2011. In Environmental monitoring and 

assessment 185 (5), pp. 3697–3710. DOI: 10.1007/s10661-012-2821-8. 

EPA; U. S.: Contaminants of Emerging Concern including Pharmaceuticals and Personal Care 

Products. Available online at https://www.epa.gov/wqc/contaminants-emerging-concern-

including-pharmaceuticals-and-personal-care-products, checked on 4/19/2017. 

EUR-Lex - 32002D0657 - EN - EUR-Lex. Available online at http://eur-lex.europa.eu/legal-

content/EN/TXT/?uri=CELEX%3A32002D0657, checked on 8/1/2017. 

Fent, Karl; Weston, Anna A.; Caminada, Daniel (2006): Ecotoxicology of human 

pharmaceuticals. In Aquatic toxicology (Amsterdam, Netherlands) 76 (2), pp. 122–159. DOI: 

10.1016/j.aquatox.2005.09.009. 

Filter bed technology | Ecofiltration Nordic AB. Available online at 

http://www.ecofiltration.se/en/filter-bed-technology/, checked on 11/24/2016. 

Gago-Ferrero, P.; Gros, M.; Athrens, L.; Wiberg, K. (2017): Impact of on-site, small and large 

scale wastewater treatment facilities on levels and fate of pharmaceuticals, personal care 

products, artificial sweeteners, pesticides, and perfluoroalkyl substances in recipient waters. 

In Science of The Total Environment. DOI: 10.1016/j.scitotenv.2017.05.258. 

Gago-Ferrero, Pablo; Diaz-Cruz, M. Silvia; Barcelo, Damia (2012): An overview of UV-

absorbing compounds (organic UV filters) in aquatic biota. In Analytical and bioanalytical 

chemistry 404 (9), pp. 2597–2610. DOI: 10.1007/s00216-012-6067-7. 

Godfrey, Emily; Woessner, William W.; Benotti, Mark J. (2007): Pharmaceuticals in on-site 

sewage effluent and ground water, Western Montana. In Ground water 45 (3), pp. 263–271. 

DOI: 10.1111/j.1745-6584.2006.00288.x. 



58 

 

Gonzalez-Barreiro, Carmen; Martinez-Carballo, Elena; Sitka, Andrea; Scharf, Sigrid; Gans, 

Oliver (2006): Method optimization for determination of selected perfluorinated alkylated 

substances in water samples. In Analytical and bioanalytical chemistry 386 (7-8), pp. 2123–

2132. DOI: 10.1007/s00216-006-0902-7. 

Gros, Meritxell; Blum, Kristin M.; Jernstedt, Henrik; Renman, Gunno; Rodríguez-Mozaz, Sara; 

Haglund, Peter et al. (2017): Screening and prioritization of micropollutants in wastewaters 

from on-site sewage treatment facilities. In Journal of hazardous materials 328, pp. 37–45. 

DOI: 10.1016/j.jhazmat.2016.12.055. 

Gustafsson, Jon Petter; Renman, Agnieszka; Renman, Gunno; Poll, Katarina (2008): Phosphate 

removal by mineral-based sorbents used in filters for small-scale wastewater treatment. In 

Water research 42 (1–2), pp. 189–197. DOI: 10.1016/j.watres.2007.06.058. 

Gutenberg, Project: Xyloid lignite | Project Gutenberg Self-Publishing - eBooks | Read eBooks 

online. Available online at http://gutenberg.us/articles/xyloid_lignite, checked on 3/1/2017. 

Gyllenhammar, Irina; Berger, Urs; Sundström, Maria; McCleaf, Philip; Eurén, Karin; Eriksson, 

Sara et al. (2015): Influence of contaminated drinking water on perfluoroalkyl acid levels in 

human serum – A case study from Uppsala, Sweden. In Environmental Research 140, 

pp. 673–683. DOI: 10.1016/j.envres.2015.05.019. 

Hamdaoui, Oualid; Naffrechoux, Emmanuel (2007): Modeling of adsorption isotherms of phenol 

and chlorophenols onto granular activated carbon. Part I. Two-parameter models and 

equations allowing determination of thermodynamic parameters. In Journal of hazardous 

materials 147 (1-2), pp. 381–394. DOI: 10.1016/j.jhazmat.2007.01.021. 

Hammer Ø., Harper D. A. T., Ryan P. D. (2001): Past: paleontological statistics software 

package for education and data analysis. Palaeontol. Electr. 4:9. Available online at 

http://palaeo-electronica.org/2001_1/past/past.pdf, checked on 5/24/2017. 

Hernandez-Leal, L.; Temmink, H.; Zeeman, G.; Buisman, C. J. N. (2011): Removal of 

micropollutants from aerobically treated grey water via ozone and activated carbon. In 

Water research 45 (9), pp. 2887–2896. DOI: 10.1016/j.watres.2011.03.009. 

Higgins, Christopher P.; Luthy, Richard G. (2006): Sorption of Perfluorinated Surfactants on 

Sediments †. In Environ. Sci. Technol. 40 (23), pp. 7251–7256. DOI: 10.1021/es061000n. 

Hjorth, Morten; Hansen, Joan Holst; Camus, Lionel (2010): Short-term effects of sucralose on 

Calanus finmarchicus and Calanus glacialis in Disko Bay, Greenland. In Chemistry and 

Ecology 26 (5), pp. 385–393. DOI: 10.1080/02757540.2010.504672. 

Hollender, Juliane; Zimmermann, Saskia G.; Koepke, Stephan; Krauss, Martin; McArdell, 

Christa S.; Ort, Christoph et al. (2009): Elimination of organic micropollutants in a 

municipal wastewater treatment plant upgraded with a full-scale post-ozonation followed by 

sand filtration. In Environmental science & technology 43 (20), pp. 7862–7869. DOI: 

10.1021/es9014629. 



59 

 

Hosseini, Bahar (2012): Pharmaceuticals removal in soil following wastewater land application. 

Available online at https://ttu-ir.tdl.org/ttu-

ir/bitstream/2346/50755/1/Hosseini_Bahar_Dissertation.pdf. 

Houde, Magali; Martin, Jonathan W.; Letcher, Robert J.; Solomon, Keith R.; Muir, Derek C. G. 

(2006): Biological Monitoring of Polyfluoroalkyl Substances. A Review. In Environ. Sci. 

Technol. 40 (11), pp. 3463–3473. DOI: 10.1021/es052580b. 

Huggett, D. B.; Stoddard, K. I. (2011): Effects of the artificial sweetener sucralose on Daphnia 

magna and Americamysis bahia survival, growth and reproduction. In Food and Chemical 

Toxicology 49 (10), pp. 2575–2579. DOI: 10.1016/j.fct.2011.06.073. 

Isin, Sule; Yildirim, Ismet (2007): Fruit-growers’ perceptions on the harmful effects of pesticides 

and their reflection on practices. The case of Kemalpasa, Turkey. In Crop Protection 26 (7), 

pp. 917–922. DOI: 10.1016/j.cropro.2006.08.006. 

Jones, Oliver A. H.; Green, Pat G.; Voulvoulis, Nikolaos; Lester, John N. (2007): Questioning 

the Excessive Use of Advanced Treatment to Remove Organic Micropollutants from 

Wastewater. In Environ. Sci. Technol. 41 (14), pp. 5085–5089. DOI: 10.1021/es0628248. 

Joss, Adriano; Keller, Elvira; Alder, Alfredo C.; Gobel, Anke; McArdell, Christa S.; Ternes, 

Thomas; Siegrist, Hansruedi (2005): Removal of pharmaceuticals and fragrances in 

biological wastewater treatment. In Water research 39 (14), pp. 3139–3152. DOI: 

10.1016/j.watres.2005.05.031. 

Joss, Adriano; Zabczynski, Sebastian; Gobel, Anke; Hoffmann, Burkhard; Loffler, Dirk; 

McArdell, Christa S. et al. (2006): Biological degradation of pharmaceuticals in municipal 

wastewater treatment: proposing a classification scheme. In Water research 40 (8), 

pp. 1686–1696. DOI: 10.1016/j.watres.2006.02.014. 

Juhler, René K.; Felding, Gitte: Monitoring Methyl Tertiary Butyl Ether (MTBE) and other 

Organic Micropollutants in Groundwater. Results from the Danish National Monitoring 

Program. In Water, Air, & Soil Pollution 149 (1-4), pp. 145–161. DOI: 

10.1023/A:1025690214854. 

Kock-Schulmeyer, Marianne; Villagrasa, Marta; Lopez de Alda, Miren; Cespedes-Sanchez, 

Raquel; Ventura, Francesc; Barcelo, Damia (2013): Occurrence and behavior of pesticides 

in wastewater treatment plants and their environmental impact. In The Science of the total 

environment 458-460, pp. 466–476. DOI: 10.1016/j.scitotenv.2013.04.010. 

Kokotou, Maroula G.; Asimakopoulos, Alexandros G.; Thomaidis, Nikolaos S. (2012): Artificial 

sweeteners as emerging pollutants in the environment. Analytical methodologies and 

environmental impact. In Anal. Methods 4 (10), p. 3057. DOI: 10.1039/c2ay05950a. 

Kolpin, Dana W.; Furlong, Edward T.; Meyer, Michael T.; Thurman, E. Michael; Zaugg, Steven 

D.; Barber, Larry B.; Buxton, Herbert T. (2002): Pharmaceuticals, Hormones, and Other 

Organic Wastewater Contaminants in U.S. Streams, 1999−2000. A National 

Reconnaissance. In Environ. Sci. Technol. 36 (6), pp. 1202–1211. DOI: 10.1021/es011055j. 



60 

 

Labare, Michael P.; Alexander, Martin (1993): Biodegradation of sucralose, a chlorinated 

carbohydrate, in samples of natural environments. In Environ Toxicol Chem 12 (5), pp. 797–

804. DOI: 10.1002/etc.5620120502. 

Lange, Frank T.; Scheurer, Marco; Brauch, Heinz-J (2012): Artificial sweeteners--a recently 

recognized class of emerging environmental contaminants: a review. In Analytical and 

bioanalytical chemistry 403 (9), pp. 2503–2518. DOI: 10.1007/s00216-012-5892-z. 

Lapworth, D. J.; Baran, N.; Stuart, M. E.; Ward, R. S. (2012): Emerging organic contaminants in 

groundwater. A review of sources, fate and occurrence. In Environmental Pollution 163, 

pp. 287–303. DOI: 10.1016/j.envpol.2011.12.034. 

Large scale wastewater treatment | Ecofiltration Nordic AB. Available online at 

http://www.ecofiltration.se/en/filter-bed-technology/large-scale-wastewater-treatment/, 

checked on 11/24/2016. 

Lillicrap, Adam; Langford, Katherine; Tollefsen, Knut Erik (2011): Bioconcentration of the 

intense sweetener sucralose in a multitrophic battery of aquatic organisms. In Environmental 

toxicology and chemistry 30 (3), pp. 673–681. DOI: 10.1002/etc.433. 

Loos, Robert; Carvalho, Raquel; Antonio, Diana C.; Comero, Sara; Locoro, Giovanni; Tavazzi, 

Simona et al. (2013): EU-wide monitoring survey on emerging polar organic contaminants 

in wastewater treatment plant effluents. In Water research 47 (17), pp. 6475–6487. DOI: 

10.1016/j.watres.2013.08.024. 

Lowenberg, Jonas; Zenker, Armin; Baggenstos, Martin; Koch, Gerhard; Kazner, Christian; 

Wintgens, Thomas (2014): Comparison of two PAC/UF processes for the removal of 

micropollutants from wastewater treatment plant effluent: process performance and removal 

efficiency. In Water research 56, pp. 26–36. DOI: 10.1016/j.watres.2014.02.038. 

Luo, Yunlong; Guo, Wenshan; Ngo, Huu Hao; Nghiem, Long Duc; Hai, Faisal Ibney; Zhang, 

Jian et al. (2014): A review on the occurrence of micropollutants in the aquatic environment 

and their fate and removal during wastewater treatment. In The Science of the total 

environment 473-474, pp. 619–641. DOI: 10.1016/j.scitotenv.2013.12.065. 

Margot, Jonas; Kienle, Cornelia; Magnet, Anoÿs; Weil, Mirco; Rossi, Luca; Alencastro, Luiz 

Felippe de et al. (2013): Treatment of micropollutants in municipal wastewater. Ozone or 

powdered activated carbon? In Science of The Total Environment 461–462, pp. 480–498. 

DOI: 10.1016/j.scitotenv.2013.05.034. 

Matamoros, Víctor; Arias, Carlos; Brix, Hans; Bayona, Josep M. (2009): Preliminary screening 

of small-scale domestic wastewater treatment systems for removal of pharmaceutical and 

personal care products. In Water research 43 (1), pp. 55–62. DOI: 

10.1016/j.watres.2008.10.005. 

McCleaf, Philip; Englund, Sophie; Östlund, Anna; Lindegren, Klara; Wiberg, Karin; Ahrens, 

Lutz (2017): Removal efficiency of multiple poly- and perfluoroalkyl substances (PFASs) in 

drinking water using granular activated carbon (GAC) and anion exchange (AE) column 

tests. In Water research 120, pp. 77–87. DOI: 10.1016/j.watres.2017.04.057. 



61 

 

Mineau, Pierre (2005): A Review and Analysis of Study Endpoints Relevant to the Assessment 

of “Long Term” Pesticide Toxicity in Avian and Mammalian Wildlife. In Ecotoxicology 14 

(8), pp. 775–799. DOI: 10.1007/s10646-005-0028-2. 

Muñoz, Ivan; Martínez Bueno, María J.; Agüera, Ana; Fernández-Alba, Amadeo R. (2010): 

Environmental and human health risk assessment of organic micro-pollutants occurring in a 

Spanish marine fish farm. In Environmental Pollution 158 (5), pp. 1809–1816. DOI: 

10.1016/j.envpol.2009.11.006. 

Murillo-Torres, Rosa; Durán-Álvarez, Juan C.; Prado, Blanca; Jiménez-Cisneros, Blanca E. 

(2012): Sorption and mobility of two micropollutants in three agricultural soils. A 

comparative analysis of their behavior in batch and column experiments. In Geoderma 189–

190, pp. 462–468. DOI: 10.1016/j.geoderma.2012.05.019. 

Nair, Rakesh R.; Demarche, Philippe; Agathos, Spiros N. (2013): Formulation and 

characterization of an immobilized laccase biocatalyst and its application to eliminate 

organic micropollutants in wastewater. In New biotechnology 30 (6), pp. 814–823. DOI: 

10.1016/j.nbt.2012.12.004. 

Neset, Tina-Simone Schmid; Singer, Heinz; Longrée, Philipp; Bader, Hans-Peter; Scheidegger, 

Ruth; Wittmer, Anita; Andersson, Jafet Clas Martin (2010): Understanding consumption-

related sucralose emissions — A conceptual approach combining substance-flow analysis 

with sampling analysis. In Science of The Total Environment 408 (16), pp. 3261–3269. DOI: 

10.1016/j.scitotenv.2010.04.003. 

Nödler, Karsten; Voutsa, Dimitra; Licha, Tobias (2014): Polar organic micropollutants in the 

coastal environment of different marine systems. In Marine Pollution Bulletin 85 (1), 

pp. 50–59. DOI: 10.1016/j.marpolbul.2014.06.024. 

Olshammar, Mikael (2015): SMED-Rapport Nr 166. 

Pelaez, Miguel; Antoniou, Maria G.; He, Xuexiang; Dionysiou, Dionysios D.; de la Cruz, Armah 

A.; Tsimeli, Katerina et al. (2010): Sources and Occurrence of Cyanotoxins Worldwide. In 

Despo Fatta-Kassinos, Kai Bester, Klaus Kümmerer (Eds.): Xenobiotics in the urban water 

cycle. Mass flows, environmental processes, mitigation and treatment strategies /  edited by 

Despo Fatta-Kassinos, Kai Bester, Klaus Kümmerer. Dordrecht, London: Springer 

(Environmental pollution, 16), pp. 101–127. 

Phillips, P. J.; Schubert, C.; Argue, D.; Fisher, I.; Furlong, E. T.; Foreman, W. et al. (2015): 

Concentrations of hormones, pharmaceuticals and other micropollutants in groundwater 

affected by septic systems in New England and New York. In Science of The Total 

Environment 512–513, pp. 43–54. DOI: 10.1016/j.scitotenv.2014.12.067. 

Pisarenko, Aleksey N.; Stanford, Benjamin D.; Yan, Dongxu; Gerrity, Daniel; Snyder, Shane A. 

(2012): Effects of ozone and ozone/peroxide on trace organic contaminants and NDMA in 

drinking water and water reuse applications. In Water research 46 (2), pp. 316–326. DOI: 

10.1016/j.watres.2011.10.021. 



62 

 

Purdom, C. E.; Hardiman, P. A.; Bye, V. V. J.; Eno, N. C.; Tyler, C. R.; Sumpter, J. P. (1994): 

Estrogenic Effects of Effluents from Sewage Treatment Works. In Chemistry and Ecology 8 

(4), pp. 275–285. DOI: 10.1080/02757549408038554. 

Rahman, Mohammad Feisal; Peldszus, Sigrid; Anderson, William B. (2014): Behaviour and fate 

of perfluoroalkyl and polyfluoroalkyl substances (PFASs) in drinking water treatment. A 

review. In Water research 50, pp. 318–340. DOI: 10.1016/j.watres.2013.10.045. 

Renman, Agnieszka; Renman, Gunno (2010): Long-term phosphate removal by the calcium-

silicate material Polonite in wastewater filtration systems. In Chemosphere 79 (6), pp. 659–

664. DOI: 10.1016/j.chemosphere.2010.02.035. 

Rybacka, Aleksandra; Andersson, Patrik L. (2016): Considering ionic state in modeling sorption 

of pharmaceuticals to sewage sludge. In Chemosphere 165, pp. 284–293. DOI: 

10.1016/j.chemosphere.2016.09.014. 

Sand Filters (2001). Available online at https://engineering.purdue.edu/~frankenb/NU-

prowd/sand.htm, updated on 4/11/2001, checked on 3/27/2017. 

Scheytt, Traugott; Mersmann, Petra; Lindstädt, Ralph; Heberer, Thomas (2005): Determination 

of sorption coefficients of pharmaceutically active substances carbamazepine, diclofenac, 

and ibuprofen, in sandy sediments. In Chemosphere 60 (2), pp. 245–253. DOI: 

10.1016/j.chemosphere.2004.12.042. 

Schultz, Melissa M.; Barofsky, Douglas F.; Field, Jennifer A. (2003): Fluorinated Alkyl 

Surfactants. In Environmental Engineering Science 20 (5), pp. 487–501. DOI: 

10.1089/109287503768335959. 

Schwarzenbach, Rene P.; Escher, Beate I.; Fenner, Kathrin; Hofstetter, Thomas B.; Johnson, C. 

Annette; Gunten, Urs von; Wehrli, Bernhard (2006): The challenge of micropollutants in 

aquatic systems. In Science (New York, N.Y.) 313 (5790), pp. 1072–1077. DOI: 

10.1126/science.1127291. 

Scrimshaw, M. D.; Lester, J. N. (1996): The Occurrence and Effects of Organic Micropollutants 

in Salt Marsh Sediments with Reference to the UK Essex Coast. A Review. In 

Environmental technology 17 (9), pp. 951–964. DOI: 10.1080/09593331708616464. 

Snedeker, S. M. (2001): Pesticides and breast cancer risk. A review of DDT, DDE, and dieldrin. 

In Environmental health perspectives 109 (Suppl 1), pp. 35–47. 

Soh, Lindsay; Connors, Kristin A.; Brooks, Bryan W.; Zimmerman, Julie (2011): Fate of 

sucralose through environmental and water treatment processes and impact on plant 

indicator species. In Environ. Sci. Technol. 45 (4), pp. 1363–1369. DOI: 

10.1021/es102719d. 

Stanford, Benjamin D.; Weinberg, Howard S. (2010): Evaluation of on-site wastewater treatment 

technology to remove estrogens, nonylphenols, and estrogenic activity from wastewater. In 

Environ. Sci. Technol. 44 (8), pp. 2994–3001. DOI: 10.1021/es903422b. 



63 

 

Svahn, Ola; Bjorklund, Erland (2015): Describing sorption of pharmaceuticals to lake and river 

sediments, and sewage sludge from UNESCO Biosphere Reserve Kristianstads Vattenrike 

by chromatographic asymmetry factors and recovery measurements. In Journal of 

chromatography. A 1415, pp. 73–82. DOI: 10.1016/j.chroma.2015.08.061. 

Teerlink, Jennifer; Martínez-Hernández, Virtudes; Higgins, Christopher P.; Drewes, Jörg E. 

(2012): Removal of trace organic chemicals in onsite wastewater soil treatment units. A 

laboratory experiment. In Water research 46 (16), pp. 5174–5184. DOI: 

10.1016/j.watres.2012.06.024. 

Terasaki, Masanori; Makino, Masakazu (2008): Determination of chlorinated by-products of 

parabens in swimming pool water. In International Journal of Environmental Analytical 

Chemistry 88 (13), pp. 911–922. DOI: 10.1080/03067310802272663. 

Terasaki, Masanori; Makino, Masakazu; Tatarazako, Norihisa (2009): Acute toxicity of parabens 

and their chlorinated by-products with Daphnia magna and Vibrio fischeri bioassays. In 

Journal of applied toxicology : JAT 29 (3), pp. 242–247. DOI: 10.1002/jat.1402. 

The Swedish Environmental Protection Agency: Wastewater treatment in Sweden 2014 ISBN 

978-91-620-8730-2. 

U.S. EPA: Water Treatability Database. Available online at 

https://iaspub.epa.gov/tdb/pages/treatment/treatmentOverview.do?treatmentProcessId=2074

826383, checked on 11/22/2016. 

Utsumi, H.; Hakoda, M.; Kiyoshige, K.; Manabe, H.; Mitade, C.; Murayama, J. et al. (1992): 

Cytotoxicity and Mutagenicity of Micropollutants in Drinking Water. In Water Science and 

Technology 25 (11), pp. 325–332. Available online at 

http://wst.iwaponline.com/content/ppiwawst/25/11/325.full.pdf. 

Vega, Everardo; Lesikar, Bruce; Pillai, Suresh D. (2003): Transport and survival of bacterial and 

viral tracers through submerged-flow constructed wetland and sand-filter system. In 

Bioresource Technology 89 (1), pp. 49–56. DOI: 10.1016/S0960-8524(03)00029-4. 

Wielsøe, Maria; Long, Manhai; Ghisari, Mandana; Bonefeld-Jørgensen, Eva C. (2015): 

Perfluoroalkylated substances (PFAS) affect oxidative stress biomarkers in vitro. In 

Chemosphere 129, pp. 239–245. DOI: 10.1016/j.chemosphere.2014.10.014. 

YunHo, Lee; Gunten, U. von (2010): Oxidative transformation of micropollutants during 

municipal wastewater treatment. Comparison of kinetic aspects of selective (chlorine, 

chlorine dioxide, ferrateVI, and ozone) and non-selective oxidants (hydroxyl radical). In 

Water Research (Oxford) 44 (2), pp. 555–566. 

 

  



64 

 

 Appendix 7.

7.1  Target compounds 

Table  A: Target compounds information.   

Category Type Compound 
CAS 

number 

Molecular 

formula 

Monoisotopic 

mass (Da) 
logKow

c
 

Artificial 

sweeteners 

 Acesulfame* 33665-90-6 C4H5NO4S 163.0 -1.33 

Sucralose* 56038-13-2 C12H19Cl3O8 396.0 -1.00 

Parabens Antifungal 

preservatives 

Ethylparaben 120-47-8 C9H10O3 166.0 2.49 

Methylparaben* 99-76-3 C8H8O3 152.0 2.00 

Propylparaben* 94-13-3 C10H12O3 180.0 2.98 

Personal care 

products 

UV filters Oxybenzone (Benzophenone-3) 131-57-7 C14H12O3 228.0 3.52 

Pesticides Insect repellent DEET* (diethyltoluamide) 134-62-3 C12H17NO 191.1 2.26 

Herbicide BAM (Dichlorobenzamide) 2008-58-4 C7H5Cl2NO 189.0 1.29 

PFASs  FOSA* (perfluorooctane 

sulfonamide) 

754-91-6 C8H2F17NO2S 498.9 7.58 

PFBA (perfluorobutanoic acid) 375-22-4 C4HF7O2 213.9 2.43 

PFBS* (perfluorobutanesulfonic 

acid) 

375-73-5 C4HF9O3S 299.9 2.41 

PFDA* (perfluorodecanoic acid) 335-76-2 C10HF19O2 513.9 9.53 

PFDoDA* (perfluorododecanoic 

acid) 

307-55-1 C12HF23O2 613.9 11.31 

PFHpA* (perfluoroheptanoic 

acid) 

375-85-9 C7HF13O2 363.9 5.33 

PFHxA* (perfluorohexanoic acid) 307-24-4 C6HF11O2 313.9 4.37 

PFHxS* (perfluorohexanesulfonic 

acid) 

355-46-4 C6HF13O3S 399.9 4.34 
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Category Type Compound 
CAS 

number 

Molecular 

formula 

Monoisotopic 

mass (Da) 
logKow

c
 

PFNA* (perfluorononanoic acid) 375-95-1 C9HF17O2 463.9 7.27 

PFOA (perfluorooctanoic acid) 335-67-1 C8HF15O2 413.9 6.30 

PFOS* (perfluorooctanesulfonic 

acid) 

1763-23-1 C8HF17O3S 499.9 7.03 

PFPeA* (perfluoropentanoic acid) 2706-90-3 C5HF9O2 263.9 3.40 

PFTeDA* (perfluorotetradecanoic 

acid) 

376-06-7 C14HF27O2 713.9 13.08 

PFUnDA* (perfluoroundecanoic 

acid) 

2058-94-8 C11HF21O2 563.9 10.42 

Pharmaceuticals Analgesics 

(painkillers) 

Acetaminophen* (Paracetamol) 103-90-2 C8H9NO2 151.0 0.46 

Tramadol 27203-92-5 C16H25NO2 263.1 3.01 

Anesthetics Lidocaine* 137-58-6 C14H22N2O 234.1 1.66 

Antibiotics Amoxicillin 26787-78-0 C16H19N3O5S 365.1 0.87 

Azithromycin 83905-01-5 C38H72N2O12 748.5 4.02 

Chloramphenicol* 56-75-7 C11H12Cl2N2O5 322.0 1.14 

Clarithromycin 81103-11-9 C38H69NO13 747.4 3.16 

Erythromycin* 114-07-8 C37H67NO13 733.4 2.83 

Metronidazole 443-48-1 C6H9N3O3 171.0 0.00 

Roxithromycin 80214-83-1 C41H76N2O15 836.5 3.73 

Sulfamethoxazole 723-46-6 C10H11N3O3S 253.0 0.48 

Tetracycline* 60-54-8 C22H24N2O8 444.1 -1.33 

Trimethoprim 738-70-5 C14H18N4O3 290.1 0.73 

Antidepressants Amitriptyline* 50-48-6 C20H23N 277.1 4.95 

Citalopram* 59729-33-8 C20H21FN2O 324.1 3.74 

Desvenlafaxine 93413-62-8 C16H25NO2 263.1 2.72 

Fluoxetine* 54910-89-3 C17H18F3NO 309.1 4.65 
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Category Type Compound 
CAS 

number 

Molecular 

formula 

Monoisotopic 

mass (Da) 
logKow

c
 

Mirtazapine 85650-52-8 C17H19N3 265.1 3.03 

Norsertraline* 87857-41-8 C16H15Cl2N 291.0 4.82 

Paroxetine* 61869-08-7 C19H20FNO3 329.1 2.57 

Sertraline 79617-96-2 C17H17Cl2N 305.0 5.29 

Venlafaxine* 93413-69-5 C17H27NO2 277.2 3.28 

Antidiabetics Metformin* 657-24-9 C4H11N5 129.1 -1.40 

Carbamazepine* 298-46-4 C15H12N2O 236.0 2.25 

Lamotrigine* 84057-84-1 C9H7Cl2N5 255.0 0.99 

Primidone* 125-33-7 C12H14N2O2 218.1 0.73 

Valproic acid* 99-66-1 C8H16O2 144.1 2.96 

Antifungals Climbazole 38083-17-9 C15H17ClN2O2 292.0 3.76 

Fluconazole 86386-73-4 C13H12F2N6O 306.1 0.25 

Antihypertensives Diltiazem 42399-41-7 C22H26N2O4S 414.1 2.79 

Irbesartan 138402-11-6 C25H28N6O 428.2 5.31 

Losartan* 114798-26-4 C22H23ClN6O 422.1 4.01 

Valsartan* 137862-53-4 C24H29N5O3 435.2 3.65 

Antilipidemic 

Agents 

Atorvastatin 134523-00-5 C33H35FN2O5 558.2 4.13 

Bezafibrate 41859-67-0 C19H20ClNO4 361.1 4.25 

Gemfibrozil* 25812-30-0 C15H22O3 250.1 4.77 

Simvastatin* 79902-63-9 C25H38O5 418.2 5.19 

Antipsychotics Clozapine* 5786-21-0 C18H19ClN4 326.1 3.35 

Antisecretory 

Agents 

Omeprazole 73590-58-6 C17H19N3O3S 345.1 3.40 

Ranitidine* 66357-35-5 C13H22N4O3S 314.1 0.29 

Beta blockers Albuterol* (Salbutamol) 18559-94-9 C13H21NO3 239.1 0.64 

Atenolol* 29122-68-7 C14H22N2O3 266.2 0.16 

Metoprolol* 51384-51-1 C15H25NO3 267.1 1.69 
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Category Type Compound 
CAS 

number 

Molecular 

formula 

Monoisotopic 

mass (Da) 
logKow

c
 

Propranolol* 525-66-6 C16H21NO2 259.1 2.60 

Sotalol 3930-20-9 C12H20N2O3S 272.1 0.37 

Diuretics Furosemide* 54-31-9 C12H11ClN2O5S 330.0 2.32 

Hydrochlorothiazide 58-93-5 C7H8ClN3O4S2 296.9 -0.10 

NSAIDs 

(nonsteroidal anti-

inflammatory drug) 

Aceclofenac* 89796-99-6 C16H13Cl2NO4 353.0 3.92 

Diclofenac* 15307-86-5 C14H11Cl2NO2 295.0 4.02 

Ibuprofen* 15687-27-1 C13H18O2 206.1 3.79 

Meclofenamic acid* 644-62-2 C14H11Cl2NO2 295.0 6.02 

Mefenamic Acid* 61-68-7 C15H15NO2 241.1 5.28 

Naproxen* 22204-53-1 C14H14O3 230.0 3.10 

Niflumic acid 4394-00-7 C13H9F3N2O2 282.0 4.60 

Salicylic acid* 69-72-7 C7H6O3 138.0 2.24 

Opiates, opioids 

and metabolites 

Codeine 76-57-3 C18H21NO3 299.1 1.28 

Oxycodone 76-42-6 C18H21NO4 315.1 0.66 

Sedatives Diazepam 439-14-5 C16H13ClN2O 284.0 2.70 

Oxazepam 604-75-1 C15H11ClN2O2 286.0 3.34 

Stimulants  Caffeine* 58-08-02 C8H10N4O2 194.1 -0.07 

Cocaine 50-36-2 C17H21NO4 303.1 2.17 

Nicotine* 54-11-5 C10H14N2 162.1 1.00 

c-KOWWIN v1,67 estimate, (EPI: Estimation Program Interface (EPI) Suite, from EPA US environmental protection agency); https://www.epa.gov/tsca-screening-tools 

(*) Analytes spiked, samples were spiked to 2 µg L-1

https://www.epa.gov/tsca-screening-tools
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7.2 Quality control and quality assurance 

Table  B: MLOD, MLOQ and recovery (of the method) for each analyte. MLOD and MLOQ 

were determined from column experiment samples when possible, for analytes not detected in the 

samples 10 ng L
-1

 standard solution was used. 

Analyte 
Recovery 

(%) 

MLOD  

(ng L
-1

) 

MLOQ  

(ng L
-1

) 

Aceclofenac* no data - - 

Acesulfame* 72 (±14) 0.035 0.116 

Acetaminophen* 44 (±1.4) 0.486 1.619 

Albuterol* no data 0.017 0.057 

Amitriptyline* 86 (±30) 0.147 0.491 

Amoxicillin 40 (±24) 1.069 3.563 

Atenolol* 80 (±4) 0.001 0.003 

Atorvastatin 71 (±16) 0.002 0.006 

Azithromycin 55 (±21) 0.349 1.164 

BAM 91 (±10) 0.617 2.056 

Bezafibrate 88 (±18) 0.003 0.009 

Caffeine* 99 (±11) 0.263 0.876 

Carbamazepine* 93 (±7) 0.005 0.015 

Chloramphenicol* no data 0.067 0.223 

Citalopram* 50 (±7) 0.015 0.051 

Clarithromycin 60 (±9) 0.036 0.119 

Climbazole 55 (±22) 0.007 0.022 

Clozapine* 65 (±13) 0.147 0.489 

Cocaine 58 (±9) 0.005 0.017 

Codeine 53 (±5) 0.070 0.232 

DEET* 97 (±4) 0.006 0.019 

Desvenlafaxine 72 (±7) 0.015 0.051 

Diazepam 48 (±6) 0.117 0.391 

Diclofenac* 80 (±4) 0.559 1.862 

Diltiazem 40 (±16) 0.003 0.011 

Erythromycin* 60 (±5) 0.076 0.252 

Ethylparaben 50 (±2) 0.059 0.195 

Fluconazole 48 (±16) 0.004 0.015 

Fluoxetine* 80 (±1.3) 0.284 0.946 

FOSA* 63 (±17) 0.116 0.388 

Furosemide* 91 (±4) 0.156 0.520 

Gemfibrozil* 83 (±12) 0.045 0.150 

Hydrochlorothiazide 90 (±30) 0.066 0.220 

Ibuprofen* 65 (±18) 3.337 11.124 

Irbesartan 40 (±16) 0.004 0.015 

Lamotrigine* 84 (±9) 0.109 0.362 

Lidocaine* 91 (±14) 0.004 0.014 

Losartan* 121 (±5) 0.144 0.479 
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Analyte 
Recovery 

(%) 

MLOD  

(ng L
-1

) 

MLOQ  

(ng L
-1

) 

Meclofenamic acid* 61 (±6) 0.051 0.169 

Mefenamic Acid* 48 (±14) 0.074 0.246 

Metformin* 60 (±26) 0.048 0.159 

Methylparaben* 83 (±2.1) 0.137 0.457 

Metoprolol* 96 (±0.6) 0.280 0.934 

Metronidazole 70 (±6) 0.022 0.072 

Mirtazapine* no data 0.233 0.776 

Naproxen* 66 (±14) 1.016 3.386 

Nicotine* no data 0.145 0.483 

Norsertraline* 86 (±10) 0.080 0.268 

Omeprazole 50 (±17) 0.013 0.044 

Oxazepam 90 (±9) 0.033 0.111 

Oxybenzone* 40 (±8) 0.243 0.809 

Oxycodone 91 (±6) 0.019 0.062 

Paroxetine* 45 (±8) 2.801 9.338 

PFBA 78 (±10) 0.398 1.325 

PFBS* 63 (±17) 0.016 0.054 

PFDA* 72 (±14) 0.022 0.075 

PFDoDA* 58 (±16) 0.078 0.260 

PFHpA* 77 (±13) 0.058 0.192 

PFHxA* 74 (±10) 0.123 0.409 

PFHxS* 63 (±17) 0.020 0.066 

PFNA* 78 (±10) 0.033 0.110 

PFOA* 77 (±13) 0.051 0.171 

PFOS* 78 (±10) 0.018 0.060 

PFPeA* 74 (±10) 0.906 3.020 

PFTeDA* 58 (±16) 0.007 0.025 

PFUnDA* 70 (±16) 0.062 0.208 

Primidone* 75 (±12) 62.880 209.600 

Propranolol* 84 (±13) 0.017 0.056 

Propylparaben* 83 (±1.7) 0.029 0.097 

Ranitidine* 74 (±6) 0.028 0.093 

Roxithromycin 81 (±9) 0.034 0.112 

Salicylic acid* 102 (±9) 1.076 3.586 

Sertraline 88 (±9) 0.014 0.047 

Simvastatin* no data 1.235 4.116 

Sotalol 122 (±15) 0.039 0.128 

Sucralose* 45 (±16) 4.182 13.939 

Sulfamethoxazole 73 (±16) 0.029 0.095 

Tetracycline* 85 (±9) 2.144 7.147 

Tramadol 60 (±3) 0.010 0.035 

Trimethoprim 68 (±12) 0.340 1.133 

Valproic acid* no data 1.306 4.353 
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Analyte 
Recovery 

(%) 

MLOD  

(ng L
-1

) 

MLOQ  

(ng L
-1

) 

Valsartan* 90 (±40) 0.041 0.137 

Venlafaxine* 70 (±5) 0.110 0.367 
* - Analytes spiked, samples were spiked to 2 µg L-1 (with 1 mg mL-1 spiking solution MEGAMIX) 

For PFAS, recoveries correspond to those obtained for the internal standard used with each particular compound. 

 



71 

 

7.3 Instrumental analysis table 

Table  C: Instrumental parameters used.  

Compound IS ESI 
Precursor 

(m/z) 

Product 1 

(m/z) 

Collision 

Energy (eV) 

Product 

2 (m/z) 

Collision 

Energy 

(eV) 

Retention 

time (min) 

Aceclofenac Diclofenac-13C6 - 352.02 75.01 15 250.02 15 4.57 

Acesulfame Metronidazole-D4 - 161.99 77.97 16 82.03 16 0.64 

Acetaminophen  Acetaminophen-D4 - 150.06 107.04 18 118.00 30 1.55 

Acetaminophen-D4  - 154.10 111.08 18 112.00 18 1.51 

Albuterol  Atenolol-D7 + 240.16 148.08 19 166.09 14 1.95 

Amitriptyline Cis-Sertraline-D3 + 278.19 91.05 25 105.07 1 5.53 

Amoxicillin Cis-Sertraline-D3 + 366.11 114.00 21 134.06 31 1.68 

Atenolol Atenolol-D7 + 267.17 145.07 25 190.09 19 2.07 

Atenolol-D7  + 274.20 145.10 25   2.05 

Atorvastatin Atorvastatin-D5 + 559.26 250.10 30 440.22 24 5.29 

Atorvastatin-D5  + 564.00 445.00 24   5.29 

Azithromycin Erythromycin-D3-13C + 749.52 158.12 40 591.40 29 5.47 

BAM  DEET-D10 + 190.00 109.00 25 145.00 15 2.89 

Bezafibrate Bezafibrate-D4 + 362.12 121.07 15 139.00 15 3.84 

Bezafibrate-D4  - 364.00 278.00 19   3.83 

Caffeine Caffeine-13C3 + 195.09 110.07 25 138.07 19 2.31 

Caffeine-13C3  + 198.10 140.09 19   2.33 

Carbamazepine Irbesartan-D7 + 237.10 192.08 24 194.10 20 4.37 

Chloramphenicol Sulfamethoxazole-D4 - 321.01 152.04 19 194.05 13 3.6 

Cis-Sertraline-D3  + 309.10 275.00 10   5.8 

Citalopram Oxazepam-D5 + 325.17 109.05 25 262.10 20 4.62 

Clarithromycin Erythromycin-D3-13C + 748.48 158.12 28 590.37 17 5.5 

Climbazole Metronidazole-D4 + 293.11 69.05 20 197.07 10 5.95 
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Compound IS ESI 
Precursor 

(m/z) 

Product 1 

(m/z) 

Collision 

Energy (eV) 

Product 

2 (m/z) 

Collision 

Energy 

(eV) 

Retention 

time (min) 

Clozapine Fluoxetine-D5 + 327.14 192.07 55 270.08 20 5.49 

Cocaine Codeine-D3 + 304.15 82.07 34 182.12 21 3.95 

Codeine Codeine-D3 + 300.16 165.07 42 183.08 28 2.99 

Codeine-D3  + 303.18 165.07 43   2.94 

DEET  DEET-D10 + 192.14 91.05 28 119.05 15 4.88 

DEET-d10  + 202.00 91.00 28 119.00 15 4.85 

Desvenlafaxine Venlafaxine-D6 + 264.20 58.20 20   3.46 

Diazepam Diazepam-D5 + 285.08 154.04 29 193.09 32 5.56 

Diazepam-D5  + 290.11 198.12 32   5.54 

Diclofenac Diclofenac-13C6 - 294.01 214.04 21 250.02 11 4.37 

Diclofenac-13C6  - 300.00 220.00 20 256.00 20 4.37 

Diltiazem Diltiazem-D4 + 415.17 150.04 42 178.03 26 5.46 

Diltiazem-D4  + 419.00 154.00 24 182.00 26 5.48 

Erythromycin Erythromycin-d3-13C + 734.47 158.12 31 576.38 19 4.76 

Erythromycin-d3-13C  + 720.20 162.10 31 562.20 25 4.76 

Ethylparaben Propylparaben-D7 - 165.00 92.00 20 136.00 25 4.14 

Fluconazole Metronidazole-D4 + 307.11 220.07 15 238.08 15 3.08 

Fluoxetine Fluoxetine-D5 + 310.14 44.04 13 148.11 9 5.37 

Fluoxetine-D5  + 315.00 44.00 13 153.17 9 5.38 

FOSA  FOSA-M8  - 498.00 78.00 34 478.00 25 6.75 

FOSA-M8   - 506.00 77.90 34   6.76 

Furosemide Furosemide-D5 - 329.00 205.03 15 207.03 15 3.3 

Furosemide-D5  - 334.00 289.80 15   3.28 

Gemfibrozil Diazepam-D5 - 249.15 121.07 15 127.08 10 5.47 

Hydrochlorothiazide Hydrochlorothiazide-D2- - 295.96 77.97 30 204.98 24 1.93 
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Compound IS ESI 
Precursor 

(m/z) 

Product 1 

(m/z) 

Collision 

Energy (eV) 

Product 

2 (m/z) 

Collision 

Energy 

(eV) 

Retention 

time (min) 

13C 

Hydrochlorothiazide-D2-13C  - 299.00 205.90 24   1.93 

Ibuprofen Ibuprofen-D3 - 205.12 161.13 8 162.13 8 4.35 

Ibuprofen-D3  - 208.14 164.15 8   4.35 

Irbesartan Irbesartan-D7 + 429.24 195.15 15 207.09 15 4.51 

Irbesartan-D7  + 436.00 202.00 15 207.00 15 4.5 

Lamotrigine Lidocaine-(diethyl)-D10 + 256.02 166.03 30 210.98 27 3.27 

Lidocaine Lidocaine-(diethyl)-D10 + 235.18 58.07 19 86.10 19 4.95 

Lidocaine-(diethyl)-D10  + 245.20 96.20 19   4.74 

Losartan Losartan-D4 + 423.17 180.08 15 207.09 15 4.14 

Losartan-D4  + 427.20 211.20 15   4.14 

Meclofenamic acid Mefenamic Acid 13C6 - 294.01 214.04 15 258.03 15 4.77 

Mefenamic Acid Mefenamic Acid 13C6 - 240.10 180.08 28 192.05 30 4.63 

Mefenamic Acid 13C6  - 246.00 186.00 28 202.00 18 4.62 

Metformin Metronidazole-D4 + 130.11 60.06 12 71.06 20 0.81 

Methylparaben Propylparaben-D7 - 150.80 91.80 20 135.80 15 3.43 

Metoprolol Atenolol-D7 + 268.19 98.10 18 116.11 18 3.4 

Metronidazole Metronidazole-D4 + 172.07 82.05 25 128.05 15 1.8 

Metronidazole-D4  + 176.20 128.10 15   1.8 

Mirtazapine Fluoxetine-D5 + 266.10 195.20 20 209.20 20 4.88 

Naproxen Ibuprofen-D3 - 229.09 169.07 30 170.07 15 3.45 

Nicotine Caffeine-13C3 + 163.12 106.07 17 117.06 28 2.25 

Norsertraline Cis-Sertraline-D3 + 275.00 89.00 15 159.10 20 5.8 

Omeprazole Metronidazole-D4 + 346.12 198.06 15   4.21 

Oxazepam Oxazepam-D5 + 287.06 104.05 37 231.07 1 4.64 
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Compound IS ESI 
Precursor 

(m/z) 

Product 1 

(m/z) 

Collision 

Energy (eV) 

Product 

2 (m/z) 

Collision 

Energy 

(eV) 

Retention 

time (min) 

Oxazepam-D5  + 292.30 246.00 25   4.64 

Oxybenzone  Oxybenzone-D5 + 229.09 105.03 15 151.04 15 6.32 

Oxybenzone-D5  + 234.00 110.00 15 151.00 15 6.31 

Oxycodone Codeine-D3 + 316.15 187.08 25 241.11 28 3.05 

Paroxetine Fluoxetine-D5 + 330.15 123.06 28 151.04 28 4.92 

PFBA  PFHxA-13C2  - 213.00 168.90 10   2.32 

PFBS  PFHxA-13C2  - 299.00 80.00 35 99.00 31 4.15 

PFDA  PFDA-13C2  - 513.00 169.00 22 218.90 18 6 

PFDA-13C2   - 515.00 470.00 10   6 

PFDoDA) PFDoDA-13C2  - 613.00 268.90 20 318.90 19 6.75 

PFDoDA-13C2  - 615.00 570.00 10   6.76 

PFHpA  PFOA-13C4  - 362.90 119.00 22 169.00 17 4.75 

PFHxA  PFHxA-13C2  - 313.00 118.90 21 268.90 10 4.2 

PFHxA-13C2   - 315.00 270.00 10   4.2 

PFHxS  PFHxS-18O2  - 399.00 79.90 42 99.00 37 5.27 

PFHxS-18O2  - 403.00 103.00 37   5.29 

PFNA  PFNA-13C5  - 463.00 168.90 20 219.00 17 5.61 

PFNA-13C5   - 468.00 423.10 10   5.61 

PFOA  PFOA-13C4  - 413.00 169.10 19 218.90 17 5.18 

PFOA-13C4   - 417.00 372.10 10   5.2 

PFOS  PFOS-13C4  - 499.20 80.00 48 98.90 42 6.13 

PFOS-13C4   - 503.00 80.00 48   6.14 

PFPeA  PFHxA-13C2  - 262.90 218.90 10   3.5 

PFTeDA  PFDoDA-13C2) - 713.00 319.00 21 368.80 21 7.45 

PFUnDA  PFUnDA-13C2  - 563.00 268.90 20 319.00 19 6.38 
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Compound IS ESI 
Precursor 

(m/z) 

Product 1 

(m/z) 

Collision 

Energy (eV) 

Product 

2 (m/z) 

Collision 

Energy 

(eV) 

Retention 

time (min) 

PFUnDA-13C2   - 565.00 520.00 13   6.38 

Primidone Codeine-D3 + 219.11 91.05 12 162.09 12 2.93 

Propranolol Atenolol-D7 + 260.17 116.11 18 183.08 18 4.28 

Propylparaben Propylparaben-D7 - 179.00 91.80 20 136.00 15 4.82 

Propylparaben-D7  - 186.00 91.80 20 136.00 25 4.8 

Ranitidine Ranitidine-D6 + 315.15 130.06 26 144.00 16 2.43 

Ranitidine-D6  + 321.10 176.10 19   2.37 

Roxithromycin Erythromycin-D3-13C + 837.53 158.12 35 679.44 23 5.62 

Salicylic acid Metronidazole-D4 - 137.02 61.01 30 79.02 30 1.3 

Sertraline Cis-Sertraline-D3 + 306.00 159.00 20 275.00 10 5.8 

Simvastatin Fluoxetine-D5 + 419.28 199.15 15 285.19 15 7.49 

Sotalol Atenolol-D7 + 273.13 213.07 16 255.12 10 1.99 

Sucralose Sucralose-D6 - 395.01 359.03 15 361.03 15 2.68 

Sucralose-D6  - 401.00 365.00 15   2.66 

Sulfamethoxazole Sulfamethoxazole-D4 + 254.06 92.05 28 108.04 25 2.09 

Sulfamethoxazole-D4  + 258.30 108.10 25 160.00 16 2.11 

Tetracycline Erythromycin-D3-13C + 445.16 154.05 30 410.12 20 2.78 

Tramadol Tramadol-D3-13C + 264.20 42.04 65 58.07 16 3.12 

Tramadol-D3-13C  + 300.20 233.90 12   3.1 

Trimethoprim Trimethoprim-D9 + 291.15 123.07 26 230.12 24 3.14 

Trimethoprim-D9  + 300.00 264.00 25   3.1 

Valproic acid Mefenamic Acid 13C6 - 143.40 143.40 17   3.1 

Valsartan Irbesartan-D7 + 436.23 235.10 15 291.15 15 3.57 

Venlafaxine Venlafaxine-D6 + 278.21 121.07 15 147.00 15 4.04 

Venlafaxine-D6  + 284.25 64.10 15   4.02 
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7.4 Analyte chromatograms for the first SRM transition for 20 ng L
-1

 standard 

solution 

The figures show the first SRM transition (as seen in Table  C in Appendix 7.3) for each 

analyte.  
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7.5 Analyte chromatograms for the first SRM transition for week 1 spiked 

inlet sample 

The figures show the first SRM transition (as seen in Table  C in Appendix 7.3) for each 

analyte. 
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7.6 Physiochemical properties of the analytes 

Table  D: Physiochemical properties of the analytes.  

Compound 
Monoisotopic 

mass (Da) 
pKa 

Log 

Kow
c
 

Water 

Solubility 

at 25 
O

C 

(mg L
-1

)
e
 

LogD 

(pH 

5.5)
d
 

LogD 

(pH 

7.4)
d
 

S = 

Surface 

area 

(Å
2
)
h
 

SA= 

apolar 

surface 

area 

(Å
2
)
h
 

SP= polar 

surface 

area (Å2
)
d
 

SA/SP 
AB=aromatic 

bonds (Å
2
)
h
 

Aceclofenac 353 4.7a 3.92 6.49 1.30 0.44 513 360 76 5 12 

Acesulfame 163 5.67b -1.33 910200.00 -3.99 -4.00 305 131 84 2 6 

Acetaminophen 151 9.4a 0.46 30350.00 0.40 0.40 332 246 49 5 6 

Albuterol 239.1 9.3b 0.64 300200.00 -2.45 -1.52 464 365 73 5 6 

Amitriptyline 277.1 9.4a 4.95 0.82 1.73 2.96 530 523 3 174 17 

Amoxicillin 365.1 2.4b 0.87 3433.00 -2.15 -3.02 496 341 162 2 14 

Atenolol 266.2 9.6a 0.16 685.20 -2.82 -1.85 534 405 85 5 6 

Atorvastatin 558.2 4.3b 4.13 0.50
f
 3.02 1.25 809 644 112 6 23 

Azithromycin 748.5 8.7a 4.02 514.00
f
 -0.79 1.36 933 840 180 5 27 

BAM  189 - 1.29 3874.00 -0.68 -0.68 311 237 44 5 6 

Bezafibrate 361.1 3.61a 4.25 1.22 1.28 -0.11 602 488 76 6 12 

Caffeine 194.1 10.4a -0.07 2632.00 0.28 0.28 368 311 58 5 10 

Carbamazepine 236 4.17a 2.25 17.66 2.28 2.28 371 317 46 7 17 

Chloramphenicol 322 7.5b 1.14 388.50 1.21 0.52 460 274 119 2 6 

Citalopram 324.1 9.4a 3.74 31.09 0.34 1.27 562 437 36 12 16 

Clarithromycin 747.4 9.0a 3.16 217.00
f 

0.67 2.38 886 810 183 4 26 

Climbazole 292 7.5b 3.76 8.28 2.94 3.32 465 388 44 9 11 

Clozapine 326.1 3.6a 3.35 11.84 0.74 2.72 510 441 31 14 23 

Cocaine 303.1 8.6a 2.17 1298.00 -0.16 1.22 483 436 56 8 15 

Codeine 299.1 8.2a 1.28 12150.00 -1.40 0.28 417 368 42 9 22 

DEET  191.1 - 2.26 666.00 2.24 2.24 440 411 20 21 6 
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Compound 
Monoisotopic 

mass (Da) 
pKa 

Log 

Kow
c
 

Water 

Solubility 

at 25 
O

C 

(mg L
-1

)
e
 

LogD 

(pH 

5.5)
d
 

LogD 

(pH 

7.4)
d
 

S = 

Surface 

area 

(Å
2
)
h
 

SA= 

apolar 

surface 

area 

(Å
2
)
h
 

SP= polar 

surface 

area (Å2
)
d
 

SA/SP 
AB=aromatic 

bonds (Å
2
)
h
 

Desvenlafaxine 263.1 9.18b 2.72 3670.00 -0.36 0.89 441 380 44 9 12 

Diazepam 284 3.3a 2.70 58.78 2.91 2.92 441 408 33 12 18 

Diclofenac 295 4.2a 4.02 4.52 3.14 1.37 425 338 49 7 12 

Diltiazem 414.1 7.7a 2.79 12.30 0.55 2.06 677 551 84 7 18 

Erythromycin 733.4 8.8a 2.83 450.00
f 

-0.02 1.69 860 793 194 4 26 

Ethylparaben 166 8.34a 2.49 1894.00 2.53 2.48 395 307 47 7 6 

Fluconazole 306.1 2.03a 0.25 335.50 0.70 0.70 404 293 82 4 16 

Fluoxetine 309.1 10.1b 4.65 38.35 1.18 1.75 557 435 21 21 12 

FOSA 498.9 6.52a 7.58 0.00 5.51 5.00 512 22 69 0 0 

Furosemide 330 4.3b 2.32 149.30 -0.06 -0.78 504 274 131 2 11 

Gemfibrozil 250.1 4.4b 4.77 4.96 3.37 1.58 533 469 47 10 6 

Hydrochlorothiazide 296.9 7.9a -0.10 1292.00 0.01 -0.01 420 166 135 1 11 

Ibuprofen 206.1 4.4a 3.79 41.05 2.25 0.45 430 364 37 10 6 

Irbesartan 428.2 3.5b 5.31 0.06 2.22 1.43 655 592 87 7 27 

Lamotrigine 255 5.7a 0.99 3127.00 1.43 1.68 371 243 91 3 12 

Lidocaine 234.1 8.0a 1.66 237.70 -0.07 1.26 504 481 36 13 6 

Losartan 422.1 4.1a 4.01 0.82 2.35 1.61 622 561 93 6 22 

Meclofenamic acid 295 3.8a 6.02 0.09 4.13 2.95 456 374 49 8 12 

Mefenamic Acid 241.1 4.2a 5.28 1.12 3.49 2.04 441 363 49 7 12 

Metformin 129.1 2.8a -1.40 1000000.00 -3.37 -3.36 278 173 89 2 0 

Methylparaben 152 8.4a 2.00 5981.00 2.14 2.09 349 255 47 5 6 

Metoprolol 267.1 9.7b 1.69 4777.00 -1.20 -0.25 602 543 51 11 6 

Metronidazole 171 3.1b 0.00 25730.00 0.05 0.05 336 203 84 2 5 
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Compound 
Monoisotopic 

mass (Da) 
pKa 

Log 

Kow
c
 

Water 

Solubility 

at 25 
O

C 

(mg L
-1

)
e
 

LogD 

(pH 

5.5)
d
 

LogD 

(pH 

7.4)
d
 

S = 

Surface 

area 

(Å
2
)
h
 

SA= 

apolar 

surface 

area 

(Å
2
)
h
 

SP= polar 

surface 

area (Å2
)
d
 

SA/SP 
AB=aromatic 

bonds (Å
2
)
h
 

Mirtazapine 265.1 7.1a 3.03 39.32 0.69 2.40 441 428 19 23 22 

Naproxen 230 4.2a 3.10 144.90 2.24 0.45 453 347 47 7 11 

Nicotine 162.1 3.2a 1.00 1000000.00 -1.97 -0.37 338 316 16 20 11 

Niflumic acid 282 1.9b 4.60 2.56 2.48 1.68 451 234 62 4 12 

Norsertraline 291 - 4.82 10.61 1.56 2.83 410 404 26 16 17 

Omeprazole 345.1 4.8b 3.40 82.28 2.03 2.08 630 538 96 6 16 

Oxazepam 286 1.7a 3.34 20.71 2.06 2.06 420 329 62 5 18 

Oxybenzone  228 7.6b 3.52 68.56 3.88 3.65 444 355 47 8 12 

Oxycodone 315.1 8.9a 0.66 27640.00 -1.22 0.45 419 363 59 6 22 

Paroxetine 329.1 9.9b 2.57 537.10 0.61 1.46 538 426 40 11 22 

PFBA  213.9 0.4a 2.43 765.70 -1.11 -1.13 308 0 37 0 0 

PFBS  299.9 0.14b 2.41 107.00 -1.56 -1.56 369 84 63 1 0 

PFDA  513.9 -0.21b 9.53 514090.00
g 

3.64 3.62 506 0 37 0 0 

PFDoDA  613.9 -0.22b 11.31 0.70
g 

4.60 4.58 579 0 37 0 0 

PFHpA  363.9 -0.19b 5.33 0.35 1.14 1.11 400 0 37 0 0 

PFHxA  313.9 -0.16b 4.37 4.70 0.17 0.15 374 0 37 0 0 

PFHxS  399.9 0.14b 4.34 0.60 -0.54 -0.54 436 84 63 1 0 

PFNA  463.9 -0.21b 7.27 0.00 2.86 2.84 468 0 37 0 0 

PFOA  413.9 -0.2b 6.30 0.03 1.85 1.82 440 0 37 0 0 

PFOS  499.9 -3.27b 7.03 520.00
g 

0.66 0.66 505 85 63 1 0 

PFPeA  263.9 -0.10b 3.40 61.11 -0.32 -0.34 334 0 37 0 0 

PFTeDA  713.9 -0.22b 13.08 0.03
g 

5.79 5.77 647 0 37 0 0 

PFUnDA  563.9 -0.22b 10.42 4.00
g 

4.25 4.23 537 0 37 0 0 
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Compound 
Monoisotopic 

mass (Da) 
pKa 

Log 

Kow
c
 

Water 

Solubility 

at 25 
O

C 

(mg L
-1

)
e
 

LogD 

(pH 

5.5)
d
 

LogD 

(pH 

7.4)
d
 

S = 

Surface 

area 

(Å
2
)
h
 

SA= 

apolar 

surface 

area 

(Å
2
)
h
 

SP= polar 

surface 

area (Å2
)
d
 

SA/SP 
AB=aromatic 

bonds (Å
2
)
h
 

Primidone 218.1 11.6a 0.73 5874.00 -0.20 -0.66 360 300 65 5 12 

Propranolol 259.1 9.5a 2.60 228.00 0.21 1.15 505 436 41 11 11 

Propylparaben 180 8.4a 2.98 529.30 2.87 2.81 416 333 47 7 6 

Ranitidine 314.1 8.1b 0.29 24660.00 -2.29 -0.63 633 506 112 5 5 

Roxithromycin 836.5 9.17a 3.73 187.00
f 

1.10 2.80 1097 996 217 5 26 

Salicylic acid 138 2.97b 2.24 3808.00 -0.56 -0.77 284 157 58 3 6 

Sertraline 305 9.5a 5.29 3.52 2.13 3.14 436 430 12 36 17 

Simvastatin 418.2 4.2b 5.19 0.77 4.60 4.60 646 567 73 8 17 

Sotalol 272.1 8.3a 0.37 5513.00 -2.73 -1.63 526 363 87 4 6 

Sucralose 396 12.52a -1.00 22750.00 -0.17 -0.17 408 270 129 2 11 

Sulfamethoxazole 253 2.0b 0.48 3942.00 0.56 -0.56 450 298 107 3 11 

Tetracycline 444.1 3.3a -1.33 3877.00 -3.27 -3.55 527 332 182 2 21 

Tramadol 263.1 9.4a 3.01 1151.00 -0.50 0.52 483 436 33 13 12 

Trimethoprim 290.1 7.1a 0.73 2334.00 -1.16 -1.15 537 391 99 4 12 

Valproic acid 144.1 4.6a 2.96 894.60 1.89 0.10 378 323 37 9 0 

Valsartan 435.2 3.8b 3.65 1.41 0.36 -0.87 584 492 112 4 17 

Venlafaxine 277.2 9.3b 3.28 266.70 0.16 1.43 505 470 33 14 12 
a-experimental pKa; b-theoretical pKa;  

c-KOWWIN v1.67 estimate. (EPI: Estimation Program Interface (EPI) Suite) (from EPA US environmental protection agency); https://www.epa.gov/tsca-screening-tools 

d-ACD/Labs Percepta Platform - PhysChem Module; http://www.acdlabs.com/products/percepta/predictors.php 

e-Water Solubility Estimate from LogKow (WSKOW v1.41) (EPI: Estimation Program Interface (EPI) Suite) (from EPA US environmental protection agency); 

https://www.epa.gov/tsca-screening-tools 

f-ALOGPS 2.1 estimate (from Virtual Computational Chemistry Laboratory); http://www.vcclab.org/lab/alogps/ 

g-ARCADIS; https://www.concawe.eu/wp-content/uploads/2017/01/rpt_16-8.pdf 

h-MarvinSketch version 17.2.27 estimate (from ChemAxon); (solvent accessible surface area. with solvent radius 1.4); https://www.chemaxon.com/products/marvin/marvinsketch/ 

https://www.epa.gov/tsca-screening-tools
http://www.acdlabs.com/products/percepta/predictors.php
https://www.epa.gov/tsca-screening-tools
http://www.vcclab.org/lab/alogps/
https://www.concawe.eu/wp-content/uploads/2017/01/rpt_16-8.pdf
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7.7 Column experiments results 

7.7.1 Calculated removal efficiencies 

Table  E: Calculated removal efficiencies for the analytes for each sorbent for week 1.  

 Week 1 – removal efficiency (%) 

Analytes Lignite Xylite GAC+P GAC Sand 

Aceclofenac* 75 69 n.d. n.d. 53 

Acesulfame* 0 64 100 99 17 

Acetaminophen* 3 100 100 100 100 

Albuterol* a 63 100 100 100 

Amitriptyline* 100 99 100 99 89 

Amoxicillin n.d. n.d. n.d. n.d. n.d. 

Atenolol* 59 93 100 100 41 

Atorvastatin n.d. n.d. n.d. n.d. n.d. 

Azithromycin n.d. n.d. n.d. n.d. n.d. 

BAM n.d. n.d. n.d. n.d. n.d. 

Bezafibrate n.d. n.d. n.d. n.d. n.d. 

Caffeine* 64 72 100 100 88 

Carbamazepine* 15 87 100 100 11 

Chloramphenicol* 0 84 100 100 57 

Citalopram* 87 100 100 99 99 

Clarithromycin n.d. n.d. n.d. n.d. n.d. 

Climbazole n.d. n.d. n.d. n.d. n.d. 

Clozapine* 94 99 100 99 84 

Cocaine n.d. n.d. n.d. n.d. n.d. 

Codeine 60 97 100 100 28 

DEET* 43 61 97 100 27 

Desvenlafaxine n.d. n.d. n.d. n.d. n.d. 

Diazepam n.d. n.d. n.d. n.d. n.d. 

Diclofenac* 75 44 100 100 8 

Diltiazem n.d. n.d. n.d. n.d. n.d. 

Erythromycin* 100 64 100 99 40 

Ethylparaben 86 88 100 99 99 

Fluconazole n.d. n.d. n.d. n.d. n.d. 

Fluoxetine* 89 100 100 97 98 

FOSA* 95 60 98 99 91 

Furosemide* 69 15 100 100 0 

Gemfibrozil* 94 51 100 100 24 

Hydrochlorothiazide 36 57 100 100 11 

Ibuprofen* 66 15 100 100 32 
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 Week 1 – removal efficiency (%) 

Analytes Lignite Xylite GAC+P GAC Sand 

Irbesartan 81 41 100 100 6 

Lamotrigine* 48 92 100 100 28 

Lidocaine* 37 84 100 100 27 

Losartan* 76 41 100 100 5 

Meclofenamic acid* 99 66 99 99 0 

Mefenamic Acid* 99 51 99 100 11 

Metformin* 94 24 100 100 43 

Methylparaben* 63 99 99 99 99 

Metoprolol* a 98 100 100 34 

Metronidazole n.d. n.d. n.d. n.d. n.d. 

Mirtazapine* 98 100 100 100 91 

Naproxen* 63 33 100 100 23 

Nicotine* 100 100 100 100 100 

Norsertraline* 50 59 64 94 63 

Omeprazole b b b b b 

Oxazepam 59 91 100 100 10 

Oxybenzone* 91 100 98 100 57 

Oxycodone n.d. n.d. n.d. n.d. n.d. 

Paroxetine* 90 100 27 100 100 

PFBA n.d. n.d. n.d. n.d. n.d. 

PFBS* 0 0 100 100 99 

PFDA* 86 51 100 99 81 

PFDoDA* 99 38 99 85 84 

PFHpA* 36 8 100 99 3 

PFHxA* 6 0 99 99 0 

PFHxS* 22 2 100 100 3 

PFNA* 64 29 100 100 44 

PFOA* 28 10 100 100 3 

PFOS* 78 47 100 100 77 

PFPeA* 0 99 99 99 31 

PFTeDA* 97 43 98 89 87 

PFUnDA* 96 53 99 96 88 

Primidone* 0 25 67 99 0 

Propranolol* a 100 100 100 64 

Propylparaben* 94 100 100 100 100 

Ranitidine* 100 100 100 100 92 

Roxithromycin n.d. n.d. n.d. n.d. n.d. 
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 Week 1 – removal efficiency (%) 

Analytes Lignite Xylite GAC+P GAC Sand 

Salicylic acid* 0 55 65 92 59 

Sertraline n.d. n.d. n.d. n.d. n.d. 

Simvastatin* 93 98 100 100 93 

Sotalol n.d. n.d. n.d. n.d. n.d. 

Sucralose* 1 a 100 100 12 

Sulfamethoxazole n.d. n.d. n.d. n.d. n.d. 

Tetracycline* a 77 100 80 76 

Tramadol n.d. n.d. n.d. n.d. n.d. 

Trimethoprim b b b b b 

Valproic acid* 0 24 78 96 86 

Valsartan* 60 0 97 97 3 

Venlafaxine* 78 97 100 100 81 

a - the removal efficiency could not be accurately calculated due to bad/impossible internal standard integration 

b - the removal efficiency could not be accurately calculated due to the corresponding inlet sample having a concentration of 0 ng 

L-1 

Removal efficiencies below 0 % were adjusted to 0 % 

* - Analytes spiked, samples were spiked to 2 µg L-1 (with 1 mg mL-1 spiking solution MEGAMIX) 

 

Table  F: Calculated removal efficiencies for the analytes for each sorbent for week 2.  

 Week 2 – removal efficiency (%) 

Analytes Lignite Xylite GAC+P GAC Sand 

Aceclofenac* 52 82 n.d. n.d. 79 

Acesulfame* 0 44 99 100 44 

Acetaminophen* 55 100 100 100 100 

Albuterol* a 72 100 100 32 

Amitriptyline* 100 99 100 100 61 

Amoxicillin n.d. n.d. n.d. n.d. n.d. 

Atenolol* 72 95 100 100 70 

Atorvastatin n.d. n.d. n.d. n.d. n.d. 

Azithromycin n.d. n.d. n.d. n.d. n.d. 

BAM n.d. n.d. n.d. n.d. n.d. 

Bezafibrate n.d. n.d. n.d. n.d. n.d. 

Caffeine* 73 100 100 100 98 

Carbamazepine* 44 90 100 100 29 

Chloramphenicol* 0 70 100 100 33 

Citalopram* 94 100 100 100 99 
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 Week 2 – removal efficiency (%) 

Analytes Lignite Xylite GAC+P GAC Sand 

Clarithromycin n.d. n.d. n.d. n.d. n.d. 

Climbazole n.d. n.d. n.d. n.d. n.d. 

Clozapine* 92 99 99 100 66 

Cocaine n.d. n.d. n.d. n.d. n.d. 

Codeine 75 100 100 100 62 

DEET* 47 66 99 100 70 

Desvenlafaxine n.d. n.d. n.d. n.d. n.d. 

Diazepam n.d. n.d. n.d. n.d. n.d. 

Diclofenac* 69 43 100 100 11 

Diltiazem n.d. n.d. n.d. n.d. n.d. 

Erythromycin* a 65 a 100 32 

Ethylparaben 94 99 100 99 99 

Fluconazole n.d. n.d. n.d. n.d. n.d. 

Fluoxetine* 92 100 100 99 97 

FOSA* 97 81 98 100 94 

Furosemide* 75 45 100 100 50 

Gemfibrozil* 96 72 100 100 53 

Hydrochlorothiazide 45 51 97 100 15 

Ibuprofen* 70 84 100 100 92 

Irbesartan 83 61 100 100 9 

Lamotrigine* 90 95 100 100 55 

Lidocaine* 67 88 100 100 31 

Losartan* 77 57 100 100 19 

Meclofenamic acid* 98 66 100 100 2 

Mefenamic Acid* 98 56 99 100 11 

Metformin* 94 59 100 100 56 

Methylparaben* 96 99 100 99 99 

Metoprolol* a 98 100 100 25 

Metronidazole n.d. n.d. n.d. n.d. n.d. 

Mirtazapine* 98 100 100 100 75 

Naproxen* 72 61 100 100 59 

Nicotine* 100 100 100 100 100 

Norsertraline* 73 77 82 95 76 
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 Week 2 – removal efficiency (%) 

Analytes Lignite Xylite GAC+P GAC Sand 

Omeprazole b b b b b 

Oxazepam 65 91 100 100 2 

Oxybenzone* 100 100 100 100 92 

Oxycodone n.d. n.d. n.d. n.d. n.d. 

Paroxetine* 88 100 51 99 100 

PFBA n.d. n.d. n.d. n.d. n.d. 

PFBS* 0 0 100 100 0 

PFDA* 82 72 100 100 58 

PFDoDA* 97 78 99 91 83 

PFHpA* 21 3 100 100 6 

PFHxA* 3 0 100 100 0 

PFHxS* 24 10 100 100 14 

PFNA* 60 45 100 100 33 

PFOA* 26 4 100 100 7 

PFOS* 72 68 100 100 51 

PFPeA* 0 99 99 99 37 

PFTeDA* 97 85 99 73 81 

PFUnDA* 94 79 99 99 80 

Primidone* 13 45 99 99 0 

Propranolol* 21 100 100 100 59 

Propylparaben* 98 100 100 100 100 

Ranitidine* 100 100 100 100 87 

Roxithromycin n.d. n.d. n.d. n.d. n.d. 

Salicylic acid* 0 98 97 100 98 

Sertraline n.d. n.d. n.d. n.d. n.d. 

Simvastatin* 92 100 100 100 99 

Sotalol n.d. n.d. n.d. n.d. n.d. 

Sucralose* a 11 100 100 a 

Sulfamethoxazole n.d. n.d. n.d. n.d. n.d. 

Tetracycline* 100 a a 58 74 

Tramadol n.d. n.d. n.d. n.d. n.d. 

Trimethoprim b b b b b 

Valproic acid* 100 100 98 99 100 
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 Week 2 – removal efficiency (%) 

Analytes Lignite Xylite GAC+P GAC Sand 

Valsartan* 60 59 99 99 60 

Venlafaxine* 83 98 100 100 67 

a - the removal efficiency could not be accurately calculated due to bad/impossible internal standard integration 

b - the removal efficiency could not be accurately calculated due to the corresponding inlet sample having a concentration of 0 ng 

L-1 

Removal efficiencies below 0 % were adjusted to 0 % 

* - Analytes spiked, samples were spiked to 2 µg L-1 (with 1 mg mL-1 spiking solution MEGAMIX) 

 

Table  G: Calculated removal efficiencies for the analytes for each sorbent for week 4.  

 Week 4 – removal efficiency (%) 

Analytes Lignite Xylite GAC+P GAC Sand 

Aceclofenac* n.d. n.d. n.d. n.d. n.d. 

Acesulfame* 0 31 100 100 3 

Acetaminophen* 98 100 100 100 100 

Albuterol* a 95 100 100 13 

Amitriptyline* 98 100 100 100 10 

Amoxicillin n.d. n.d. n.d. n.d. n.d. 

Atenolol* 92 100 100 100 66 

Atorvastatin n.d. n.d. n.d. n.d. n.d. 

Azithromycin n.d. n.d. n.d. n.d. n.d. 

BAM n.d. n.d. n.d. n.d. n.d. 

Bezafibrate n.d. n.d. n.d. n.d. n.d. 

Caffeine* 94 100 100 100 95 

Carbamazepine* 78 96 100 100 26 

Chloramphenicol* b b b b n.d. 

Citalopram* 99 100 100 100 82 

Clarithromycin n.d. n.d. n.d. n.d. n.d. 

Climbazole n.d. n.d. n.d. n.d. n.d. 

Clozapine* 100 100 100 100 30 

Cocaine n.d. n.d. n.d. n.d. n.d. 

Codeine 95 100 100 100 63 

DEET* 72 88 99 100 59 

Desvenlafaxine n.d. n.d. n.d. n.d. n.d. 

Diazepam n.d. n.d. n.d. n.d. n.d. 

Diclofenac* 83 65 100 100 23 

Diltiazem n.d. n.d. n.d. n.d. n.d. 

Erythromycin* a a a a a 

Ethylparaben 100 98 98 97 97 
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 Week 4 – removal efficiency (%) 

Analytes Lignite Xylite GAC+P GAC Sand 

Fluconazole b b b b b 

Fluoxetine* n.d. n.d. n.d. n.d. n.d. 

FOSA* 98 89 97 100 0 

Furosemide* 88 95 100 100 49 

Gemfibrozil* 99 82 100 100 27 

Hydrochlorothiazide 64 79 100 100 26 

Ibuprofen* 100 100 100 100 83 

Irbesartan 92 98 100 100 33 

Lamotrigine* 99 98 100 100 51 

Lidocaine* 86 95 100 100 22 

Losartan* 89 98 100 100 26 

Meclofenamic acid* 100 89 100 100 0 

Mefenamic Acid* 99 89 100 100 14 

Metformin* 98 96 99 100 37 

Methylparaben* 100 95 97 91 94 

Metoprolol* 79 100 100 100 46 

Metronidazole n.d. n.d. n.d. n.d. n.d. 

Mirtazapine* 100 100 100 100 50 

Naproxen* 100 83 100 100 47 

Nicotine* 100 100 100 100 100 

Norsertraline* 66 52 82 91 74 

Omeprazole n.d. n.d. n.d. n.d. n.d. 

Oxazepam 87 95 98 96 21 

Oxybenzone* 100 100 100 94 100 

Oxycodone n.d. n.d. n.d. n.d. n.d. 

Paroxetine* 98 100 47 99 94 

PFBA n.d. n.d. n.d. n.d. n.d. 

PFBS* 0 0 100 100 8 

PFDA* 88 69 100 100 42 

PFDoDA* 94 84 96 95 1 

PFHpA* 11 0 100 100 3 

PFHxA* 2 0 100 100 0 

PFHxS* 18 0 100 100 12 

PFNA* 68 33 100 100 30 

PFOA* 30 3 100 100 8 

PFOS* 78 18 100 100 34 

PFPeA* 0 99 99 99 57 
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 Week 4 – removal efficiency (%) 

Analytes Lignite Xylite GAC+P GAC Sand 

PFTeDA* 93 98 98 98 77 

PFUnDA* 95 84 99 99 17 

Primidone* 45 70 99 99 38 

Propranolol* 96 100 100 100 43 

Propylparaben* 100 100 99 100 100 

Ranitidine* 100 100 100 100 83 

Roxithromycin n.d. n.d. n.d. n.d. n.d. 

Salicylic acid* 82 99 100 100 98 

Sertraline n.d. n.d. n.d. n.d. n.d. 

Simvastatin* 95 100 100 100 92 

Sotalol n.d. n.d. n.d. n.d. n.d. 

Sucralose* a a a a a 

Sulfamethoxazole n.d. n.d. n.d. n.d. n.d. 

Tetracycline* a a a a a 

Tramadol n.d. n.d. n.d. n.d. n.d. 

Trimethoprim b b b b b 

Valproic acid* 100 100 100 100 100 

Valsartan* 67 100 100 100 44 

Venlafaxine* 96 99 100 100 35 

a - the removal efficiency could not be accurately calculated due to bad/impossible internal standard integration 

b - the removal efficiency could not be accurately calculated due to the corresponding inlet sample having a concentration of 0 ng 

L-1 

Removal efficiencies below 0 % were adjusted to 0 % 

* - Analytes spiked, samples were spiked to 2 µg L-1 (with 1 mg mL-1 spiking solution MEGAMIX) 

 

Table  H: Calculated removal efficiencies for the analytes for each sorbent for week 8.  

 Week 8 – removal efficiency (%) 

Analytes Lignite Xylite GAC+P GAC Sand 

Aceclofenac* n.d. n.d. n.d. n.d. 20 

Acesulfame* 64 60 96 90 0 

Acetaminophen* 93 100 100 100 100 

Albuterol* a 96 100 100 0 

Amitriptyline* 100 100 100 100 98 

Amoxicillin n.d. n.d. n.d. n.d. n.d. 

Atenolol* 99 99 100 100 46 

Atorvastatin n.d. n.d. n.d. n.d. n.d. 

Azithromycin n.d. n.d. n.d. n.d. n.d. 

BAM n.d. n.d. n.d. n.d. n.d. 
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 Week 8 – removal efficiency (%) 

Analytes Lignite Xylite GAC+P GAC Sand 

Bezafibrate n.d. n.d. n.d. n.d. n.d. 

Caffeine* 95 100 100 100 97 

Carbamazepine* 90 97 99 100 2 

Chloramphenicol* 100 90 100 95 100 

Citalopram* 100 100 100 100 97 

Clarithromycin n.d. n.d. n.d. n.d. n.d. 

Climbazole n.d. n.d. n.d. n.d. n.d. 

Clozapine* 100 100 100 100 97 

Cocaine n.d. n.d. n.d. n.d. n.d. 

Codeine 100 99 98 95 11 

DEET* 67 98 99 99 15 

Desvenlafaxine n.d. n.d. n.d. n.d. n.d. 

Diazepam n.d. n.d. n.d. n.d. n.d. 

Diclofenac* 0 63 98 99 0 

Diltiazem n.d. n.d. n.d. n.d. n.d. 

Erythromycin* 100 92 100 97 a 

Ethylparaben 100 99 99 99 99 

Fluconazole n.d. n.d. n.d. n.d. n.d. 

Fluoxetine* 100 100 100 99 100 

FOSA* 94 90 98 99 0 

Furosemide* 66 100 99 99 16 

Gemfibrozil* 85 96 99 99 16 

Hydrochlorothiazide 70 69 98 100 18 

Ibuprofen* 0 100 99 99 16 

Irbesartan 77 89 98 97 23 

Lamotrigine* 100 99 100 100 29 

Lidocaine* 97 92 99 100 0 

Losartan* 72 98 97 97 12 

Meclofenamic acid* 84 93 99 99 0 

Mefenamic Acid* 82 96 99 99 9 

Metformin* 90 100 99 100 9 

Methylparaben* 99 99 100 99 99 

Metoprolol* a 100 100 100 0 

Metronidazole n.d. n.d. n.d. n.d. n.d. 

Mirtazapine* 100 100 100 100 91 

Naproxen* 75 89 98 99 32 

Nicotine* 100 100 100 100 71 



97 

 

 Week 8 – removal efficiency (%) 

Analytes Lignite Xylite GAC+P GAC Sand 

Norsertraline* 52 68 74 91 53 

Omeprazole n.d. n.d. n.d. n.d. n.d. 

Oxazepam 100 98 100 100 18 

Oxybenzone* 100 100 100 100 67 

Oxycodone n.d. n.d. n.d. n.d. n.d. 

Paroxetine* 100 100 90 100 100 

PFBA n.d. n.d. n.d. n.d. n.d. 

PFBS* 0 0 95 96 0 

PFDA* 22 20 97 99 2 

PFDoDA* 13 83 79 70 2 

PFHpA* 0 0 93 95 1 

PFHxA* 0 2 93 95 0 

PFHxS* 0 10 95 98 6 

PFNA* 0 12 95 98 0 

PFOA* 0 0 93 97 0 

PFOS* 2 0 95 99 53 

PFPeA* 99 34 92 91 53 

PFTeDA* 37 98 72 43 22 

PFUnDA* 38 36 94 94 0 

Primidone* 40 54 99 99 0 

Propranolol* 100 100 100 100 91 

Propylparaben* 100 100 100 100 99 

Ranitidine* 100 100 100 100 95 

Roxithromycin n.d. n.d. n.d. n.d. n.d. 

Salicylic acid* 92 98 99 99 90 

Sertraline n.d. n.d. n.d. n.d. n.d. 

Simvastatin* 94 100 100 100 70 

Sotalol n.d. n.d. n.d. n.d. n.d. 

Sucralose* a 32 97 98 a 

Sulfamethoxazole n.d. n.d. n.d. n.d. n.d. 

Tetracycline* 99 96 100 85 a 

Tramadol n.d. n.d. n.d. n.d. n.d. 

Trimethoprim b b b b b 

Valproic acid* 88 100 100 99 82 

Valsartan* 3 99 92 87 0 

Venlafaxine* 100 100 100 100 69 

a - the removal efficiency could not be accurately calculated due to bad/impossible internal standard integration 
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b - the removal efficiency could not be accurately calculated due to the corresponding inlet sample having a concentration of 0 ng 

L-1 

Removal efficiencies below 0 % were adjusted to 0 % 

* - Analytes spiked, samples were spiked to 2 µg L-1 (with 1 mg mL-1 spiking solution MEGAMIX) 

 

Table  I: Calculated removal efficiencies for the analytes for each sorbent for week 12.  

 Week 12 – removal efficiency (%) 

Analytes Lignite Xylite GAC+P GAC Sand 

Aceclofenac* n.d. n.d. n.d. 99 64 

Acesulfame* 72 53 91 87 10 

Acetaminophen* 100 100 100 100 100 

Albuterol* a 97 100 100 0 

Amitriptyline* 100 100 100 99 99 

Amoxicillin n.d. n.d. n.d. n.d. n.d. 

Atenolol* 99 99 100 100 41 

Atorvastatin n.d. n.d. n.d. n.d. n.d. 

Azithromycin n.d. n.d. n.d. n.d. n.d. 

BAM n.d. n.d. n.d. n.d. n.d. 

Bezafibrate n.d. n.d. n.d. n.d. n.d. 

Caffeine* 0 98 99 100 93 

Carbamazepine* 87 96 100 100 0 

Chloramphenicol* 100 100 100 100 100 

Citalopram* 100 100 100 100 99 

Clarithromycin n.d. n.d. n.d. n.d. n.d. 

Climbazole n.d. n.d. n.d. n.d. n.d. 

Clozapine* 100 100 100 100 94 

Cocaine n.d. n.d. n.d. n.d. n.d. 

Codeine 100 100 99 99 16 

DEET* 55 99 100 100 15 

Desvenlafaxine n.d. n.d. n.d. n.d. n.d. 

Diazepam n.d. n.d. n.d. n.d. n.d. 

Diclofenac* 0 61 100 100 0 

Diltiazem n.d. n.d. n.d. n.d. n.d. 

Erythromycin* a 87 99 98 100 

Ethylparaben 99 99 99 87 96 

Fluconazole n.d. n.d. n.d. n.d. n.d. 

Fluoxetine* 100 100 100 100 100 

FOSA* 87 92 99 99 0 

Furosemide* 55 100 99 99 12 

Gemfibrozil* 44 100 98 99 0 
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 Week 12 – removal efficiency (%) 

Analytes Lignite Xylite GAC+P GAC Sand 

Hydrochlorothiazide 59 52 100 100 9 

Ibuprofen* 14 100 99 99 0 

Irbesartan 68 92 98 97 7 

Lamotrigine* 100 99 100 100 26 

Lidocaine* 97 95 100 100 0 

Losartan* 65 98 97 98 1 

Meclofenamic acid* 75 94 99 99 0 

Mefenamic Acid* 59 96 99 99 0 

Metformin* 0 87 99 99 75 

Methylparaben* 99 99 99 99 99 

Metoprolol* a 99 100 100 0 

Metronidazole n.d. n.d. n.d. n.d. n.d. 

Mirtazapine* 100 100 100 100 70 

Naproxen* 57 93 99 100 15 

Nicotine* 100 100 100 100 48 

Norsertraline* 5 55 78 81 32 

Omeprazole n.d. n.d. n.d. n.d. n.d. 

Oxazepam 100 100 100 100 0 

Oxybenzone* 100 100 100 100 76 

Oxycodone n.d. n.d. n.d. n.d. n.d. 

Paroxetine* 99 99 99 99 99 

PFBA n.d. n.d. n.d. n.d. n.d. 

PFBS* 0 0 84 86 0 

PFDA* 9 18 99 99 12 

PFDoDA* 23 86 86 79 26 

PFHpA* 17 12 96 96 15 

PFHxA* 0 0 88 90 0 

PFHxS* 0 0 97 97 0 

PFNA* 0 12 98 98 3 

PFOA* 0 6 97 97 4 

PFOS* 0 0 99 99 3 

PFPeA* 99 0 31 0 34 

PFTeDA* 45 100 87 82 45 

PFUnDA* 29 42 97 96 17 

Primidone* 31 51 99 99 0 

Propranolol* 100 100 100 100 96 

Propylparaben* 100 100 100 100 100 
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 Week 12 – removal efficiency (%) 

Analytes Lignite Xylite GAC+P GAC Sand 

Ranitidine* 100 100 100 100 97 

Roxithromycin n.d. n.d. n.d. n.d. n.d. 

Salicylic acid* 89 96 98 98 89 

Sertraline n.d. n.d. n.d. n.d. n.d. 

Simvastatin* 96 100 100 100 83 

Sotalol n.d. n.d. n.d. n.d. n.d. 

Sucralose* a a a a a 

Sulfamethoxazole n.d. n.d. n.d. n.d. n.d. 

Tetracycline* 100 98 91 94 a 

Tramadol n.d. n.d. n.d. n.d. n.d. 

Trimethoprim 93 93 93 93 93 

Valproic acid* 81 96 100 99 17 

Valsartan* 0 94 87 88 0 

Venlafaxine* 95 99 100 100 73 

a - the removal efficiency could not be accurately calculated due to bad/impossible internal standard integration 

b - the removal efficiency could not be accurately calculated due to the corresponding inlet sample having a concentration of 0 ng 

L-1 

Removal efficiencies below 0 % were adjusted to 0 % 

* - Analytes spiked, samples were spiked to 2 µg L-1 (with 1 mg mL-1 spiking solution MEGAMIX) 

 

7.7.2 Sorbent with the best removal efficiency results 

All MPs 

Table  J: Two-way ANOVA without replication evaluating the removal efficiency of all sorbents, 

to determine if there was significant variation between the five tested sorbents removal 

efficiencies. Columns are the different sorbents and rows are the different average removal 

efficiencies of the different analytes.  

Source of 

Variation SS df MS F P-value F crit 

Rows 70989 53 1339 3.612 1.928E-11 1.401 

Columns 97411 4 24353 65.679 4.626E-36 2.414 

Error 78606 212 371 

   
       Total 247006 269 

     

Table  K: Two-way ANOVA without replication evaluating the removal efficiency of all sorbents, 

to determine if there was significant variation between Xylit, GAC+P and GAC removal 

efficiencies. Columns are the different sorbents and rows are the different average removal 

efficiencies of the different analytes. 

Source of SS df MS F P-value F crit 
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Variation 

Rows 18067 53 341 1.130 0.2939 1.461 

Columns 18921 2 9461 31.362 1.9994E-11 3.082 

Error 31976 106 302 

   

       Total 68965 161 

     

Table  L: Two-way ANOVA without replication evaluating the removal efficiency of all sorbents, 

to determine if there was significant variation between GAC+P and GAC removal efficiencies. 

Columns are the different sorbents and rows are the different average removal efficiencies of the 

different analytes. 

Source of 

Variation SS df MS F P-value F crit 

Rows 2413 53 46 2.498 0.0006 1.578 

Columns 12 1 12 0.666 0.4182 4.023 

Error 966 53 18 

   

       Total 3392 107 

     

Table  M: Two-way ANOVA without replication evaluating the removal efficiency of all sorbents, 

to determine if there was significant variation between lignite and Xylit removal efficiencies. 

Columns are the different sorbents and rows are the different average removal efficiencies of the 

different analytes. 

Source of 

Variation SS df MS F P-value F crit 

Rows 82229 53 1551 14.467 2.8870E-18 1.578 

Columns 1272 1 1272 11.859 0.0011 4.023 

Error 5684 53 107 

   

       Total 89185 107 

     

PFASs 

Table  N: Two-way ANOVA without replication evaluating the removal efficiency of PFASs, to 

determine if there was significant variation between GAC+P and GAC removal efficiencies. 

Columns are the different sorbents and rows are the different average removal efficiencies of the 

different PFASs. 

Source of 

Variation SS df MS F P-value F crit 

Rows 950.81 12 79.23 7.108 0.0009 2.687 

Columns 19.39 1 19.39 1.739 0.2119 4.747 
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Error 133.78 12 11.15 

   

       Total 1103.97 25 

     

Table  O: Two-way ANOVA without replication evaluating the removal efficiency of PFASs, to 

determine if there was significant variation between lignite and Xylit removal efficiencies. 

Columns are the different sorbents and rows are the different average removal efficiencies of the 

different PFASs. 

Source of 

Variation SS df MS F P-value F crit 

Rows 23030.29 12 1919.19 23.351 1.8527E-06 2.687 

Columns 115.23 1 115.23 1.402 0.2593 4.747 

Error 986.24 12 82.19 

   

       Total 24131.77 25 

     

7.7.3 Inter-week variation of removal efficiencies results 

ANOVA results 

Table  P: Two-way ANOVA without replication evaluating the inter-week variation of lignite. 

Rows are the removal efficiencies of different analytes and columns are the different weeks.  

Source of 

Variation SS df MS F P-value F crit 

Rows 156500.8 51 3068.6 5.994 9.4599E-15 1.472 

Columns 10314.6 2 5157.3 10.074 0.0001 3.085 

Error 52220.7 102 512.0 

   

       Total 219036.1 155 

     

Table  Q: Two-way ANOVA without replication evaluating the inter-week variation of Xylit. 

Rows are the removal efficiencies of different analytes and columns are the different weeks. 

Source of 

Variation SS df MS F P-value F crit 

Rows 128537.6 26 4943.8 28.749 1.7326E-22 1.710 

Columns 602.6 2 301.3 1.752 0.1835 3.175 

Error 8941.9 52 172.0 

   
       Total 138082.1425 80 
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Table  R: Two-way ANOVA without replication evaluating the inter-week variation of GAC+P. 

Rows are the removal efficiencies of different analytes and columns are the different weeks. 

Source of 

Variation SS df MS F P-value F crit 

Rows 5159.2 54 95.5 1.973 0.0014 1.456 

Columns 127.6 2 63.8 1.317 0.2723 3.080 

Error 5230.7 108 48.4 

   
       Total 10517.46846 164 

     

Table  S: Two-way ANOVA without replication evaluating the inter-week variation of GAC. 

Rows are the removal efficiencies of different analytes and columns are the different weeks. 

Source of 

Variation SS df MS F P-value F crit 

Rows 6901.5 54 127.8 1.677 0.0117 1.456 

Columns 435.1 2 217.6 2.855 0.0619 3.080 

Error 8230.3 108 76.2 

   
       Total 15566.9008 164 

     

Table  T: Two-way ANOVA without replication evaluating the inter-week variation of sand. 

Rows are the removal efficiencies of different analytes and columns are the different weeks. 

Source of 

Variation SS df MS F P-value F crit 

Rows 191061.4 54 3538.2 10.185 3.3404E-24 1.456 

Columns 4097.9 2 2048.9 5.898 0.0037 3.080 

Error 37516.9 108 347.4 

   

       Total 232676.1159 164 
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Removal efficiency over time for nine characteristic analytes for each sorbent 

 

Figure  A: Removal efficiency of nine different analytes throughout the 12-week experiment. The 

removal efficiency with each sorbent is shown for each analyte. If on some of the figures all 

sorbent lines are not clearly visible, it is due to overlap.  
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7.7.4 Correlation matrix 

The fallowing X variables (shown in green) were studied with the correlation matrix; molecular weight (MW). acid dissociation 

constant (pKa), partition coefficient (Log Kow), water solubility (WS), distribution coefficient at pH 5.5 and at pH 7.4 (Log D (pH 5.5) 

and Log D (pH 7.4) resp.), surface area (S), apolar surface area (SA), polar surface area (SP), the ratio between apolar and polar 

surface area (SA/SP) and number of aromatic bonds (AB). 

Table  U: Correlation matrix of the X variables used for PLS. The closer the calculated value is to 1, the higher the correlation 

between the two variables.  

 
MW pka Log Kow WS Log D pH5.5 Log D pH7.4 S SA SP SA/SP AB 

MW 1 -0.358961 0.655112 -0.224068 0.369044 0.41135 0.728613 -0.0839588 0.295867 -0.127493 0.0788906 

pka 
 

1 -0.541714 -0.0942432 -0.258494 -0.132376 0.064251 0.56748 0.123502 0.245333 0.372115 

Log Kow 
  

1 -0.228062 0.757228 0.754018 0.366279 -0.328127 -0.408038 0.0296427 -0.2432 

WS 
   

1 -0.402151 -0.371295 -0.308078 -0.171596 -0.0194903 -0.0286251 -0.175529 

Log D pH5.5 
    

1 0.897561 0.259523 -0.0815388 -0.337909 0.0362515 -0.026968 

Log D pH7.4 
     

1 0.317701 -0.0197504 -0.442893 0.156194 0.0519303 

S 
      

1 0.541466 0.342709 0.0712164 0.411994 

SA 
       

1 0.232388 0.287166 0.769336 

SP 
        

1 -0.30444 0.267035 

SA/SP 
         

1 0.225915 

AB 
          

1 
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7.7.5 Score Scatter Plots 

All MPs 

 

Figure  B: Score Scatter Plot of lignite sorbent, showing all MPs. 

 

 

Figure  C: Score Scatter Plot of Xylit sorbent, showing all MPs. 

 



107 

 

 

Figure  D: Score Scatter Plot of GAC+P sorbent, showing all MPs. 

 

 

Figure  E: Score Scatter Plot of sand sorbent, showing all MPs. 
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Pharmaceuticals and stimulants 

 

Figure  F: Score Scatter Plot of lignite sorbent, showing pharmaceuticals and stimulants. 

 

 

Figure  G: Score Scatter Plot of Xylit sorbent, showing pharmaceuticals and stimulants. 
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Figure  H: Score Scatter Plot of GAC+P sorbent, showing pharmaceuticals and stimulants. 

 

 

Figure  I: Score Scatter Plot of sand sorbent, showing pharmaceuticals and stimulants. 
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7.8  Physiochemical properties of the analytes figures 

PFASs 

 

Figure  J: Physiochemical property; Log D pH5.5, affecting PFAS removal for lignite, Xylit and 

sand. In the figures, the physiochemical property (y-axis) is plotted against removal efficiency 

(%) (x-axis). Significance of the trend is shown with a p-value, 95% confidence interval, p-value 

<0.05 is considered to be significant. 
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All MPs (excluding PFASs) 

 

Figure  K: Physiochemical properties affecting MP removal for lignite and Xylit. In the figures, 

the physiochemical property (y-axis) is plotted against removal efficiency (%) (x-axis). 

Significance of the trend is shown with a p-value, 95% confidence interval, p-value <0.05 is 

considered to be significant. 
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Figure  L: Physiochemical properties affecting MP removal for lignite, Xylit and sand. In the 

figures, the physiochemical property (y-axis) is plotted against removal efficiency (%) (x-axis). 

Significance of the trend is shown with a p-value, 95% confidence interval, p-value <0.05 is 

considered to be significant. 
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All MPs, including PFASs 

 

Figure  M: Shows how SA and pka affect all MP removal, just pharmaceutical removal and just 

PFAS removal with Xylit sorbent. In the figures, the physiochemical property (y-axis) is plotted 

against removal efficiency (%) (x-axis). Significance of the trend is shown with a p-value, 95% 

confidence interval, p-value <0.05 is considered to be significant.
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7.9 Groundwater samples results 

Table  V: Measured concentrations of the analytes in the groundwater experiment samples. MLOD and MLOQ are also included. 

Concentrations are in ng L
-1

. MLOD and MLOQ were calculated from groundwater samples when possible, for analytes not detected 

in groundwater 10 ng L
-1

 standard solution was used.  

 Ånn (ng L
-1

) Storlien (ng L
-1

)   

Analytes Inlet Close Far Inlet Close 1 Close 2 Far 1 Far 2 
MLOD 

(ng L
-1

) 

MLOQ 

(ng L
-1

) 

Aceclofenac n.d. n.d. n.d. 1.1 n.d. n.d. n.d. n.d. - - 

Acesulfame 41 5.2 n.d. 112 39 35 55 19 0.1 0.3 

Acetaminophen 

(Paracetamol) 

4465 n.d. n.d. 9215 12 28 114 49 1.4 4.5 

Albuterol n.d. n.d. n.d. 0.5 0.1 0.4 n.d. n.d. 0.04 0.1 

Amitriptyline 341 n.d. n.d. n.d. n.d. n.d. n.d. 1.2 0.2 0.7 

Amoxicillin n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 1.1 3.6 

Atenolol 167 n.d. n.d. 42 6.9 11 15 15 0.2 0.7 

Atorvastatin 10 n.d. n.d. 22 2.1 6.6 2.8 0.5 0.01 0.03 

Azithromycin n.d. n.d. n.d. 3.1 n.d. n.d. n.d. n.d. 0.5 1.5 

BAM n.d. n.d. n.d. 8.0 n.d. n.d. n.d. n.d. 7.3 24 

Bezafibrate 0.5 n.d. n.d. 0.5 n.d. 0.2 0.2 n.d. 0.01 0.03 

Caffeine 5788 91 61 9419 207 40 275 885 0.2 0.6 

Carbamazepine 0.8 2.2 n.d. 12 10 19 21 18 0.6 2.1 

Chloramphenicol n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.1 0.2 

Citalopram 1.3 n.d. n.d. 4.9 0.1 n.d. n.d. 0.1 0.05 0.2 

Clarithromycin 0.1 n.d. n.d. 3.4 0.8 0.2 1.0 0.4 0.004 0.01 

Climbazole 2.2 n.d. n.d. 3.3 0.9 0.3 n.d. 1.2 0.2 0.5 

Clozapine n.d. n.d. n.d. 4.8 n.d. n.d. n.d. 0.7 0.02 0.1 

Cocaine n.d. n.d. n.d. 0.1 0.1 n.d. n.d. 0.1 0.1 0.2 

Codeine 205 n.d. n.d. 40 15 1.9 2.5 0.6 0.2 0.7 
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 Ånn (ng L
-1

) Storlien (ng L
-1

)   

Analytes Inlet Close Far Inlet Close 1 Close 2 Far 1 Far 2 
MLOD 

(ng L
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DEET 142 1.8 0.5 24 28 9.0 12 2.7 0.01 0.02 

Desvenlafaxine 1.4 n.d. n.d. 18 15 13 20 7.8 0.1 0.4 

Diazepam 2.2 n.d. n.d. 0.02 n.d. 0.02 n.d. n.d. 0.01 0.04 

Diclofenac 37 n.d. 14 53 7.1 20 45 n.d. 0.4 1.3 

Diltiazem n.d. n.d. n.d. 0.2 n.d. n.d. n.d. n.d. 0.002 0.01 

Erythromycin 0.2 0.1 0.2 21 2.3 0.8 2.6 1.1 0.04 0.1 

Ethylparaben 0.5 0.3 0.3 0.2 0.1 2.8 2.0 1.0 0.005 0.02 

Fluconazole 17 0.7 n.d. 16 14 26 26 7.5 0.1 0.4 

Fluoxetine n.d. n.d. n.d. 0.8 n.d. n.d. n.d. n.d. 0.7 2.5 

FOSA 0.01 0.01 0.04 n.d. 0.1 0.2 0.2 2.6 0.001 0.003 

Furosemide 110 n.d. n.d. 35 2.8 17 26 3.6 1.4 4.6 

Gemfibrozil n.d. n.d. n.d. 0.4 1.5 2.8 2.0 1.1 0.2 0.5 

Hydrochlorothiazide 73 n.d. n.d. 100 28 35 62 18 0.1 0.4 

Ibuprofen 757 2.6 n.d. 1400 188 465 502 23 2.0 6.5 

Irbesartan 4.1 n.d. n.d. 157 34 56 47 130 0.1 0.2 

Lamotrigine 0.4 n.d. n.d. 8.6 13 39 20 17 0.1 0.3 

Lidocaine 41 0.1 0.1 6.5 4.4 8.6 6.6 2.2 0.002 0.01 

Losartan 178 n.d. n.d. 70 6.2 28 0.8 8.7 0.4 1.4 

Meclofenamic acid n.d. n.d. n.d. 1.3 n.d. n.d. n.d. n.d. 0.3 0.9 

Mefenamic Acid n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.05 0.2 

Metformin 822 0.3 0.4 922 50 131 176 119 0.1 0.3 

Methylparaben 0.6 1.4 3.6 5.0 371 32 444 289 0.5 1.6 

Metoprolol 185 n.d. n.d. 79 24 4.8 32 37 0.3 1.0 

Metronidazole n.d. n.d. n.d. 0.7 n.d. n.d. n.d. n.d. 0.3 1.0 

Mirtazapine 57 n.d. n.d. 3.6 3.6 0.4 0.8 5.2 0.1 0.2 



116 

 

 Ånn (ng L
-1

) Storlien (ng L
-1

)   

Analytes Inlet Close Far Inlet Close 1 Close 2 Far 1 Far 2 
MLOD 

(ng L
-1

) 

MLOQ 

(ng L
-1

) 

Naproxen 98 n.d. n.d. 600 14 7.0 n.d. 11 3.5 12 

Nicotine 714 2.1 2.0 1627 30 0.6 2.1 1.2 0.2 0.8 

Norsertraline 13 9.0 5.7 11 8.4 8.6 5.4 6.4 0.1 0.3 

Omeprazole 94 n.d. n.d. 2.2 n.d. n.d. n.d. n.d. 0.4 1.2 

Oxazepam 3.1 n.d. n.d. 24 13 16 23 9.5 0.1 0.3 

Oxybenzone 6.9 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.3 1.0 

Oxycodone n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.02 0.1 

Paroxetine n.d. n.d. n.d. 6.6 n.d. n.d. n.d. n.d. 3.2 11 

PFBA n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.4 1.3 

PFBS 0.3 0.4 n.d. 0.2 0.4 0.2 0.2 0.2 0.1 0.2 

PFDA n.d. n.d. n.d. 0.2 0.2 0.3 0.4 0.3 0.1 0.3 

PFDoDA n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.02 0.1 

PFHpA n.d. 0.2 n.d. 0.2 0.4 0.3 0.4 0.2 0.1 0.2 

PFHxA n.d. 0.3 n.d. n.d. 0.8 0.6 0.8 0.7 0.3 0.9 

PFHxS 0.7 0.5 n.d. 1.0 0.9 1.0 0.9 0.3 0.03 0.1 

PFNA n.d. 0.1 n.d. 0.1 0.1 0.2 0.2 0.1 0.03 0.1 

PFOA 0.1 1.4 0.2 0.5 2.2 1.3 1.3 1.9 0.1 0.2 

PFOS n.d. 0.6 0.1 0.7 1.3 2.2 3.9 2.9 0.1 0.3 

PFPeA n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.1 0.3 

PFTeDA n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.03 0.1 

PFUnDA n.d. 0.02 n.d. n.d. n.d. 0.1 0.1 0.2 0.01 0.05 

Primidone n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 2.9 9.6 

Propranolol 1.3 n.d. n.d. 2.2 0.2 n.d. 0.2 0.3 0.04 0.1 

Propylparaben 3.8 0.7 0.6 n.d. 58 32 93 78 0.02 0.1 

Ranitidine n.d. n.d. n.d. 9.4 n.d. n.d. n.d. n.d. 0.1 0.4 
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Roxithromycin n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.03 0.1 

Salicylic acid 25 8.7 12 14 10 6.1 12 2.5 0.8 2.5 

Sertraline 2.4 n.d. n.d. n.d. n.d. n.d. n.d. 0.4 0.1 0.3 

Simvastatin n.d. n.d. n.d. 2.7 n.d. n.d. n.d. n.d. 1.8 6.0 

Sotalol 0.4 n.d. n.d. 13 9.5 9.9 4.6 3.2 0.1 0.3 

Sucralose 225 82 n.d. 1316 814 616 570 431 13 42 

Sulfamethoxazole 0.7 0.1 n.d. 0.9 0.3 4.6 4.0 1.3 0.02 0.1 

Tetracycline n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 2.6 8.5 

Tramadol 244 n.d. n.d. 26 10 3.4 20 23 0.03 0.1 

Trimethoprim 0.3 n.d. n.d. 2.7 1.1 n.d. 0.5 0.8 0.03 0.1 

Valproic acid 35 9.9 3.8 3.9 11 11 11 1.9 0.3 0.9 

Valsartan 0.3 n.d. n.d. 160 33 50 92 33 0.2 0.7 

Venlafaxine 64 n.d. n.d. 8.6 21 n.d. 18 17 0.5 1.6 
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7.9.1 Composition profiles 

 

Figure  N: Composition profiles (%) for antibiotics and antidepressants in OSSF wastewater and 

groundwater. 
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Figure  O: Cluster analysis based on the different concentrations of the measured analytes of the 

evaluated categories of MPs in the different sampling sites. 

 

 

 


