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Abstract  

Knowledge of fate and transport of chemical contaminants in the environment is essential for 

reducing their adverse effects to humans and wildlife. Surface and ground waters serve as drinking 

water which helps to sustain life. It is undeniably true that the understanding of chemical 

contaminants behavior in the environment is important to better prevent their negative effects. This 

study was conducted for understanding the distribution of a persistent organic pollutant (POP), the 

perfluorooctane sulfonate (PFOS) including its isomers between aqueous and solid phases and to 

understand the mechanisms affecting its distribution in surface and groundwater. Different 

sorbents with geo-environmental significance were selected. Variation of aqueous chemistry was 

done in order to understand the effect of different environmental conditions on PFOS sorption 

behavior. To perform this study, suspension of goethite (38.54g/L), fine soils and peat with particle 

size less than 0.5 mm and  mm respectively,  two fractions of steel slag (i.e., size of >0.9 mm and 

between 0.9 and 2 mm) and white powder of Al(OH)3 were used. The levels of total and PFOS 

isomers were quantified using an Ultra-Performance Liquid chromatograph coupled to a triple 

quadrupole mass spectrometer XEVO-TQS. Results showed that sorption of PFOS was mostly 

depending on pH; sorption decreased as pH increased. The electrostatics interaction was suggested 

to be the main mechanism that controls the sorption.  

Results of this study showed that goethite, peat, Al(OH)3 and soil can sorb PFOS with respective 

maximum log Kd up to 2.31, 2.12, 1.98 and 1.89 at pH around 4.50. The addition of humic acid 

(HA) and fulvic acid (FA) affected the sorption capacity depending on pH range and sorbent. The 

HA which has a high molecular weight showed an enhanced sorption, implying the existence of 

hydrophobic interactions. The addition of Na2SO4 to the system increased the sorption at high pH, 

when the sorbent surface bears less average positive charge. However, the sulfate competed with 

sorption at low pH. The influence of Na2SO4 to enhance the sorption, was understood in term of 

changing the solution ionic strength and salt-out effect which affected the sorption of PFOS. In 

this study, it is revealed that PFOS isomers had different sorption affinity to different sorbents 

depending on solution chemistry and nature of sorbent. Regarding the sorption capability of slag, 

the silica reduced slag sorbed more than the aluminum reduced slag. The small slag size-fraction 

demonstrated a lower sorption capacity for PFOS sorption. The present of HA and SO42- 

demonstrated the capability to enhance the PFOS sorption to slags. 
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The PFOS sorption to slag needs  to be further explored for understanding well the sorption kinetics 

and mechanism controlling the sorption. Furthermore, more studies of influence of sulfate could 

be important, since their influence on PFOS sorption was not well documented. 
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1. Introduction 

Perfluorooctanesulfonate (PFOS) is an anthropogenic compound characterized by environmental 

persistence, potential toxicity and global distribution (Ahrens et al., 2010; Du et al., 2014). Due to 

the fact that PFOS is resistant to biodegradation, it may have harmful effects on aquatic and 

terrestrial life. PFOS has a hydrophobic carbon chain which allows it to sorb to hydrophobic 

materials and a hydrophilic sulfonate end group that helps it to interact with water (Kissa, 2001). 

Several studies reported PFOS contamination in surface, ground and drinking water (Exner and 

Färber, 2006; Loos et al., 2010; Murakami et al., 2008; Nguyen et al., 2011). The knowledge of 

PFOS distribution between solids and aqueous phases is essential for understanding their transport 

behavior in groundwater and surface waters, ultimately enabling a perception of their 

bioavailability and toxicity. 

The fate and transport of PFOS are highly affected by the chemical composition of surface and 

ground water, the property of the sorbate and the characteristic of the sorbent. Several studies 

reported that surface and ground water contain major cations such as Ca, Mg, Na and K up to a 

level of mg/L and trace metals with a level of μg/L, pH of 6.5-8.0, inorganic anions such SO4
2-, 

Cl-, CO3
2-, PO4

3- and NO3
-, microbes and DOC up to mg/L (Evans et al., 2005; Llopis-González 

et al., 2014; Schneider et al., 2017; Taghipour et al., 2012; Tiwari et al., 2015; Yang et al., 2012). 

When it comes to sorbents, various studies showed that soils contain clay, aluminum and iron 

oxides, organic carbon, inorganic elements (Milinovic et al., 2015; Wei et al., 2017, 2017), other 

sorbents could contain particular elements depending on their origin. The capacity of sorbents to 

remove PFOS from water is related to their composition and surface chemistry. Studies have 

shown that sorbents having hydroxyl group and hydrophobic properties possess a high ability to 

sorb PFOS (Punyapalakul et al., 2013; Yu et al., 2009) and that the presence of other solution 

factors like inorganic and organic dissolved substances could enhance the sorption capacity (Du 

et al., 2014). The compound of interest is anionic along the whole pH range and has both 

hydrophobic and hydrophilic properties. Thus, all the factors impacting the sorption of polar and 

non-polar compounds could affect the sorption of PFOS. 

PFOS sorption experiments performed on sorbents with geo-environmental significance would 

reveal a view of factors controlling the movement of PFOS in hydrosphere and geosphere 

environmental compartments. Looking on elemental composition of earth´s crust and minerals, 
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aluminum is the most abundant metal element and occurs in bauxite minerals where aluminum 

hydroxide Al(OH)3 (Gibbsite) is the main component (Pervaiz et al., 2015). Furthermore, iron is 

the second most common metal on earth, in nature the iron mainly occurs in iron ores which are 

rich in its oxides such as magnetite (Fe3O4), hematite (Fe2O3), goethite (FeOOH) and limonite 

(FeOOHn(H2O). The goethite “ironxoxyhydroxide (α-FeOOH)’’ is the thermodynamically most 

stable form of iron oxide at ambient temperature and occurs in rocks throughout various 

compartments of the global ecosystem (Cornell and Schwertmann, 2003). Due to their natural 

abundance, it is relevant to understand the sorption capacity of iron and aluminum minerals 

especially goethite and gibbsite due to reasons already mentioned. Moreover, sorption to soils 

could generate a general PFOS sorption behaviour since soil is a mixture of minerals and other 

substances including organic matters and it is distributed everywhere. Silica is also a geo-

environmental significant sorbent which could reveal a good behavior of PFOS in environment. 

However, prior studies showed that silica has capability to sorb PFOS (Johnson et al., 2007; Tang 

et al., 2010a), thus,  this current study did not consider it. Apart from understanding the 

mechanisms occurring when PFOS is in contact with soils and minerals, it would also be important 

to understand how this organic pollutant behaves when exposed to natural organic substances since 

both bear hydrophobic character. For understanding the hydrophobicity mechanisms, peat is a 

natural biosorbent suitable for such a purpose. The use of waste products as sorbent materials for 

PFOS sorption could also be important. The choice of slag as a waste sorbent of PFOS would be 

interesting since this byproduct from steel production is abundant up to 400Mt or more, the amount 

reported in 2015 (Piatak et al., 2015) and which would have increased since then. Therefore, 

performing batch experiments with goethite, aluminum hydroxide, soils, peat and slag would 

provide a clear information on the fate and transport of PFOS.  

Regarding the PFOS sorption to the mentioned environmental sorbents, earlier studies showed that 

pH and properties of the sorbent affect the sorption capacity of goethite (Johnson et al., 2007; Tang 

et al., 2010). The same factors and the presence of organic matter influence the PFOS sorption 

behaviour on alumina, boehmite and aluminum hydroxide (Wang et al., 2012; Wang and Shih, 

2011; Xiao et al., 2013). The slag, which is a final waste material, from the steel industry has been 

studied for its sorption capacity, and it has been confirmed that it has the capability to remove 

environmental metal and anion pollutants (Barca et al., 2012; Piatak et al., 2015). Peat which is 

decomposed vegetation, is widely found in the environment, and it has proven to be a good sorbent 
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for compounds slightly soluble in water and soluble in organic solvents, e.g., 2,4,6-trichlorophenol 

(Pei et al., 2007). It has been indicated that soil can immobilize PFOS (Milinovic et al., 2015; Qian 

et al., 2017; Wei et al., 2017).   

Nevertheless, there is still information missing about how HA and FA affect the sorption capacity 

of goethite and aluminum hydroxide then an interaction of SO4
2- anions with the two sorbents as 

function of pH. Regarding peat, limited numbers of PFAS sorption experiments have been carried 

out; Milinovic et al. (2015) found that the sorption of PFOS was high for soil peat sorbent 

indicating the impact of organic matter. For soils, there is a lack of literature about the impact of 

SO4
2- ions on PFOS sorption behavior and enough works on the impact of DOC on sorption 

capacity. When it comes to slag, no published work describing the importance of steel slag on 

immobilization of PFAS have been found. 
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2. Background 

2.1.Perfluorooctane sulfonate (PFOS) 

The perfluorooctane sulfonate (PFOS) is a fluorinated anthropogenic organic compound and one 

of perfluoroalkyl substances (PFAS) which had been in use since the 1950’s (Kissa, 2001). PFOS 

had been mainly produced by the 3M company since 1949 to 2002 through an electrochemical 

fluorination (ECF) process which formed around 70% straight chain and 30% mixture of branched 

and cyclic isomers (Chu and Letcher, 2009; Kissa, 2001). The building block of PFOS-based 

chemistry is perfluorooctane sulfonyl fluoride (POSF). In the synthesis of POSF, a straight chain 

hydrocarbon reacts with HF under electricity and the fluoride of HF substitutes the hydrogen of 

the hydrocarbon and producing POSF with strongly bound carbon fluoride (Banks et al., 2013) 

Several studies have shown that POSF compound ultimately degraded into stable PFOS  (Giesy 

and Kannan, 2002). The PFOS has one linear form for which the carbon atom is at least bound to 

1 or 2 carbon atoms and 10 branched isomers for which carbon atom is bound to more than 2 

carbon atoms (Figure 1) (Chu and Letcher, 2009; Riddell et al., 2009; Yu et al., 2013). Fluorine is 

the atom with the highest electronegativity of the periodic table of elements. When the fluorine 

forms bond with carbon, the resulting bond is the strongest covalent bond in organic chemistry 

(Lemal, 2004). Consequently, the fluorinated compound is strong enough to resist any 

transformation under normal conditions. Earlier studies showed that environmental irrelevant 

conditions are required to break down the C-F bond (Ochoa-Herrera et al., 2008; Park et al., 2009; 

Zhang et al., 2013). 

2.2.Application and environmental concentration 

PFOS has been applied onto various products such as carpeting, firefighting forms, food paper 

wrapping, metal plating, semi-conductor industry and in other various domains (Giesy and 

Kannan, 2001;OECD, 2002;  Paul et al., 2009; Y. Wang et al., 2010). A combination of their high 

production and high emission (Paul et al., 2009), a wide range of applications (OECD, 2002) and 

persistent properties (Eriksen et al., 2010) has made PFOS to be ubiquitous distributed in the 

environment. As early as in the first decade of the 21st century, PFOS had been detected in tissues 

of birds, fishes and marine mammals (Giesy and Kannan, 2001). In natural environment, PFOS 

does not undergo biological and chemical degradation (Lindstrom et al., 2011) and it accumulates 

in biota (Houde et al., 2011). Due to the harmful effects and the wide spread in the environment, 
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PFOS has become an interesting research topic as well as a primordial concern of environmental 

and health management authorities and organizations both nationally and internationally.  
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Figure 1. Structure of PFOS isomers. 

2.3.Transport in aqueous environment 

In their structural formula, PFOS has a hydrophobic fluorinated carbon chain and a hydrophilic 

termination consisting of sulfonate. As compiled by Du et al. (2014), the carbon chain of PFOS 

exhibits hydrophobic effect although the fluorine atom is the most electronegative element. The 

negative charge of fluorine atoms in PFOS compounds are very low compared to the negative 

charge of oxygen of water (Du et al., 2014). Therefore, no dipole-momentum could be expected 

between  carbon of PFOS and water molecule.  

The duo hydrophobic and lipophilic properties make PFOS more soluble than other more 

traditional hydrophobic pollutants like polychlorinated biphenyl (PCB) (Giesy and Kannan, 2002; 

Rayne and Forest, 2009).When released into water, PFOS has been found to be mobile with up to 

26% which remains in the dissolved phase (Johnson et al., 2007). Consequently, the contaminated 
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surface water transfers PFOS to the linked ground and drinking water (Takagi et al., 2008). The 

knowledge of partition of PFOS between aqueous phase and geo environmental significant 

sorbents is necessary for understanding the distribution of PFOS in environment and ultimately 

understand how the ground water could be affected. 

The distribution between the solid and aqueous phases depends on the physicochemical properties 

of the compound of interest and the characteristics of the solid material. It has been shown that the 

organic matter fraction in the solid phase  and the solid-water partition coefficient (Ahrens et al., 

2015, 2011, 2009; Milinovic et al., 2015) are necessary to predict the distribution of PFOS. The 

solid-liquid interface, water chemistry such as pH, existence of competiting ions and the ionic 

strength may have an impact on the sorption properties of the solid materials, and ultimately 

influence PFOS sorption. 

2.4.PFOS Sorption  

i. Effects of aqueous chemistry and sorbent properties  

When it comes to PFOS removal in the aqueous phase; the pH, presence of DOC, inorganic ions, 

ionic strength are the main aqueous components controlling the sorption behaviour. Several studies 

have reported effects pH on PFOS immobilization (Johnson et al., 2007; Wang et al., 2012; Tang 

et al., 2010). The change in pH affects the physical chemical properties of sorbent. When the 

sorbent is subjected to an acidic medium, the surface gets protonated and the sorbent carries 

positive charge which supports the sorption of anionic molecules like PFOS. As the pH increases, 

the sorbent surface acquires less positive charge which  decreases the sorption of PFOS. The 

abnormal observed sorption in alkaline conditions could be attributed to other external factor such 

as the presence of DOC (Du et al., 2014; Higgins and Luthy, 2006). Regarding organic matter, it 

was reported that the proportion of humic substances of NOM in natural waters varies between 

from 35 to 70% (Machenbach, 2007) whereas the DOC is composed mostly of 40 %FA and around 

10% HA (Thurman, 2012). Several studies found that the presence of divalent cations enhances 

the sorption capacity of the system (Chen et al., 2009; Du et al., 2014; Wang et al., 2012). Other 

studies have also proven that ionic strength can influence the sorption either positively or 

negatively depending on the pH range, at low pH when the surface is positively charged, the 

sorption is weakened while at high pH when surface has average negative charge the sorption is 

strengthened (Higgins and Luthy, 2006; Wang et al., 2012). 
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The properties of the sorbents also affect the strength of PFOS sorption. The particle size, the pore 

size, surface area and the surface chemistry are the essential characteristics of sorbents which  

contribute to the sorption of PFOS (Du et al., 2014). The sorption is higher  to the small fraction 

of particles since they have larger external surface area and more functional groups are available 

for sorption (Ochoa-Herrera and Sierra-Alvarez, 2008; Yu et al., 2009). Regarding the pore size, 

the bigger pore size sorbents have a high ability to sorb PFOS (Deng et al., 2015), the reason is 

that the bigger pores are capable to accept large number of PFOS. It was also indicated that the 

microporous materials (with diameters less than 2 nm) exhibited higher sorption compared to 

mesoporous (with diameters between 2 and 50 nm) and macroporous structural material 

(Punyapalakul et al., 2013). The common surface functional groups such hydroxyl and carbonyl 

groups have been found to be good for PFOS removal (Punyapalakul et al., 2013; Yu et al., 2009). 

The organic matter content of the sorbent has also proven to be a major factor contributing to a 

high PFOS sorption ability of soils, sediments and other sorbents (Higgins and Luthy, 2006; Jeon 

et al., 2011; Qian et al., 2017; Zhou et al., 2010). 

ii. Mechanism 

The mechanisms involved in PFOS sorption are electrostatic interactions, hydrophobic interaction, 

ion and ligand exchange, hydrogen bonding and Van deer Waal forces (Du et al., 2014). The 

electrostatic attractions happen when the sorbent surface carries positive charge and interacts with 

the PFOS which is always anionic along the whole pH range due to its negative pka (Steinle-

Darling and Reinhard, 2008; Yu et al., 2009). When the pH is higher than the pHzpc of the sorbent, 

the surface gets negative charges, therefore, an electrostatic repulsion occurs. Several studies have 

reported the PFOS removal via electrostatic interaction (Du et al., 2014; Johnson et al., 2007; 

Wang et al., 2012). The presence of divalent cations enhances the observable sorption even when 

the sorbent surface carries negative charge by forming a bridge between the sorbent and PFOS. 

The hydrophobic property of PFOS allows it to undergo hydrophobic interaction with hydrophobic 

sorbents. Several studies reported the presence of organic matter to be the origin of hydrophobic 

interactions (Higgins and Luthy, 2006; Qian et al., 2017; Zhou et al., 2010) which help to 

immobilize PFOS from aqueous phase. Additionally, Wei et al. (2017) reported that different 

interactions such as ion exchange, surface complexing and hydrogen bond might all control the 

sorption of PFOS to soils. The presence of PFOA in aqueous phase would compete with the 

sorption PFOS since all these two organic compounds have a very small pka and behave like anions 
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in solution (Du et al., 2014). However, as discussed by Du et al (2014), the sorption is stronger for 

PFOS than the PFOA. The sulfonate group of PFOS is a hard base and allows the PFOS to be more 

readily sorbed to oxide surfaces. Furthermore, several studies have also shown that  the PFOS is 

more hydrophobic than PFOA and is more sorbed to silica zeolites and sediments (Higgins and 

Luthy, 2006; Punyapalakul et al., 2013).  

2.5. Aim and goals 

The aim and goals of this study are to understand how PFOS including its isomers are distributed 

between the aqueous phase and the solid phase and to know their distribution in both groundwater 

and surface waters. 

The main hypothesis are: 

1. The sorption of PFOS to goethite (FeOOH) and aluminum hydroxide (Al(OH)3) is pH 

dependent; a high sorption will be observed at low pH and the sorption will decease as pH 

increases.  

2. The PFOS sorption to peat and soils is slightly pH dependent. The organic matter of the 

sorbents and leached metals will have a great influence. 

3. The addition humic acid (HA) and fulvic acid (FA) enhances the sorption capacity of 

sorbents. The sorbed humic substances will increase the sorption of PFOS via hydrophobic 

interactions. The hydrophobic mechanism will be confirmed if the HA enhances the PFOS 

sorption more than does the FA.  

4. The sulfate ions will compete with the removal of PFOS at low pH. However, the added 

sulfate in form of Na2SO4 will increase the solution ionic strength and enhance the sorption 

at  high pH. 

5. These slag materials will have a low capacity to sorb PFOS since their they form very 

alkaline solution when they get in contact with water. The smaller slag size-fraction (< 0.9 

mm) has a higher capacity than the bigger slag size-fraction (0.9-2 mm). 

Sub goals 

To be able to achieve the aim and goals, the following tasks were investigated: 

1. To understand the effect of pH on sorption of PFOS to different sorbents 
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Specific task: To conduct sorption experiments of PFOS on different sorbents separately at 

different pHs by measuring the levels of PFOS in aqueous phase at the end of the sorption 

experiment. 

2. To understand the effect of dissolved organic matter like fulvic acid on the sorption of PFOS 

Specific task: To perform sorption experiments of PFOS on different sorbents using equal 

amounts of FA and HA separately and by changing pH and measure the levels of PFOS in 

solution after sorption experiment. 

3. To know how ionic strengths and sulfates affect the PFOS sorption. 

Specific task: To conduct sorption experiments of PFOS on different sorbent by varying 

solution concentrations in sulfate and changing pH, then measure the levels of PFOS in 

solution after sorption experiment. 

4. To understand how the slag quantity and size affect the sorption of PFOS 

 Specific task: To conduct sorption experiments on slag materials by varying the amounts of slag 

for both fraction size, measure the levels of PFOS in solution after sorption experiment and 

compare results of two slag size-fractions. 
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3. Material and Method 

3.1.Chemicals and standards 

The Fe(NO3)3.9H2O (>99%) used to synthetize the iron oxyhydroxide was purchased from Merck. 

NaOH, HCl and HNO3 were also obtained from VWR (> 99% pure). Fulvic acid (Siikajoki) with 

an average molecular weight around 1 400 daltons and an acid capacity of 5.15 meq/g was used 

(Pettersson et al., 1997).The humic acid (Aldrich soil humic acid) with a molecular weight around 

3 400 daltons was obtained from Sigma Aldrich (technical grade). Na2SO4 was purchased from 

Scharlau Chemie S.A (Barcelona, Spain) (assay iodometry min.98%, free alkali (as Na2CO3) 

max.15%, Cl max. 0.02%, Zn and Fe max. 0.001%) while aluminum hydroxide (hydrargillite) was 

bought from Merc5k (Germany) (Cl≤0.01%, SO4
2- ≤0.05%, Fe ≤0.01%, Na ≤0.3%, Loss of 

ignition (7000C) 30.0-35.0 %, particle size (<150μm) about 90%). Potassium salt of PFOS 

(including both linear and branched isomers) (≥98%) for spiking water was purchased from Sigma 

Aldrich. Analytical standards of PFASs were obtained from Wellington Laboratories (Guelph, 

Ontario, Canada), which included: potassium salts of PFOS (>98%) including branched isomers 

and perfluorobutane sulfonate (PFBS) (>98%), sodium salts of perfluoropentane sulfonate 

(PFPeS) (>98%), perfluorohexane sulfonate (PFHxS) (>98%), perfluoroheptane sulfonate 

(PFHpS) (>98 %), and perfluorodecane sulfonate (PFDS) (>98%), perfluorobutanoate (PFBA) 

(>98%), perfluoropentanoate (PFPeA)(>98%), perfluorohexanoate (PFHxA) (>98%), 

perfluoroheptanoate (PFHpA) (>98%), perfluorooctanoate (PFOA) (>98%), perfluorononanoate 

(PFNA) (>98%), perfluorodecanoate (PFDA) (>98%), perfluoroundecanoate (PFUnDA) (>98%), 

perfluorododecanoate (PFDoDA) (>98%), perfluorooctanesulfonamide (FOSA) (>98%), and 

respective mass-labelled standards of the PFASs mentioned above. Ammonium acetate (>99) and 

LC-grade methanol (> =99.9%) were purchased from Fluka (Steinheim, Germany) and Fisher 

Scientific (Leicestershire, UK) respectively. Ammonium hydroxide (25-30%) and glacial acetic 

acid were purchased from E. Merck (Darmstadt, Germany), 1-methyl piperidine (99%) from 

Sigma Aldrich (Stockholm, Sweden) and acetonitrile (> 99.9%) from (Fisher Scientific, USA). 

3.2.PFOS Spiked water 

Water sample was collected before from Lake Vättern, just south of Stora Hammarsundet and 

stored at 4 ºC. To prepare water for sorption experiment, 3 mg of the potassium salt of PFOS 

including branched isomers were dissolved in approximately 25 L of Lake Vättern water and kept 
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at 4 ºC until the analysis was completed (5 months). The spiked amount of PFOS was chosen based 

on the limit of detection of the liquid chromatography tandem mass spectrometer (LC-MS/MS). 

3.3. Sorbent collection  

The soils and peat sorbents were taken from Kvarntorp, municipality of Kumla. The two first soils 

were collected at an area marked by 1 in the Figure 2. The area was covered by young oak trees, 

the first soil was taken on the top after removing soil covers and the second soil in 25 cm depth 

after digging the soil with a shovel. The other two soils were sampled at another area marked by 2 

in the Figure 2, that area was covered with spruce forest. The soil 3 was collect on the top while 

soil 4 was taken in 25 cm depth. Peat was collected at the water treatment system called 

serpentindammssystemet downstream Kvarntorpshögen where it was used as the final step of 

water treatment as a filter. The Al(OH)3 (hydrargillite) was purchased as a white solid powder 

while ironoxyhydroxide(goethite) was synthetized. The two slag materials used were silica 

reduced argon oxygen decarburization (AODSi) and aluminum reduced argon oxygen 

decarburization. 

3.4. Sorbent preparation 

The ironxoxyhydroxide (α-FeOOH) was synthetized following the Schwertmann and Cornell 

(2000) method. Basically, 150 g of Fe(NO3)3.9H2O was dissolved in 2.5 L of mL Milli-Q water 

and acidified with 5ml of HNO3. While stirring a solution of Fe(NO3)3 in a small plastic jerry can 

using a magnetic stir rod, the pH was adjusted up to 12 using 16.6 M NaOH. A deep maroon 

suspension of Fe(OH)3 was formed. The suspension was kept in an oven at 60 ºC and turned into 

yellow-orange color after three days. The suspension was then split in 50mL tubes and centrifuged 

at 5432 g for 10 min. The supernatant was discarded and a solid phase washed several times to 

remove dissolved ions.  The total suspended solid of 38.54 g/L was measured after drying a portion 

of the suspension in an oven at 105 ºC for one day. The soils and peat samples were prepared by 

drying them at 60 ºC for 3 days and crushing them using a mortar. Sieves of 0.5 mm and 1 mm 

grain size were used to get fine soils and peat respectively. The slag materials were separated into 

2 fractions (i.e., size of >0.9 mm and between 0.9 and 2 mm). 
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Figure 2. Soils and peat sample collection map. 

3.5.Sorbent characterization  

Electrical conductivity (EC), pH, organic matter (OC) content and cation exchange capacity (CEC) 

were measured in soils and peat. For estimating EC and pH, 5g of solid material was weighed in 

50 PP tube and 25mL of Milli-Q water was added before shaking for 45min. The suspension was 

left to settle for 3 hours before  measurement. To determine the organic content of soils and peat, 

5g of each sample was weighed in crucibles and a loss of ignition (LOI) at 550 ºC for one hour 

was employed. 1M ammonium acetate (pH=6.95) was used to determine the cation exchange 

capacity (CEC) (Burt et al., 2004).The CEC was determined after measuring the amount of 
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extractable calcium, magnesium, sodium and potassium. For the Al(OH)3 and α-FeOOH, only pH 

and electrical conductivity have been determined.  

Table1. Physicochemical properties of sorbent materials. 

Sorbent EC 

(μs/cm) 

OC 

(g/g) 

CEC 

(meq/100gm) 

pH Fe 

(ppb) 

Mn 

(ppb) 

Al 

(ppb) 

Ca 

(ppb) 

Mg 

(ppb) 

Goethite 1.19 
  

8.15 
     

Al(OH)₃ 1.32 
  

6.07 
     

Peat 10.09 0.745 1.522 5.17 
     

Soil 1 23.5 0.09 0.18 4.82 
     

Soil 2 24.8 0.059 0.24 4.94 
     

Soil 3 8.27 0.03 0.03 4.25 
     

Soil 4 16.37 0.027 0.027 4.44 
     

Slag AODSi 
    

2643 1760 59640 3148 37646 

Slag AODAl 
    

6190 1632 39300 3233 43038 

 

3.6.Sorption batch experiments  

The sorption batch experiments were performed in 50mL PP tubes. For soils, Al(OH)3 and peat 

sorbents, the batch experiments were carried out using 0.25 g of sorbent; whereas for slag 

materials, 0.25 g, 0.50 g, 0.75 g and 1 g were used. Regarding experiments performed on α-

FeOOH, 6.735 mL of 38.54 g/L slurry was used. Five PFOS sorption batch experiments were 

prepared for each sorbent. A first batch was done by changing pH only; a second sorption batch 

performed using 20 mg/L FA; a third batch using 20 mg/L HA and last two batch experiments 

performed with solutions of 100 and 1000 mg/L solutions of Na2SO4, respectively. After putting 

the sorbent in 50mL PP tubes and addition of modifying chemistry agents, the tubes were half 

filled with spiked water, the pH was then adjusted between 2 and 11. The amount of acid/base to 

add was predetermined by adding successive amount of HCl/NaOH in goethite suspension and 

measure the pH. The pH was measured after performing sorption experiment and varied between  

2 and 11 for all  batches except for slag experiments. The 50 mL tubes were then filled with the 

same spiked water sample. Suspensions which contained PFOS, sorbent and added chemicals were 

shaken for 24 hours, a time that was chosen based on previous studies (Johnson et al., 2007; 

Milinovic et al., 2015; Pan et al., 2009; Qian et al., 2017). After the shaking, the tubes were 

centrifuged at 5432g for 15, 10 and 7 min for peat and α-FeOOH (goethite), soils then Al(OH)3 

and slags respectively. The supernatants were transferred into new PP tubes for further analysis. 
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3.7. Aqueous phase composition  

The aqueous composition was determined by analysing PFOS concentrations, metal contents, pH, 

and EC in supernatants. The pH in the sample was measured in the supernatant using a 744 PH 

Meter Ω Metrohm and EC with a sensIONTM+ EC7. To analyze metals in samples, 1mL of filtered 

(using 0.2 μm Millipore nylon filter) was diluted with 9 mL of 1% HNO3 and spiked with rhodium 

internal standard used to quantify the analyte. The ICP-MS Agilent 7500 was used to measure the 

metal concentration. A determination of dissolved humic substances  in water phase which was in 

contact with peat and soils was performed using a Shimadzou spectrophotometer UV-1800. Before 

the measurement,  the water phase was filtering with 0.2 filter and pH adjusted by a phosphate 

buffer solution (pH=6.8). The HA and FA were not separated before analysis, it was  assumed that 

the fraction of HA was low. The absorbance was measured at three different wavelengths: λ=250, 

λ=280 and λ=400. 

3.8.PFOS analysis 

Due to a high number of samples, the supernatant was not filtered for PFOS analysis. Each sample 

was prepared by transferring 300 μL of the supernatant in a glass vial and diluted with 200μL of 

methanol. 5 μL (1ng) of PFOS 13C-labelled standard was added before analysis to account for 

interference. To quantify the amount PFOS in each sample, the sample was injected and quantified 

by the Waters Acquity Ultra-performance Liquid chromatograph equipped with a 100 mm x 

2.1mm C18 BEH column (1.7-μm particle size) and coupled to triple quadrupole mass 

spectrometers XEVO-TQS (UPLC/MS/MS, Waters corp., Milford, MA). A gradient mobile phase 

of (A) 2 mM ammonium acetate (30:70, methanol: MilliQ) with 5mM 1-methyl piperidine and (B) 

2 mm ammonium acetate (MeOH) with 5 mM 1-methyl piperidine in at a flow rate of 0.30 mL/min 

was used. The LC operated with an injection volume of 10 μL and the elution gradient started with 

100% A and was increased up to 100% B in 14 minutes and then decreased to 0% with solvent B 

at 14.2 minute. The MS/MS worked in an  electrospray negative ionization mode and PFOS was 

quantified by a multiple reaction monitoring mode. Internal calibration using a mass-labelled 

standard was used for quantification. In the LC separation, the PFOS isomers were not baseline 

separated; they were detected into 3/4/5-PFOS, 2/6-PFOS and L-PFOS groups (table 2). 
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Table 2. Co-eluted PFOS isomers and their relative contribution. 

Group Isomer Isomeric relative contribution 

(%) 

3/4/5-PFOS 3-PFOS 22 

4-PFOS 25 

5-PFOS 52 

6/2-PFOS 2-PFOS 6 

6-PFOS 94 

L-PFOS L-PFOS 100 

3.9.Quality assurance/control 

To produce sufficiently accurate results, the experiment has been designed such that any 

contamination and loss of analyte were controlled. Polypropylene tubes were used instead of 

Teflon tube for avoiding any tube contamination. 50 ml of MilliQ water was used to prepare a 

negative control. The same procedures used to conduct experiments on PFOS spiked water and 

sorbent suspensions were followed to perform experiments with the negative control. LC-grade 

methanol was used as instrumental blank. The instrumental blank was checked regularly for 

carryover control. Results showed no detectable analytes in the negative control which indicated 

that there was no contamination. Moreover, measured PFOS concentrations of 119.564 and 

119.506 μg/L were close to 120 μg/L, the concentration calculated after dissolving 3mg of PFOS 

in 25L of water. The analysis was not run in replicate due to large number of samples. However, 

the duplicate spiked waters gave reproducible results with relative standards deviation of 0.02%, 

0.87% and 0.10% for 3/4/5-PFOS, 6/2PFOS and L-PFOS respectively. 

3.10. Quantification of sorption parameters  

In order to quantify the concentration of PFOS, calibration curves were plotted for all investigated 

PFOS isomers (Figure 13 in appendices). The amount PFOS isomers in water which was in contact 

with sorbent, was determined using regression equations given by the calibration curves. Since the 

instrument measures the mass of analyte, the concentration of analyte was calculated using the 

following expression: 

 𝐶𝑎 =
Measured mass

Volume
                                           (Eq.1) 

where   Ca=PFOS concentration in pg/μL 

               Volume =300 μL sample volume in glass vial  
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               Measured mass: PFOS mass in picogram directly measured by UPLC-MS/MS 

The amount of sorbed PFOS was determined from the difference between the its amount in spiked 

water and its level in aqueous phase exposed to sorbent. 

3.11. Determination of coefficient of distribution (Kd) and percentage of sorbed PFOS 

The Kd was calculated by taking a ratio of sorbed PFOS and the concentration of PFOS in aqueous 

phase. To determine the coefficient of distribution, the expression below was used  

𝐾𝑑 =
𝑠𝑜𝑟𝑏𝑒𝑑 𝑃𝐹𝑂𝑆

𝑃𝐹𝑂𝑆 𝑐𝑜𝑛𝑐.
    (Eq. 2) 

Where: 𝑆𝑜𝑟𝑏𝑒𝑑 𝑃𝐹𝑂𝑆 =
(𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑃𝐹𝑂𝑆 𝑠𝑝𝑖𝑘𝑒𝑑 𝑤𝑎𝑡𝑒𝑟−𝐴𝑚𝑜𝑢𝑛𝑡 𝑃𝐹𝑂𝑆𝑠𝑎𝑚𝑝𝑙𝑒  )𝑋 50𝑚𝐿

0.25𝑔𝑋0.3𝑚𝐿
 

             PFOS concentration =
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑃𝐹𝑂𝑆𝑠𝑝𝑖𝑘𝑒𝑑 𝑤𝑎𝑡𝑒𝑟

0.3𝑚𝐿 
 

Units: Amount of PFOS (pg); distribution coefficient (mL/g) 

% 𝑠𝑜𝑟𝑏𝑒𝑑 𝑃𝐹𝑂𝑆 =
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑃𝐹𝑂𝑆 𝑠𝑝𝑖𝑘𝑒𝑑 𝑤𝑎𝑡𝑒𝑟−𝐴𝑚𝑜𝑢𝑛𝑡 𝑃𝐹𝑂𝑆𝑠𝑎𝑚𝑝𝑙𝑒  

𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑃𝐹𝑂𝑆𝑠𝑝𝑖𝑘𝑒𝑑 𝑤𝑎𝑡𝑒𝑟
𝑋100 (Eq.3) 

3.12.  Data analysis 

The data analysis was done using the Excel software. Scatterplots were used to visualize the 

sorption behavior of individual PFOS isomer and to compare sorption capacity of different 

sorbents and effects of solution chemistry. A T-test was employed to examine whether there was 

a significant difference in sorption capacity of sorbents and to compare the ability of added 

chemicals to enhance PFOS sorption. A regression model helped to examine the impact of 

variation of pH on the PFOS sorption to soils. 
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4. Results  

4.1.Sorbent characterization  

The measured physical chemical parameters of the sorbents are summarized in table 1. The soils 

3 and 4 had lower pH of 4.25 and 4.44 compared to soils soil 1 and 2; their corresponding OC and 

CEC were 0.03 and 0.027 then 0.03 and 0.027 respectively. The EC, OC and pH of soil 3 and 4 

did not differ much (p-value=0.891) whereas the EC of the top soil (soil 3) was lower compared 

to the one of 25 cm soil depth (soil 4). On other hand, the soils 1 and 2 had 8.840 and 5.905% of 

OC respectively, the levels which are higher than the OC of soil 3 and 4. The peat was made of 

74.55 % and its CEC was higher than other measured CEC. The metal analysis done on slags 

showed that they are rich in Al, Fe, Mn, Mg and Ca content.  

4.2. Characterization of Lake Vättern water and aqueous phase exposed to sorbents 

The physical chemical parameters analyzed in the water sample used to prepare the spiked water 

are given in table 3.  

Table 3. Physical chemical parameters of Lake Vättern water. 

EC alkalinity pH SO4
2- Cl- Na Mg Al K Ca Mn Fe Zn FA 

μs/cm meq/l 
 

ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm mg/l 

118 0.95 7.21 18 10.3 7.04 2.16 0.003 1.74 14.6 0.002 0.028 0.0024 3.25 

The metals analysis in water which was exposed to soils showed that the concentration of Ca, Mg 

and Ba decreased as pH increased. The analysis showed that the levels of Al, Mn and Fe decreased 

from acidic medium to neutral pH and increased from neutral to alkaline medium (table 7 in 

appendices). In general, the concentration of metals was higher for soils collected on the top than 

the ones collected in 25 cm depth. The analysis of FA done after water was in contact with soils 

and peat showed that the concentration of FA increased as pH increased (table 17 in appendices). 

The concentration of FA in aqueous phase was determined from the concentrations calculated at 

the two lower wavelengths (λ=250, λ=280).The FA concentration in Lake Vättern water was 3.25 

mg/L.   

4.3.PFOS batch experiments  

The isomers such as 2-methyl and 6-methyl PFOS isomers co-eluted; 3-methyl, 4-methyl and 5-

methyl PFOS co-eluted as well; the 1-mehtyl PFOS was below detection limit whereas the L-
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PFOS showed a single high peak.  The 3/4/5-PFOS isomers were detected with the m/z 499>80 

transition, 6/2-PFOS isomers with m/z 499>169 and L-PFOS with 499>99 transition. The 

measured PFOS concentrations in spiked water are given in table 4.  

Table 4. Concentration of total and PFOS isomers in spiked water. 

 
3/4/5-PFOS 

μg/L 

6/2-PFOS 

μg/L 

L-PFOS 

μg/L 

Total-PFOS 

μg/L 

Spiked water 1 9.25 12.78 97.54 119.56 

Spiked water 1 recalculated 8.32 11.5 87.78 107.61 

Spiked water 2 7.9 11.93 99.67 119.51 

Spiked water 2 recalculated 7.11 10.74 89.71 107.56 

 

4.3.1. Effect of pH.  

The scatterplot of log Kd vs pH for PFOS distribution between aqueous phase and different 

sorbents is presented in Figure 3. For all sorbents, a high PFOS sorption is found at low pH and 

the concentration of PFOS in aqueous phase increases as pH increases. 

Figure 3. Plot of logKd versus solution pH for total PFOS. 

The respective average distribution coefficients of PFOS on goethite, peat, soil 1 and Al(OH)3 are 

2.46, 2.08, 2.00 and 1.99 at pH 2.50-5.50; 1.45, 1.38, 1.42, and 0.90 at pH 6.5-7.5 then 1.30, 1.20, 

1.08 and 1.00 at pH 8.00-10.5. When it comes to immobilization of PFOS in acidic, neutral and 

0

0.5

1

1.5

2

2.5

3

3.5

2 4 6 8 10 12

Lo
g 

K
D

 (
m

L/
g)

pH

PFOS / goethite

Total PFOS/peat

Total PFOS/Al(OH)3

Total PFOS/ soil 1



19 
 

alkaline conditions, the goethite shows a relatively higher capacity while the Al(OH)3 has a lower 

capacity. The  soil 1 and peat have medium sorption capacity (between goethite and peat capacity). 

As shown in the figure 3, the distribution of PFOS between sorbent and water phase drops 

remarkably from acidic medium to the neutral pH. In contrast to a dependency of PFOS sorption 

on pH in acidic condition, the sorption in alkaline conditions is nearly independent of pH.   

4.3.2. Effect of HA and FA 

The change in solution chemistry is a key factor that contributes to the fate and transport of 

pollutants in environment (Tang et al., 2010). In addition to pH, the HA and FA affect the 

distribution of PFOS. In a system where PFOS is in contact with HA and sorbent, the current 

results show that the capacity of sorbents to sorb PFOS is in order of: goethite> peat > Al(OH)3 

(Figure 4 A). If in the system FA is present and the HA removed, the goethite has a higher sorption 

capacity at pH<5 while the Al(OH)3 had a lowest capacity. With the same presence of FA at pH>5, 

the order of PFOS sorption capacity is: goethite>peat> Al(OH)3 (Figure 4 B).  

 

Figure 4. Total PFOS sorption to goethite, peat and Al(OH)3 as function pH and effect of added 20 mg/L HA (A) 

and 20 mg/L FA (B) on the sorption behaviour. 

The impact of separate 20 mg/L HA and FA aqueous phase on the sorption of total PFOS and 

individual isomers is presented in Figure 5. According to the results, in a case when a sorbent is 

together with the HA or FA and the system exposed to a variation of pH, the behaviour of PFOS 

depends on the pH range and the organic acid. Particularly, when goethite is in contact with PFOS 
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contaminated water which contains separate concentration of 20 mg/L HA or FA, a high PFOS 

immobilization enhancement is observed when HA is present (p=0.035) (Figure 5 D). The HA 

increases the average logKd from 2.35 to 2.93, 2.46 to 2.92 and  2.49 to 3.04 at pH 2.50-5.50; from 

1.17 to 1.98, 1.74 to 1.88 and 1.44 to 1.90 at pH 6.50-7.50 then from 0.69 to 1.89, 1.62 to 1.69 and 

1.27 to 1.71 at pH 8.50-10.50 for 3/4/5-PFOS, 6/2-PFOS and L-PFOS respectively. The current 

the results show that the FA might compete with the sorption of PFOS at approximately pH <3 

(Figure 5A, B, C, D). The FA is however a slight enhancer of PFOS sorption at pH>3. The results 

indicate also that the 3/4/5-PFOS isomer is highly sorbed to goethite between the pH 4 and 8 which 

is an environmental relevant pH range. 

Regarding PFOS sorptions to Al(OH)3, the FA reduces the sorption capacity of the sorbent for all 

PFOS isomers at all investigated pH while the HA increases the sorption at pH> 6 (Figure 5I, J, 

K, L). For a system when peat is used as sorbent material, the HA and FA competed with the 

sorption of PFOS at pH<4 while at pH>4 the immobilization of PFOS from water is enhanced 

(Figure 5 I,J, K, L). 

Table5. Calculated log Kd of PFOS to soil 3 and 4 as function of pH. 

soil 3 soil 4 

Log Kd(mL/g) pH Log Kd(mL/g) pH 

1.981 2.7 2.122 2.74 

1.937 3.84 2.007 3.15 

1.881 4.58 1.880 3.35 

1.936 5.86 1.876 3.76 

1.937 6.03 1.908 4.44 

1.804 7.08 1.808 5.51 

1.845 7.50 1.810 5.69 

1.844 9.86 1.812 6.00 

1.803 10.32 1.866 6.33 

1.830 10.76 1.849 6.80 

1.825 10.95 1.783 9.03   
1.753 9.66   
1.773 10.23 
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pH 
 

Figure 5. Total and PFOS isomers sorption to goethite (A, B, C, D), peat (E, F, G, H) and Al(OH)3(I, J, K, L) as 

function of pH and effect of separate addition of 20 mg/L concentration of  HA and FA. 
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pH  

Figure 6. Total and isomers sorption behaviour to goethite (A, B, C, D), peat (E, F, G, H) and Al(OH)3(I, J, K, L) as 

function of pH and effect of separate addition of 100 and 1000 mg/L Na2SO4. 

0

0.5

1

1.5

2

2.5

3

3.5

2 4 6 8 10 12

Total
Total
Total

Total PFOS
Total PFOS+low SO4

2-

Total PFOS+high SO4
2-

0

0.5

1

1.5

2

2.5

3

3.5

2 4 6 8 10 12

Total PFOS
Total PFOS+low SO4 2-
Total PFOS+high SO4 2-

Total PFOS
Total PFOS+low SO4

2-

Total PFOS+high SO4
2-

0

0.5

1

1.5

2

2.5

3

3.5

2 4 6 8 10 12

Total PFOS
Total PFOS+low SO4 2-
Total PFOS+high SO4 2-

Total PFOS
Total PFOS+low SO4

2-

Total PFOS+high SO4
2-

0

0.5

1

1.5

2

2.5

3

3.5

2 4 6 8 10 12

L-PFOS
L-PFOS+Low-SO4 2-
L-PFOS+ High SO4 2-

L-PFOS
L-PFOS+low SO4

2-

L-PFOS+high SO4
2-

0

0.5

1

1.5

2

2.5

3

3.5

2 4 6 8 10 12

6/2-PFOS
6/2-PFOS+Low SO4 2-
6/2-PFOS+ High SO4 2-

6/2-PFOS
6/2-PFOS+low SO4

2-

6/2-PFOS+high SO4
2-

0

0.5

1

1.5

2

2.5

3

3.5

2 4 6 8 10 12

6/2-PFOS
6/2-PFOS+Low SO4 2-
6/2-PFOS+ High SO4 2-

PFOS
PFOS+low SO4

2-

PFOS+high SO4
2-

6/2-PFOS
6/2-PFOS+low SO4

2-

6/2-PFOS+high SO4
2-

0

0.5

1

1.5

2

2.5

3

3.5

2 4 6 8 10 12

6/2-PFOS
6/2-PFOS+Low SO4 2-
6/2-PFOS+ High SO4 2-

PFOS
PFOS+low SO4

2-

PFOS+high SO4
2-

6/2-PFOS
6/2-PFOS+low SO4

2-

6/2-PFOS+high SO4
2-

0

0.5

1

1.5

2

2.5

3

3.5

2 4 6 8 10 12

3/4/5-PFOS
3/4/5-PFOS+Low SO42-
3/4/5-PFOS+High SO42-

3/4/5-PFOS
3/4/5-PFOS+low SO4

2-

3/4/5-PFOS+high SO4
2-

1

1.5

2

2.5

3

3.5

2 4 6 8 10 12

3/4/5-PFOS
3/4/5-PFOS+Low SO42-
3/4/5-PFOS+High SO42-

3/4/5-PFOS
3/4/5-PFOS+low SO4

2-

3/4/5-PFOS+high SO4
2-

0

0.5

1

1.5

2

2.5

3

3.5

2 4 6 8 10 12

3/4/5-PFOS
3/4/5-PFOS+Low SO42-
3/4/5-PFOS+High SO42-

3/4/5-PFOS
3/4/5-PFOS+low SO4

2-

3/4/5-PFOS+high SO4
2-

0

0.5

1

1.5

2

2.5

3

3.5

2 4 6 8 10 12

L-PFOS
L-PFOS+Low-SO4 2-
L-PFOS+ High SO4 2-

PFOS
PFOS+low SO4

2-

PFOS+high SO4
2-

L-PFOS
L-PFOS+low SO4

2-

L-PFOS+high SO4
2-

0

0.5

1

1.5

2

2.5

3

3.5

2 4 6 8 10 12

L-PFOS
L-PFOS+Low-SO4 2-
L-PFOS+ High SO4 2-

PFOS
PFOS+low SO4

2-

PFOS+high SO4
2-

L-PFOS
L-PFOS+low SO4

2-

L-PFOS+high SO4
2-

A

LH
D

KGC

B F J

 

IE

L
o
g

K
d

(m
L

/g
) 



23 
 

Table6. Variation of PFOS logKd (mL/g) as function of pH in separate solutions of 20 mg/L HA and 1000 mg/L 

Na2SO4. 

 

4.3.3. Effect of sulfate.  

The effects of 100 and 1000 mg/L Na2SO4 concentrations on the distribution of PFOS between  

aqueous phase and sorbent are presented in Figure 6. The results show that when a system 

composed of water phase, goethite, PFOS and sulfate  is exposed to a pH <3, the sorption of all 

PFOS isomers is decreased by both high and low level of Na2SO4. However, the high sulfate 

concentration has a relatively high tendency to decrease the sorption efficiency. The calculated log 

Kd(mL/g) for total PFOS at pH =3 are 3.00, 2.60 and 2.50 when sulfate is absent and in presence 

of low and high concentration of Na2SO4 respectively (Figure 6 D). According to the current 

results, however,  the distribution of PFOS is nearly independent of the sulfate when the pH of the 

system is increased at pH >3, except for 3-/4-/5-/PFOS isomer which is highly increased by the 

presence of both level of sulfate.   

The findings of  sorption of PFOS to Al(OH)3  in presence of sulfate show that the concentration 

of PFOS in aqueous phase is increased by the presence of sulfate in acidic medium. For example, 

in the current study, the log Kd(mL/g) for total PFOS at pH =3 are 2.40, 2.30 and 2.30 when sulfate 

is absent and in presence of low and high concentration of Na2SO4 respectively (Figure 6 L). 

However, when the pH is increased up to a level higher than 6, the enhancement of sorption of 

PFOS isomers is observed due to both levels of sulfate except for L-PFOS where the high sulfate 

concentration exhibits a negative influence.  

Goethite peat Al(OH)3

pH 3.00 7.33 9.07 2.80 6.32 9.05 2.88 6.53 9.36

log Kd (mL/g) L-PFOS 3.01 1.46 1.32 2.89 1.48 1.07 2.57 0.93 0.97

log Kd (mL/g)6/2 PFOS 2.90 1.72 1.64 2.77 1.46 1.36 2.49 0.71 0.87

log Kd (mL/g) 3/4/5-PFOS 2.75 0.83 0.67 2.74 1.61 1.54 2.38 0.76 0.76

Goethite+HA peat+HA Al(OH)3+HA

pH 2.97 7.19 9.22 2.82 6.70 8.70 2.92 6.53 9.41

log Kd (mL/g) L-PFOS 3.40 1.85 1.76 2.92 1.19 1.59 2.34 1.11 1.25

log Kd (mL/g)6/2 PFOS 3.24 1.85 1.71 2.82 1.63 1.77 2.27 0.87 0.88

log Kd (mL/g) 3/4/5-PFOS 3.24 1.96 1.91 2.74 1.65 1.80 2.17 1.22 1.11

Goethite+high SO4 2- peat+high SO4 2- Al(OH)3+high SO4
2-

pH 3.27 6.99 9.47 3.02 6.83 9.25 3.29 6.67 9.54

log Kd (mL/g) L-PFOS 2.48 1.41 1.42 2.76 1.34 1.55 2.39 0.86 1.14

log Kd (mL/g)6/2 PFOS 2.42 1.49 1.47 2.68 1.56 1.67 2.28 1.39 1.34

log Kd (mL/g) 3/4/5-PFOS 2.46 1.92 1.79 2.65 1.73 1.92 2.22 1.30 1.04
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For the peat sorbent, the high concentration of Na2SO4 enhances the sorption of all isomers 

whereas the low concentration reduced the sorption (Figure 6E, F, G, H). 

4.3.4. Effect of sorbate property 

When the PFOS isomeric sorption profile is to be considered, table 6 shows a general sorption 

behaviour of studied isomers. For all PFOS isomers, the sorption decreased with increasing pH. 

At low pH (pH <3), L-PFOS is the most immobile isomer in all solution conditions except when 

Na2SO4 is present. For sorptions done using goethite, the respective calculated log Kd for L-PFOS, 

6/-PFOS and 3/4/5-PFOS are 3.01, 2.90 and 2.75 for unmodified batch (no other chemical was 

added); 3.40, 3.24 and 3.24 in aqueous phase of 20 mg/L HA then 2.48. 2.42 and 2.46 in aqueous 

phase of 1000 mg/L Na2SO4. According to the results of this study, the HA and high concentration 

of Na2SO4 highly enhance the distribution of 3/4/5-PFOS isomer on sorbents at pH>6 except for 

sorptions carried out using Al(OH)3. When the system is exposed to a pH>6 and contains Al(OH)3 

sorbent, the sorption is higher for  L-PFOS except when water  is modified by addition of Na2SO4. 

Regarding the impact of peat on PFOS sorption, 3/4/5-PFOS is the most sorbed isomer at pH>6 

while L-PFOS is the least sorbed one in the same conditions. 

4.3.5. Effect of soils  

In general, the findings indicate that the sorption of all PFOS isomers is higher for the top soils 

than soils collected in 25 cm depth below ground (Figure 7). When soil 1 is in contact with PFOS 

contaminated water, the maximum distribution coefficients of PFOS isomers are 2.50, 2.46, and 

2.55 for 3/4/5-PFOS, 6/2-PFOS and L-PFOS respectively at pH=2.48. For soil 2, the respective 

maximum log Kd at pH=2.48 are 2.20, 2.29, and 2.32. When the system has a pH<7, the current 

results show that there is a distinction between soils 1 and 2 toward the distribution of PFOS 

(Figure 7A, B, C). On other hand, for PFOS sorption to soils 3 and 4, the results show that the 

distribution of  L-PFOS and 6/2-PFOS isomers is nearly independent on the type of soil. However, 

for 3/4/5-PFOS isomer, the sorption is slightly high to soil 3 (Figure 7 D, E, F). Additionally, when 

it comes to the impact of pH on sorption capacity of soil 3 and 4, the results show a slight  pH 

dependency for the immobilization of PFOS from the aqueous phase. (table 5). An increasing pH 

unit affects the sorption of PFOS by an average factor of -0.017 and -0.032 for soil 3 and 4 

respectively. 
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pH 
  

Figure 7. The sorption behavior of PFOS to soils 1 and 2 (left) then 3 and 4 (right) as function of pH. 

0

0.5

1

1.5

2

2.5

3

3.5

2 4 6 8 10 12

3/4/5-PFOS soil 1

3/4/5-PFOS soil 2

0

0.5

1

1.5

2

2.5

3

3.5

2 4 6 8 10 12

6/2-PFOS soil 1

6/2-PFOS soil 2

0

0.5

1

1.5

2

2.5

3

3.5

2 4 6 8 10 12

6/2-PFOS soil 3

6/2-PFOS soil 4

0

0.5

1

1.5

2

2.5

3

3.5

2 4 6 8 10 12

L-PFOS  soil 1

L-PFOS soil 2

0

0.5

1

1.5

2

2.5

3

3.5

2 4 6 8 10 12

L-PFOS soil 3

L-PFOS  soil 4

0

0.5

1

1.5

2

2.5

3

3.5

2 4 6 8 10 12

3/4/5-PFOS soil 3

3/4/5-PFOS soil 4

A 

D 

B 
E 

F C 

L
o
g
K

d
(m

L
/g

) 



26 
 

pH 

pH 

According to the current results again,  the sorption of PFOS to soils is favored by the presence of 

HA. The Figure 8 presents PFOS distribution behaviour  in a system which contains soil, HA and 

PFOS contaminated water. The results indicate that the distribution of PFOS to soil 1 is slightly 

enhanced  by an increasing of 20 mg/L HA. The Figure 8 C and D shows that the addition of HA 

does not affect significantly the sorption of PFOS to soils 3 and 4 (P=0.375 and 0.395 respectively). 

However, the sorption capacity of soil 2 is weakened by the addition of HA (Figure 8 B). In 

general, the top soils have higher capacity to immobilize PFOS in all investigated conditions  

(Figure 7 and 8).  

 

Figure 8. Total PFOS sorption to soil 1 (A), soil 2 (B), soil 3 (C) and soil 4 (D) as function of pH and effect of 

addition  of 20 mg/L HA.  
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Figure 9. The sorption behavior PFOS to soil 1 and 2 (left) then 3 and 4 (right) as function of pH and effect of 

addition of 20 mg/L HA). 
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Slag quantity (g) 

4.3.6. Effect of slag property.  

The results of the current study indicate that the PFOS is relatively highly immobilized by the 

smaller slag-size fraction when the amount of slag is increased (Figure 10 A). Nevertheless, a 

variation of the amount of bigger slag-size fraction does not show a high impact on the sorption of 

PFOS (Figure10 B). Furthermore, the smaller silica reduced slag size (AODSi) has a higher 

sorption capacity than the smaller aluminum reduced slag (AODAl) of the same size. In contrast, 

regarding the distribution of PFOS to the bigger slag size-fraction, no observable difference in 

sorption capacity is found between the two types of slag (P=0.9204).   

 

Figure 10.  The PFOS sorption behaviour to two slags one with small fraction size (A) and the other with a big size 

(B). 

In general, the results of PFOS distribution between water and slag materials shows that the smaller 

slag-size fraction (<0.9 mm) has a lower sorption capacity compared to the bigger slag-size 

fraction (0.9-2 mm) except for 3/4/5-PFOS isomer (Figure 11). The relative sorption of total PFOS 

to 0.25g of smaller and bigger AODSi slag size-fraction is 7.91 and 26.62% respectively then 4.84 

and 23.01% to smaller and bigger AODAl slag size-fraction respectively. When the quantity of 

slag is increased to 1g, the PFOS sorption is changed to 18.99 and 21.77% to the smaller and bigger 

AODSi slag size then to 18.15 and 24.41% to the smaller and bigger AODAl slag size-fraction.  
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Slag quantity (g) 

 

 

Figure 11. The PFOS sorption behaviour to AODSi and AODAl slag of 0.9-2 mm and <0.9 mm size-fraction. 
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As presented in Figure 12, the addition of HA and Na2SO4 affects the distribution behaviour of 

PFOS to slags. For separate systems in which PFOS contaminated water is in contact with slag, 

the 20 mg/L HA or 1000 mg/L Na2SO4 enhance the sorption capacity of the smaller slag size-

fractions (Figure 12A, C). However, the sorption capacity of the bigger slag size-fractions is 

decreased by the presence of HA or Na2SO4 (Figure 12B, D) (P=0.0031and 0.0014 for HA and 

Na2SO4 respectively for AODSi then and 0.04 and <0.001 for HA and Na2SO4 respectively for 

AODAl).  

 

Figure 12. The PFOS sorption behaviour to AODSi and AODAl of <0.9 mm and 0.9-2 mm size-fraction and effect 

of separate 20 mg/l HA and 1000 mg/l Na2SO4  on the sorption. 
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5. Discussion 

5.1.Effect of solution pH on sorption of PFOS. 

The acid-base properties of the solution control the surface charge of the sorbent and affect the 

speciation of sorbate (Chen et al., 2009; Tang et al., 2010a; Yu et al., 2009). The pH of the solution 

modifies a surface interface of the sorbent. At pH greater than the pHzpc of the sorbent, the surface 

net charge is negative while in the pH range lower than the pHzpc, the sorbent surface is positively 

(Johnson et al., 2007; Tang et al., 2010b; Wang et al., 2012; Zhao et al., 2014). At low pH, the 

sorbent surface is charged by the presence of protons while at high pH, the surface gets negative 

charges due to deprotonation. Additionally, the PFOS is a strong acid with a negative pka (Steinle-

Darling and Reinhard, 2008; Yu et al., 2009) thus,  the molecule exists always in an anionic form.  

It is expected that the electrostatic mechanism would influence the sorption of PFOS to charged 

sorbents (Du et al., 2014; Higgins and Luthy, 2006a). At low pH, the electrostatic attraction 

strengthens the sorption whereas at high pH, the electrostatic repulsion prevents the sorption. The 

observed sorption in alkaline conditions are attributed to the presence of metal divalent cations 

(Du et al., 2014; Higgins and Luthy, 2006; Tang et al., 2010b) and other factors (i.e. hydrophobic 

interaction, ionic strengths, see sections below ). The anionic PFOS behaves as ligand, it forms 

coordination compounds with metals cations when they present together in aqueous phase. Wang 

and Shih (2011) reported that Ca ions PFOS form Ca(RSO3)2 complexes while Mg has not such 

ability due to the direct hydration resulting from its covalent character. It has also been reported 

that an increasing concentration of PFOS reduced the free Cu2+ and that was explained to be due 

to the formation of Cu-PFOS complexes which  enhanced the sorption of PFOS to multi walled 

carbon nanotubes (Zhou et al., 2012). 

For the current study, the sorption of PFOS has shown to be mainly pH dependent; except for 

sorptions when the spiked water was in contact with soils. The total PFOS sorption to goethite has 

decreased from 50.65% at pH 4.33 to 10.05 % at pH 8.54. The current sorption tendency to goethite 

was similar to the findings of Johnson et al. (2007). The sorption tendency observed to Al(OH)3  

agreed with previous investigations on alumina and boehmite (Wang et al., 2012; Wang and Shih, 

2011). The elevated sorption to metal oxides at low pH as discussed by previous studies is due to 

a protonation of the oxides which increases the number of M-OH2
+ sites allowing strong 

electrostatic interactions via:   

Al-OH2
++L-     Al-OH2-L (Wang et al., 2012) or  Fe-OH2

++L-      Fe-L+H2O (Lin et al., 2015). 
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The current study did not measure the pHzpc of sorbents used. However, previous studies found 

that the pHzpc of goethite is 7.5-9.5 (Ali and Dzombak, 1996; Kosmulski, 2003; Tang et al., 2010). 

The reported pHzpc of Al(OH)3 are 5.0 (Stumm, 1992) and 7.5 (Szewczuk-Karpisz et al., 2018). 

The pHzpc of peat sorbent was 3.6 according to study conducted by Balan et al.(2009) on 

sphagnum moss peat. The sorption observed at pH lower than the sorbent pHzpc would be 

attributed to the electrostatic attraction between the negatively charged sorbate and the positively 

charged surface.  

A continual observed PFOS immobilization at pH> pHzpc may be attributed to the presence of 

Ca, Mg , Fe metal cations in the aqueous phase. When the metal cations have not reached saturation 

with any solid phase, their behaviour in solution is controlled by sorption and other process such 

as ligand complexation, oxidation etc. The sorption of metals ions to hydrous oxide surface leads 

to the formation of complex between the metal and oxygen donor atoms of hydrous oxide (Stumm, 

1992). The sorption of metal cations to the negatively charged surface reduces the average number 

of negatives charge on the sorbent and increases the possibility of immobilizing anionic molecules. 

As postulated by Weng et al. (2005), the sorption of metal cations to goethite leads to the formation 

of goethite-Metal complex which favor the sorption of organic anion. The cation acts as a bridge 

between mineral surface and the sorbate. Furthermore, the metals interact with the negatively 

charged groups of the sorbents and the anionic sorbate depending on metal-PFOS or metal-sorbent 

affinity. However, for both affinities, the formed complex reduces the electrostatic repulsion which 

is a barrier of PFOS sorption in alkaline conditions.  

It is important to know that the aqueous phase used to conduct sorption experiments to various 

sorbents was prepared by spiking the Lake Vättern water with a mixture of PFOS isomers. 

Therefore, a competition with other perfluoro-alkyl substances (PFAS) or perfluoro-alkyl 

carboxylic acids (PFCAs) could not be expected since Lake Vättern water was not contaminated 

by any of those compounds.  

5.2.Effect of sorbent properties    

The current study showed that when the sorption system is exposed to pH>7, the PFOS sorption 

ability is in order of goethite >peat>soil>Al(OH)3 (Figure 3). The order of sorption capacity of the 

sorbents agreed with their previously measured specific surface areas. Prior studies found that the 

goethite has a specific surface area higher than 51m2/g (Ali and Dzombak, 1996; Johnson et al., 
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2007; Wei et al.,2014) and the Al(OH)3.xH2O (gibbsite) with 0.92 m2/g (Szewczuk-Karpisz et al., 

2018). The specific surface area of peat was 26.5m2/g, the surface found after crushing the peat 

into fraction size of 500–710 µm and determined by BET using nitrogen (Ho and McKay, 2000). 

However, the sorption capacity of peat, soil and Al(OH)3 at pH <5 is not conclusive, this could be 

attributed to the fact that the sorption is mainly controlled by the pH.  

Regarding sorbent surface chemistry, goethite and aluminum hydroxide carry the hydroxyl groups, 

while peat is characterized by many organo- functional groups, mainly carboxylic acids and 

hydroxyls. The high PFOS sorbed to goethite could be originated from both its high surface area 

and its reactive hydroxyl groups (Liu et al., 2013; Tombácz et al., 2004). At low pH, the 

electrostatic mechanism could be used to explain the observed tendency; while with increased pH, 

other mechanisms such us the cation bridging effect and hydrogen bonding could have appeared. 

When it comes to the impact of pH on the sorbent surface, the acidic condition increases the 

fractions of sites available on sorbent and enhances the sorption. The alkaline conditions reduce 

the number of available sites and consequently reduce the sorption of PFOS. Furthermore, the 

change in pH of aqueous phase affects solubility of sorbents, both low and high pH increase the 

dissolution of metal oxides. The solubility of mineral based sorbent at low pH is due to the 

formation soluble cations (Abdu-Salam and Adekola, 2006; Stumm, 1992) while the one observed 

at high pH is caused by an excess of hydroxide ions which form complexes with metal ions 

(Stumm, 1992).  

In the current study, the metal analysis performed on water which was in contact with soils showed 

that the concentration of Fe, Al, and Mn is higher in acidic and alkaline conditions while it is lower 

at pH around neutral (table 7 in appendices). For other metal such as Ca, Mg and Ba, the 

concentration decreased as pH increased. For example, for the soil 1, the concentration of Ca was 

23.061 mg/L at pH =2.69; 9.797 mg/L at pH= 7.04 and 3.745 mg/L at pH=10.66. The concentration 

of Fe measured at the same pH were 1.062 mg/L, 0.068 mg/L and 0.948 mg/L.  

The low concentration of divalent metal cations found at high pH can be used to understand the 

observed sorption of PFOS in that range of pH. The sorbed metals in alkaline conditions reduced 

the average negative charges on the surface  and thus enhanced the sorption of PFOS. After putting 

the PFOS spiked in contact with goethite, peat, Al(OH)3 and soil, it is assumed that the sorption 
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was the main process that controls a behaviour of metals in solution. The level of metal cations 

and anions in solution was not enough to reach saturation with any solid phase.  

Although the high and low pH could increase the solubility of goethite, soils and Al(OH)3  and 

reduce the number of available sites of the sorbent, the amount of sorbent was enough and H+ 

dissolved only a negligible fraction of sorbent. A negligible dissolution of mineral sorbent was 

suggested after doing analysis of aqueous phase exposed to sorbents and analysis of spiked water. 

Successive amount of NaOH and HCl was added to both kind of waters for adjusting the pH 

between 2.5 and 11. The water analysis showed that the EC was higher for spiked water  than the 

aqueous phase which  was in contact with goethite, soil and Al(OH)3. Thus, the high ionic strength 

observed (converted from EC, see section below) could be attributed to the added HCl or NaOH 

(table 18, 19 and 20 in appendices). 

For peat the observed PFOS sorption can also be attributed to the hydrophobic interactions formed 

between the non-polar chain of PFOS and the organic matter of that sorbent. The high organic 

matter of peat compared to soil justifies the importance of hydrophobic interactions. The cation 

bridging effect and hydrogen bond could also  have enhanced the sorption of PFOS to peat. 

Nevertheless, the equilibrium concentration revealed that the four soils were different in metal 

concentrations (table7 in appendices). The high sorption capacity of  top soils could be linked to 

their relatively high levels of organic carbon and metal cations. Furthermore, the current results 

showed that the sorption of PFOS to soils is near independent of pH. The sorption could be 

controlled by other mechanisms such hydrophobic interactions, cation bridging effect, ion 

exchange and hydrogen bonding. 

5.3.Effect HA and FA  

HA and FA carry carboxylate and phenolate functional groups allowing them to form complexes 

with metals cations (Stevenson, 1994; Pandey et al., 2000; Schnitzer and Skinner, 1967). The 

consequence of formed complexes is that the hydrophobic interactions between HA or FA and 

PFOS will be increased since the electrostatic repulsion between the negatively charged HA or FA 

and anionic PFOS is reduced. Moreover, HA and FA exhibit protonation and sorption process. As 

demonstrated by the previous studies (Wang et al., 2015; Weng et al., 2006, 2005), the HA and 

FA are highly sorbed  at low pH and the sorption decreases as pH increases. The reason of 

decreasing sorption of FA with increasing pH is  attributed to the fact that FA gets deprotonated 

as pH increased (Bäckström et al., 2003). The deprotonation of FA forms more anionic molecules 



35 
 

which undergo electrostatic repulsion with the negatively charged surface. Consequently, the 

sorption of HA and FA could then compete with the sorption of PFOS at low pH. However, as 

evidenced by Yu et al. (2012), the FA would compete more with the sorption of PFOS due to its 

low molecular weight. The presence of HA and FA could also improve the PFOS sorption when 

the pH is higher than the pHzpc since the two organic acids bear hydrophobic properties which 

can induce PFOS sorption through the hydrophobic mechanism. Additionally, the HA has a higher 

molecular weight than FA (Weng et al., 2006), the HA is therefore more hydrophobic  and bears 

a high ability to enhance the sorption of PFOS.  

For the current study, the enhancement of PFOS sorption at increased pH can be suggested in 

different ways. Firstly, the hydrophobic interactions formed between the organic acid and non-

polar side of PFOS increase the sorption  to the organic based sorbent (1). Secondly, the metal 

cations form a bridge between HA and PFOS and the resulting compound interacts with the surface 

of organic based sorbent through hydrophobic mechanism (2). Thirdly, the metals could have 

formed the bridge between HA or FA and the surface through which the PFOS was attached to the 

sorbent (3). 

However, the current study did not explore the particular way via which the hydrophobic 

interactions have occurred.  

On the contrary, Wang et al. (2015) showed that dissolved HA competed with PFOS sorption, it 

was noted that the surface sites of boehmite got gradually occupied with increasing of HA 

concentration.  Moreover, dissolved organic matters may reduce the sorption  PFAS to sorbents 

by retaining the sorbate molecules in water phase (Yu et al., 2012). Furthermore, the addition of 

HA and FA could impact the solubility of sorbents. It has been reported that the increasing 

concentration of FA and HA to the solution increased the solubility of Al and Fe due to the 

formation of complexes between Al or Fe and the organic acids (Laglera et al., 2011; W. Wang et 

al., 2010).  

With the current results, the low molecular weight organic acid used (FA) competes with the 

sorption of PFOS to goethite and peat at pH<3  while both HA and FA compete with the sorption 

Surface+HA+CF3(CF2)6CF2SO3-                Surface---HA---CF3(CF2)6CF2SO3-                 (1)      

Surface+HA+Mz++CF3(CF2)6CF2SO3-                Surface----HA-M-SO3CF2(CF2)6CF3 (2)      

Surface+HA+Mz++CF3(CF2)6CF2SO3-                Surface-M-HA----CF3(CF2)6CF2SO3- (3)      

-----------------=hydrophobic interactions 
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of PFOS to Al(OH)3 at pH lower than 5. The observed increasing concentration of PFOS in 

aqueous phase due to the presence of HA and FA, may be attributed  to reason given by  Wang et 

al. (2015). Although the bound HA and FA could enhance the sorption via hyropbobic interactions, 

it is suggested that the immobilization of PFOS via electrostatic attraction is stronger than its 

removal through hydrophobic mechanisms. The HA and FA could have formed layers on the 

sorbent which overwhelm the expression of mineral properties.  

The addition of HA or FA to the system where peat is used as sorbent, does not show a clear 

enhancement of the sorption of PFOS. The probable explanation could be the nature of sorbent 

used which is rich in organic carbon. The analysis of aqueous phase which was exposed to peat 

showed that 10.10, 67.80 and 339.22 mg/L FA are leached from the sorbent at pH=2.61, 6.77 and 

10.08 respectively. Therefore, the influence of added humic substances could be dominated by the 

leached ones.   

5.4. Effect of sulfate  

Prior studies have shown that the high concentration of salt reduced the solubility of PFOS and 

increased the sorption via a process called salt out effect (You et al., 2010; Yu et al., 2008). You 

et al (2008) found that the increasing concentration of NaCl from 50 to 500mg/L increased the 

sorption of PFOS to chitosan-based molecularly imprinted polymer sorbents. In the process of salt 

out effect, You et al (2010) reported that the increasing concentration of CaCl2 increases the 

hydrophobicity of PFOS and enhance its sorption to sediments. Regarding salt out of sulfate, it has 

been indicated that the order of salt out toward organic pollutants is in order of: Na2SO4 > K2SO4 

> (NH4)2SO4 > MgSO4 (Xie et al., 1997).  

Furthermore, an increasing salt concentration increases the solution ionic strength which affects 

the distribution of PFOS between solid and aqueous phase (Du et al., 2014; Tang et al., 2010b). 

The increasing of ionic strength impacts the PFOS sorption capacity due to the compression of 

electrical double layer (Kasprzyk-Hordern, 2004; Stumm, 1993; Tang et al., 2010c; Wang and 

Shih, 2011). Tang et al. (2010) demonstrated the impact of ionic strength on the sorption of PFOS 

to goethite. In an aqueous phase with higher ionic strength (in 100 mM NaCl), the sorption slightly 

increased from 4.0 mg/m2 at pH 9 to 4.9 mg/m2 at pH 3 while in the low ionic strength (1 to 10mM) 

and the same pH, 5-fold increase was observed (Tang et al., 2010c; Wang et al., 2012; Wang and 

Shih, 2011; Zhao et al., 2014). Other studies have shown that the increasing ionic strength 
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decreased the sorption of PFOS at pH lower than the pHzpc and it increased the sorption at higher 

pH (Tang et al., 2010c; Wang et al., 2012; Wang and Shih, 2011; Zhao et al., 2014). 

For the current study, the concentration of salt in aqueous phase was increased by the added sulfate 

(Na2SO4). The measurement of EC showed that the lower amount of Na2SO4 (100 mg/L)  increased  

< or ~3-fold change while a < or ~20-fold increase was measured after addition of higher 

concentration of Na2SO4 (1000 mg/L), except in very acidic and alkaline media. An equation 4 

was used to calculate the corresponding ionic strength at different pH (Table 18 and 19 in 

appendices).  

I(
𝑚𝑜𝑙

𝐿
) = 1.610−5 ∗ 𝐸𝐶(

𝜇𝑆

𝑐𝑚
)                               (Eq.4) (Ponnamperuma et al., 1966) 

The current study suggests  that the increasing Na2SO4 concentration impacts the surface behavior 

and affects the sorption of PFOS by i) increasing the ionic strength and compress the electrical 

double layer which reduces the sorption at low pH and increases it at high pH ii) increasing the 

hydrophobicity of the sorbate and enhance its sorption via hydrophobic mechanisms; this accounts 

for peat and soils as they contain organic matters.  

However, the sulfate reduces the PFOS sorption at pH< 3 for systems when PFOS is in contact 

with goethite and aluminum hydroxide. For peat, the low SO4
2- concentration (100 mg/L) reduces 

the sorption ability at pH> 4 (Figure 6). The current effect of SO4
2- was also found by previous 

studies which found that the sulfate ion reduced the sorption of PFOS at low pH  (Deng et al., 

2010; Zhang et al., 2011). Therefore, the observed low sorption could be due to the fact that the 

anionic SO4
2- might compete with PFOS on the positively charged surface. Also, as mentioned in 

this section, the Na2SO4 increased the ionic strength and reduced the amount of PFOS molecules  

sorbed to sorbents at low pH.  

5.5.Effect of sorbate property  

In a study conducted to explore the transfer of PFOS isomers from the aqueous environment to a 

predatory fish, it was suggested that when PFOS isomers were uptaken by the aquatic organism, 

the L-PFOS was more bioaccumulated while branched isomers were rapidly eliminated (Houde et 

al., 2008). It is also reported that the branched PFOS isomers are likely found in water ( Kärrman 

et al., 2011). A high proportion of branched PFOS isomers in water samples compared to the  

PFOS composition in the technical product was also found in other studies (Benskin et al., 2009; 
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Yu et al., 2013, 2015). Based on the results of the studies discussed above, it seemed that L- PFOS 

was more hydrophobic than the branched PFOS.  

According to the current results, the logKd of L-linear and two clusters of PFOS isomers showed 

that in acidic medium, the sorption is higher for the L-PFOS than the other isomers except when 

the sulfate is present. An increasing HA or sulfate concentration enhance more the sorption 3/4/5-

PFOS isomers for system when goethite or peat is in contact with PFOS contaminated water and 

the system is exposed to pH>7. For sorption carried out with Al(OH)3, the L-PFOS is more 

immobilized except when HA or Na2SO4 are increased at pH ~7. Furthermore, when HA and 

Na2SO4 are used to modify the aqueous chemistry at pH> or ~7, L-PFOS is the least sorbed to peat 

and goethite.  

5.6.PFOS sorption to slag materials 

The sorption of PFOS to slag is much related to particles size. The results of this study reveal that 

the sorption of PFOS isomers is relatively higher to the 0.9-2 mm slag size-fraction except for 

3/4/5-PFOS isomers (Figure 12). The results are contradictory to the hypothesis that the sorption 

will be higher to small particle size since they have a larger external surface area and more 

functional groups are available for sorption (Yu et al., 2009). The reason of this is unclear, 

however, the slags are normally made of metal oxides (Sas et al., 2015), the pH measured after 

slag was in contact with water is >10. Therefore, their surface area would be negatively charged. 

Additionally, in alkaline conditions, the average net negative charge of PFOS is abundant. Based 

on available negatively charged surface area for small particles, the probable justification of the 

observed PFOS behaviour is that when equal amount of smaller and bigger fractions is used, the 

overall negative charges are more abundant on the small slag fraction. Ultimately, the resulting 

strong electrostatic repulsion between anionic PFOS and the sorbent surface area would make 

unfavorable sorption (Du et al., 2014).  

The observed PFOS sorption to slag could be attributed to other factors which might have worked 

over the electrostatic repulsion. Several studies have found that the divalent cations can enhance 

the removal of PFOS through cation-bridging effect (Du et al., 2014; Higgins and Luthy, 2006; 

Tang et al., 2010). The AODSi and AODAl slags are rich metal elements (table 1) and release a 

high level of Ca in aqueous phase, but also a moderate level of Mg, Al, Mn and Fe cations (table 

8 in appendices). It is suggested that the presence of  metals enhances the PFOS sorption to slags 

via the cation bridging process.  
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A recent study conducted by Elmroth (2018) on the same slag, showed that when 4 g of slag was 

used, Ca and Al get saturated with respect to hydroxides for both elements and only carbonates 

with calcium. The current study showed that, when 1 g and 0.5 g of slag was used, the 

concentration of calcium is higher when water was in contact with AODAl (table 8 in appendices). 

In addition, by comparing the smaller and bigger slag size-fraction, the calcium is highly leached 

from the smaller slag size. Furthermore, the concentration of calcium is very high compared to 

other leached metals. Based on the high level of  leached calcium ion when water is exposed to 

slag, it is logical to assume that if the sorption of PFOS is increased by metal cations, the calcium 

would be the main sorption enhancer. However, when AODAl and AODSi are in contact with 

water, the behaviour of leached Ca2+ would be controlled by precipitation reaction or sorption 

process depending on the concentration of calcium. This implies that the precipitation reaction is 

likely to occur when the concentration of calcium is high and induce the metal to reach saturation 

with solid phase. The sorption of Ca2+  would like to occur when the precipitation is not favored.  

Therefore,  the precipitation reaction with calcium will likely occur  when water is in contact with 

AODAl or when the size of slag is small. In the current study, it is suggested that the high sorption 

of PFOS observed to AODSi originates from the calcium ions which get sorbed to the slag and 

induce the sorption of PFOS (Figure 10A). Likely, the high sorption of PFOS observed to the 

bigger fraction could be due to the calcium ions which get sorbed to the slag and neutralize the 

negatively charged surface (Figure 11). 

The addition of HA and Na2SO4 has increased the sorption capacity of the smaller slag size-

fraction slag and reduce the sorption capacity of bigger slag fraction (Figure13 B, D). As 

mentioned by Giannimaras and Koutsoukos (1988), the formation of calcium carbonate is lowered 

by the presence of organic substances. The organic substance lowers the supersaturation of calcium 

carbonate by complexing the calcium ions. Therefore, the enhancement of PFOS sorption observed 

to the smaller slag size-fraction, could be attributed the HA which complexed the calcium ions and 

prevent the formation of insoluble calcium compounds. However, the formation of Ca-HA 

complex reduces the available Ca2+ and this could be the origin of low sorption behaviour observed 

on the bigger slag size-fraction. The addition of Na2SO4 enhanced the sorption capacity of the 

smaller slag size-fraction and reduced the capacity of the bigger slag size. Previous studies have 

demonstrated that calcite with high  SO4
2- is more soluble than the pure calcite and pure aragonite 

(Busenberg and Plummer,1985; Fernández-Díaz and Fernández-González, 2010). Thus, the 
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enhancement of PFOS sorption observed to the smaller fraction slag, could be attributed to the 

high concentration of SO4
2- which increased the solubility of calcium carbonates and enhanced the 

sorption via calcium ions. The effect of Na2SO4 on the sorption of PFOS to bigger slag was not 

clear enough. 

It is also noted that the sorption is nearly independent on  the slag  quantity for the bigger size 

fractions, the sorption slightly varies for both slag types. Yet again, the cause of the tendency was 

not fully investigated; however, the higher amount of slag would have a high sorption capacity 

due to an increased sorbent available surface. Nevertheless, the equilibrium would be much faster 

for the small quantity of slag, the reason being that its surface area is fully occupied in short time. 

Additionally, since the big quantity of slag has a tremendous surface area, it is logical to say that 

the equilibrium would be less quick. Therefore, the observed tendency of PFOS sorption carried 

out with the bigger slag size-fraction which is not depending on slag quantity could be attributed 

to the equilibrium and contact time. 
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Conclusion 

The pH has a significant impact on the sorption of PFOS to sorbents; the sorption increases when 

the pH decreases and vice versa. However, the pH did not affect significantly the sorption of PFOS 

to soils especially to soils 3 and 4. The HA and FA have an effect on distribution of total and PFOS 

isomers between sorbents and aqueous phase. The presence of HA enhances the sorption capacity 

of all sorbents except for soil 2 along the whole investigated pH and Al(OH)3 at pH< or ~5. For 

systems when goethite and peat are separately in contact with PFOS spiked water and the systems 

contain FA, the sorption of PFOS is reduced at pH <3. When it comes to Al(OH)3, the presence of 

FA decreases the sorption of total and PFOS isomers at pH between 2.5 and11. 

The sulfate competes with the sorption of PFOS at pH< or ~4 for sorptions carried with goethite 

and peat and Al(OH)3.With increased pH (>3), the sorption is enhanced by the added Na2SO4. In 

general, the results revealed that 1000 mg/L Na2SO4 has a relatively higher ability than 100 mg/L 

Na2SO4  to enhance the immobilization of PFOS from the aqueous phase. 

The soil results showed that the top soils have higher capacity to sorb PFOS. Regarding slag, the 

silica reduced slag (AODSi) showed a higher capacity when compared to the aluminum reduced 

slag (AODAl). Also, comparing the slag size and the sorption capacity, the bigger slag size-

fraction was more effective when no addition of other chemical was done. The increasing slag 

quantity improved the sorption of PFOS to the smaller slag size-fraction while the sorption slightly 

changed for the bigger slag size-fraction. The addition of HA and Na2SO4 enhance the sorption 

capacity of the smaller slag size and reduce the capacity of the bigger slag size. 

Regarding the isomeric profile, the L-PFOS was more readily sorbed to goethite, peat, soil and 

Al(OH)3 at pH< or ~4 when HA present. The 3/4/5-PFOS isomer has a high affinity to sorb to 

studied sorbent at pH>6 except its sorption to goethite and Al(OH)3 when the sorption systems are 

free from sulfate or HA. In general, a clear pattern of distribution of PFOS isomers between water 

and sorbents was observed except when is Al(OH)3 used. 

This work contributed to the understanding of PFOS distribution between aqueous phase the 

common sorbent found in environment. Change in solution chemistry has a great impact on the 

distribution. Further special studies on PFOS isomers distribution could be important for better 

understanding how environmental conditions affect a behaviour of a particular isomer. 
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Figure 13. Calibration curves for PFOS isomers. 
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Figure 14. Figure 14. PFOS Isomer comparative sorption curves and effect of separate addition of 1000 mg/L 

Na2SO4, 20 mg/L HA and 20 mg/l FA. 
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Table 7. Aqueous metal concentration in contact with soils. 

 

 

Table 8.  Aqueous metal concentration in contact with slags. 
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Table 9. Solid solution distribution coefficients (log Kd) for PFOS isomers in contact with goethite. 
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Table10. Solid solution distribution coefficients (log Kd) for PFOS isomers in contact with peat. 

 

 



VI 
 

 

Table 11. Solid solution distribution coefficients (log Kd) for PFOS isomers in contact with Al(OH)3. 
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Table 12. Solid solution distribution coefficients (log Kd) for PFOS isomers in contact with soil 1. 
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Table 13. Solid solution distribution coefficients (log Kd) for PFOS isomers in contact with soil 2.  
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Table 14. Solid solution distribution coefficients (log Kd) for PFOS isomers in contact with soil 3.  
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Table 15. Solid solution distribution coefficients (log Kd) for PFOS isomers in contact with soil 4. 
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Table 16. Relative adsorption (%) of 2.371ng 3/4/5-PFOS, 3.579ng  6/2-PFOS and 29.901ng L-PFOS isomers on 

slag. 
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Table 17. Concentration of FA when PFOS spiked water was in contact with soils and peat 

Sample HCl/NaOH(μL) pH FA 

soil 1 sample 1 250 (HCl) 2.33 17.12081 

soil 1 sample 2 35 (NaOH) 7.03 26.65117 

soil 1 sample 3 200 (NaOH) 11.2 129.0405 

soil 2 sample 1 250 (HCl) 2.28 13.05851 

soil 2 sample 2 35 (NaOH) 7.45 14.14485 

soil 2 sample 3 200 (NaOH) 11.35 55.0272 

soil 3 sample 1 250 (HCl) 2.3 5.794118 

soil 3 sample 2 35 (NaOH) 7.3 12.91698 

soil 3 sample 3 200 (NaOH) 11.4 67.15085 

soil 4 sample 1 250 (HCl) 2.29 26.94529 

soil 4 sample 2 35 (NaOH) 7.59 16.03447 

soil 4 sample 3 200 (NaOH) 11.39 53.02135 
peat  sample 1 250 (HCl) 2.61 10.09677 

peat  sample 3 70 (NaOH) 6.77 67.80155 

peat sample 3 250 (NaOH) 10.08 339.216 

Spiked water None 7.21 3.253795 
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Table 18. Ionic strength of aqueous phase which was in contact with goethite and peat as function of pH. 

pH Ionic 
strength  
(mM/L) 

pH+ FA Ionic 
strength  
(mM/L) 

pH+ HA Ionic 
strength  
(mM/L) 

pH+ low 

Na2SO4 

Ionic 
strength  
(mM/L) 

pH+ 
high 

Na2SO4 

Ionic 
strength  
(mM/L) 

Goethite 

2.17 22.816 2.54 23.504 2.74 22.624 2.72 19.824 2.87 53.12 

2.34 15.504 2.8 11.008 2.97 13.024 3.08 12.528 3.27 48.64 

4.33 2.624 4.22 2.08 3.18 7.552 4.47 7.728 4.35 46.24 

5.13 1.8592 5.5 1.9248 4.43 2.2848 5.75 7.296 5.98 45.28 

5.66 1.7728 5.87 1.7184 5.66 1.5024 6.17 6.96 6.38 45.28 

6.53 1.504 6.08 1.6896 6.09 1.776 6.47 6.672 6.59 45.12 

6.6 1.4704 6.6 1.5472 6.69 1.6464 6.88 6.64 6.99 44.8 

6.7 1.4144 6.86 1.4848 6.92 1.7152 7.01 6.72 7.15 44.96 

7.33 1.8272 7.16 1.6544 7.19 1.7792 7.1 6.736 7.28 44.8 

8.54 2.128 7.81 1.9136 7.6 1.9184 7.25 6.72 7.47 44.8 

9.07 2.1968 8.75 2.2144 8.15 1.9568 7.66 7.168 7.74 45.44 

9.5 3.1328 9.25 2.2864 9.22 2.1792 8.66 7.888 8.81 46.24 

10.11 7.36 9.77 3.216 9.71 2.4768 9.46 8.064 9.47 46.4 

10.31 10.912 10.35 6.656 10.27 3.456 9.96 8.72 10.07 48.96  
0 10.58 9.936 10.88 6.64 10.59 12.544 10.76 53.92   

10.72 12.896 
  

10.89 18.624 11.13 59.68 

Peat 

2.8 18.896 2.5 12.816 2.82 17.552 2.82 21.904 3.02 60.48 

3.43 5.84 3.23 5.264 3.41 6.016 3.48 10.432 3.78 49.28 

3.82 4.288 3.62 3.728 3.7 4.016 3.91 8.64 4.1 49.6 

4.33 2.9328 4.03 2.6304 4.29 2.56 4.44 8.144 4.59 48.32 

4.57 2.472 4.72 2.1152 4.5 2.1952 4.91 7.12 4.86 46.56 

5.23 1.4512 4.93 1.576 4.75 1.96 5.08 6.96 5.08 46.24 

5.43 1.5088 5.2 1.2944 5.26 1.3984 5.34 7.04 5.74 47.52 

5.64 1.656 5.4 1.376 5.4 1.4704 5.7 6.896 5.96 45.12 

5.84 1.9024 5.61 1.6208 5.79 1.7808 5.85 7.232 6.3 47.68 

6.01 2.1072 5.8 1.7104 6.01 1.9664 6 7.712 6.44 47.52 

6.32 2.536 6 1.904 6.2 2.1392 6.12 7.712 6.83 46.88 

7.78 4.448 6.6 2.5856 6.7 2.5776 6.34 8.288 7.37 48.48 

9.05 5.168 7.22 3.376 7.64 3.472 6.85 8.944 8.32 48.96 

11.01 14.128 8.88 3.648 8.7 4.384 7.57 10.192 9.25 51.2   
9.67 5.808 9.83 6.256 10.98 19.136 10.26 54.72   

10.63 8.816 10.51 
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Table 19. Ionic strength of aqueous phase which was in contact with Al(OH)3 and soil as function pH. 

 

 

 

pH Ionic 
strength  
(mM/L) 

pH+ FA Ionic 
strength  
(mM/L) 

pH+ HA Ionic 
strength  
(mM/L) 

pH+ low  

Na2SO4 

Ionic 
strength  
(mM/L) 

pH+ 
high  

Na2SO4 

Ionic 
strength  
(mM/L) 

Al(OH)3 

2.26 18.208 2.32 16.944 2.37 17.968 2.33 18.096 2.44 50.24 

2.88 4.912 2.86 5.12 2.92 4.672 3.01 10.048 3.29 47.52 

3.51 2.5792 3.45 2.5776 3.66 2.3168 3.68 7.984 4 47.2 

4.77 2.2112 5.05 1.992 5.2 2.2672 4.85 7.856 5.52 47.36 

5.45 2.04 5.2 2.0048 5.36 2.1904 5.4 7.184 6.31 45.12 

6.08 1.8864 5.87 2.4032 6.07 1.8272 6.16 6.944 6.67 48.48 

6.53 1.9824 5.99 2.8496 6.53 1.8096 6.4 7.648 9.54 49.6 

8.94 2.3072 6.24 3.52 8.85 2.2272 6.56 7.6 9.8 50.72 

9.36 2.5008 9.07 1.8832 9.41 2.4128 9.08 8.224 10.12 51.04 

9.61 2.7776 9.47 2.7168 9.75 2.6992 9.54 8.496 10.67 52.48 

10.1 2.9808 9.8 2.048 10.21 2.8112 9.74 8.72 11.02 54.08 

10.6 5.808 10.15 2.0016 10.53 4.832 10.34 10.56 11.37 57.92 

10.85 7.408 
  

11.06 11.312 11.03 13.84 
  

Soil 1 

2.69 19.808 2.72 20.752 2.73 20.88 2.76 23.04 2.85 60.32 

3.45 4.688 3.45 4.864 3.44 4.816 3.54 9.552 3.74 51.52 

4.58 2.6816 4.45 2.7376 3.85 3.52 4.63 7.76 4.64 51.2 

5.01 2.4176 4.7 2.4192 4.9 2.4688 5.08 7.376 5 50.72 

5.69 2.0976 5.43 2.0608 5.5 2.088 5.7 7.76 5.65 49.6 

6.04 1.8448 5.76 1.8784 5.91 1.8592 6.18 7.632 6.01 48.64 

6.07 1.7712 5.9 1.8208 6.2 1.64 6.3 7.568 6.34 48.8 

6.27 1.6592 6.07 1.6448 6.38 1.7456 6.42 7.712 6.86 48.8 

6.6 1.9056 6.27 1.792 6.47 1.8496 6.6 7.76 7.23 49.28 

7.04 2.2528 6.39 1.8672 7.31 2.4704 7.9 8.752 7.97 51.2 

7.74 2.816 6.47 1.896 9.3 3.536 8.83 9.168 9.24 51.52 

7.89 3.392 6.76 2.2112 9.92 4.096 9.67 9.28 9.81 50.08 

9.57 4.16 7.75 3.1712 10.35 4.768 10.26 9.952 10.6 47.2 

10.66 4.576 9.42 4.08 10.77 7.84 
  

10.92 52.96   
10.26 6.976 
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Table 20. Ionic strength of PFOS spiked water after addition of HCl or NaOH 

Water Sample (mL) HCl/NaOH (μL) Ionic strength  (mM/L) 

50 250 (HCl) 29.232 

50 100 (HCl) 10.32 

50 70 (HCl) 6.64 

50 40 (HCl) 3.728 

50 30 (HCl) 2.4096 

50 20 (HCl) 2.1328 

50 10 (HCl) 2.0256 

50 0 1.9696 

50 10 (NaOH) 2.056 

50 20 (NaOH) 2.4592 

50 30 (NaOH) 2.768 

50 40 (NaOH) 3.1792 

50 50 (NaOH) 3.808 

50 70 (NaOH) 5.136 

50 100 (NaOH) 7.376 

50 150 (NaOH) 11.52 

50 200 (NaOH) 15.6 

50 250 (NaOH) 19.824 

 


