
 

School of Science and Technology. 

Örebro University  

 

 

 
Remediation of per- and polyfluoroalkyl substances 
(PFAS) in contaminated water by sorption to pine- 

and spruce bark 
 
 

by  

 

Rebecka Ayranci Dahlberg 
 

 

Bachelor Thesis in Chemistry: 30 credits 

Spring 2023 

Analytical Science Program in Chemistry with Focus in Forensics  

Supervisors: Ingrid Ericson Jogsten & Mio Pettersson  

Examiner: Michaela Zeiner  



i 
 

Abstract 
PFAS are anthropogenic substances used in many different industrial operations and products because 
of their unique properties. Due to their negative impact on human health and environmental 
bioaccumulative characteristics different authorities have addressed the issue. In Sweden the limit is 
4 ng/L for four different PFAS in drinking water. Another risk to human health is elevated 
concentrations of toxic elements, causing Sweden to include them in the drinking water regulations with 
limits such as 5 µg/L for arsenic, 25 µg/L for chromium and 5 µg/L for lead. 

This study is a continuation of an investigation for PFAS remediation in contaminated water by sorption 
to pine and spruce bark. The earlier study was a laboratory scale and implied that pine and spruce have 
some sorption capacity for long-chain PFAS. In this study pine and spruce bark were used as sorbent at 
an industrial site. The analysis was performed by weak-anion exchange extraction followed by 
supercritical fluid chromatography coupled with a tandem mass spectrometer (SFC-MS/MS) and liquid 
chromatography coupled with tandem mass spectrometer (LC-MS/MS) for instrumental analyses of 
target ultra-short-chain PFAS, short- and long chain PFAS and branched PFOS isomers. An elemental 
analysis was executed with inductively coupled plasma mass spectrometry. The obtained results 
indicated removal for certain long-chain PFAS, potential for sorption of a specific ultra-short-chain 
PFAS and the elemental analysis implied some reduction of the chromium concentrations.  

Keywords: Per- and polyfluoroalkyl substances, sorption, pine bark, spruce bark, ultra-short-
chain PFAS, short-and long-chain PFAS, elemental analysis, field-test 
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1 Introduction 
In this chapter the theoretical background concerning per- and polyfluoroalkyl substances will be 
discussed together with information about water treatment and elemental analysis which is of relevance 
to this study. Lastly, the previous studies regarding this subject will be mentioned.  

1.1 Theoretical background  
In today’s society people are surrounded by thousands of synthetic chemicals on a daily 
basis. These chemicals are present e.g., food, clothes, furniture, and medicine (European 
Environment Agency, 2022). Chemicals e.g., per- and polyfluoroalkyl substances (PFAS) 
can be used as an ingredient or intermediate to archive a certain function or become an 
unwanted by-product and pollution within production (European Chemicals Agency 
(ECHA), 2023). The production of chemicals classified as hazardous for human health were 
estimated to 225 million tonnes in 2021 (Eurostat, 2022). Some chemicals have the ability 
to accumulate in the human body and cause negative health effects e.g., PFAS (European 
Environment Agency, 2022). PFAS have been named the “forever chemicals” and in 
February 2023 the European Chemical Agency (ECHA) proposed “the forever pollution 
project” to ban all due to thigh contamination all over Europe. The forever pollution project 
includes areas of contaminated water. (Arena for Journalism in Europe, 2023). Water 
contaminated with PFAS is a concern for the fulfilment of sustainable development goal 
number 6 which expresses the desire for clean water and concern of wastewater (United 
Nations, 2022). 

1.1.1 Per- and polyfluoroalkyl substances (PFAS)   
There are several definitions of PFAS, this study refers to the general definition from 
The Organisation for Economic Co-operation and Development (OECD) following, 
“PFAS are defined as fluorinated substance that contain at least one fully fluorinated 
methyl or methylene carbon atom (without any H/Cl/Br/I atom attached to it), i.e., with 
a few noted exceptions, any chemical with at least a perfluorinated methyl group (–CF3) 
or a perfluorinated methylene group (–CF2–) is a PFAS” (OECD, 2021). The strong and 
stable carbon-fluorine bond contributes to the chemical and thermal stability. PFAS are 
anthropogenic environmental pollutants (Chen, et al., 2021) and the chemical structure 
provides with both hydrophilic and lipophilic sections, increasing the enduring 
properties (Buck, et al., 2011). PFAS has been produced since the 1940s and due to the 
surface tension lowering properties used e.g., as surfactants for coating and aqueous 
film-forming foams (AFFFs), refrigerator fluid systems as heat transfer fluid due to 
their good heat conductivity, laboratory supplies, equipment and instrumentation, and 
textile treatments (Gluge, et al., 2020). The OECD definition include at least 10 000 
compounds (European Chemicals Agency (ECHA), 2023). PFAS with defined structure 
vary in physical and chemical compositions leading to variations in properties. 
Functional groups and chain length can affect the characteristics such as polarity e.g., 
with an acidic functional group and with decreasing carbon backbone, the polarity 
increases (Galgiano, et al., 2020). Further classifications of PFAS are sub-classes which 
can be used to distinguish specific PFAS compounds by e.g., functional group such as 
perfluoroalkyl carboxylic acids (PFCA) and perfluoroalkyl sulfonic acids (PFSA). In 
addition, the chain length is used to group the sub-classes into sub-groups, which is of 
interest since they behave differently in the environment (OECD, 2021). For example, 
the partitioning of PFAS between suspended particulate matter and dissolved phase are 
affected by chain length which influence the environmental behaviour and 
bioavailability. A study found that short-chain PFCA are more persistent in the water 
dissolved phase than long-chain PFCA and PFSA which are inclined to be bound to 
suspended particulate matter (Ding, et al., 2018). 
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The different sub-groups are ultra-short-chain PFAS which indicate PFAS that contain 
1 to 3 fluorinated carbon atoms e.g., trifluoroacetic acid (TFA), perfluoropropanoic acid 
(PFPrA), perfluoroethane sulfonic acid (PFEtS) and perfluoropropane sulfonic acid 
(PFPrS) (Ateia, et al., 2019). These small polar PFAS have been found to be persistent, 
highly soluble and mobile in groundwater (Barzen-Hanson & Field, 2015). Short-chain 
PFAS (PFCA C4-C6, PFSA C4-C5) are polar and easily transported dissolved in water 
and long chain PFAS (PFCA > C7, PFSA > C5) are less polar and tend to bind to 
surfaces (OECD, 2020). Also, with increasing number of carbon atoms there will be 
greater potential for branched isomers. Branching cause change in behaviour e.g., 
different environmental movement, degradation, and partitioning. The branching 
patterns affect properties such as lipophilicity, with increasing branching points and 
overall carbon atoms the lipophilicity will decrease (Pellizzaro, et al., 2018). 

As mentioned, PFAS have hydrophobic regions but due to functional groups such as 
sulfonic acids and carboxylic acids, this cause some compounds to be highly water 
soluble and mobile in aquatic systems (Zhang, et al., 2019). PFAS have shown to be 
persistent in the environment, bioaccumulative and toxic (Kemikalieinspektionen 
(KEMI), 2015). Though each PFAS can behave differently in the environment 
depending on chain-length e.g., perfluorobutane sulfonic acid (PFBS) have shown low 
bioaccumulation potential. Ultra-short PFAS are especially environmental enriching in 
aquatic environments which cause a potential risk for human exposure through drinking 
water (Barzen-Hanson & Field, 2015). PFAS have e.g., been detected in a variety of 
water types (Zhang, et al., 2019), indoor dust (DeLuca, et al., 2021) , outdoor dust, soil  
and human plasma (Chen, et al., 2021). Due to the diverse sources of PFAS there are 
various exposure routes for the human population. Biological effects have been found 
to vary depending on the exposure source, concentration, and compound. For example, 
individuals exposed to PFAS through consumer products, have been found with high 
concentrations of perfluorohexane sulfonic acid (PFHxS), while dietary exposure 
through e.g., marine food has shown high concentrations of long-chain PFCA (C9 to 
C12). Some health effects associated with PFAS exposure are developmental, 
metabolic, and immune disorders, and carcinogenic for certain cancers have been 
associated with PFAS exposure (Hu, et al., 2018). 

In 2021 an EU directive (EU 2020/2184) about the quality of drinking water was 
enforced with directive for all member-countries to implement either a limit of 100 ng/L 
for 20 different PFAS with known negative health effects, or a PFAS total of 500 ng/L 
for a greater number of PFAS that has yet to be determined, or both limit values within 
2 years (European Parliament and Councel, 2020). There are multiple bilateral 
agreements that work against environmental pollution e.g., the Stockholm convention 
which is a legally binding agreement concerning persistent organic pollutants (POPs) 
that in 2009 included perfluorooctane sulfonic acid (PFOS) and PFAS that can be 
converted to PFOS. Through the years, two additional PFAS have been included, 
perfluorooctanic acid (PFOA) in 2019 and PFHxS in 2022. Thereafter more PFAS were 
restricted internationally, nationally and in EU within the Registration, Evaluation, 
Authorization, and Restriction of Chemicals (REACH) Regulations which involve rules 
on registration, regulations, restrictions, and authorisation requirements for chemical 
substances such as certain PFAS (Swedish Chemical Agency (KEMI), 2022). Another 
agency that is concerned about PFAS is the European chemical agency (ECHA). In 
January 2023 a restriction proposal for regulating PFAS as a compound class was 
submitted by ECHA to reduce PFAS emission into the environment. The proposal had 
been suggested by five European countries including Sweden which will be evaluated 
in regard to the REACH requirements (European Chemicals Agency (ECHA), 2023).  
At the moment, Sweden have a legally binding limit at 90 ng/L of the total concentration 
of PFAS-11 for hinterland surface water (which is the source of drinking water) 
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according to The Ocean- and water agency (HVMFS) regarding classification and 
environmental standards in regard to surface water 2013:19 (Kemikalieinspektionen, 
KEMI, 2023) 

In regular water- and wastewater treatment plants certain long-chain PFAS such as 
PFOS and PFOA has been shown to be difficult to remove (Zhang, et al., 2019). Various 
methods have been investigated to reduce PFAS concentrations in water, as in situ 
treatment by heat activated persulfate for high concentrations of PFCAs or 
fluorotelomer-based precursors (Bruton & Sedlak, 2017), and decomposition through 
addition of zerovalent metals into a system with stainless steel high pressure reactor and 
supercritical state of water (Hori, et al., 2008). Common disadvantages for these water 
treatment technologies are their expensive use, high energy consumption and potential 
to generate large amounts of waste. Absorption and adsorption (sorption) are physical 
remediation methods for PFAS in water. Depending on the sorbent, it is generally less 
expensive, simpler and can have high PFAS removal efficiencies. Different sorbents 
have been evaluated e.g., granular activated carbon, molecularly imprinted polymers, 
anion-exchange resins, some biomaterials, and mineral materials. Though due to many 
different interaction mechanisms such as hydrophobic interactions, diffusion, 
electrostatic interactions, hydrogen bonding and ligand and ion exchange the sorption 
behaviour is complex (Zhang, et al., 2019). 

Sorption of PFAS is dependent on different parameters e.g., the physiochemical 
properties of the water, sorbent’s characteristics, and the interactions between PFAS 
and sorbent (Banks, et al., 2020). Solution pH is for example one of the most essential 
parameters in sorption due to its effect on both sorbent and PFAS properties. The pH 
influences protonation of compounds and elements in the solution and of surface 
charges on the sorbent (Zhang, et al., 2019). Most monitored PFAS have low pKa values 
and is therefore anionic within the pH range 3 to 11 (Banks, et al., 2020). In cases where 
the sorbent surface is positively charged it could form electrostatic interactions with the 
anionic PFAS (Zhang, et al., 2019). In a study where the sorption of PFBA, PFOA and 
PFOS to a positively charged surface of aminated rice husk was evaluated, the results 
indicated that the dominating mechanism was electrostatic interactions, though other 
mechanisms such as hydrophobic interactions and hydrogen bonding could also occur 
(Banks, et al., 2020). When the sorbent has a negatively charged surface (e.g., biochar 
and carbon nanotubes), the repulsion force to the anionic PFAS could prevent sorption. 
Though the hydrophobic interactions between PFAS and the sorbent may cause 
adsorption regardless of the negative charge (Zhang, et al., 2019). 

The hydrophobic adsorption onto surfaces is caused by the tendency of hydrophobic 
regions to aggregate or cluster together, which arise from a generated attraction force 
between the hydrophobic regions. Within the structure of PFAS, the carbon-fluorine 
tail generates the hydrophobic region of the compound and makes adsorption possible 
regardless of a negative surface charge. This phenomenon has been observed through 
research of negatively charged single- and multiple-walled carbon nanotubes and 
PFAS, causing repulsion but still reported a sorption capacity of 149 mg/g – 237 mg/g, 
indicating that hydrophobic interactions have significant impact on sorption of PFAS 
(Zhang, et al., 2019).  

1.1.2 Water treatment 
The purpose of wastewater treatment plants (WWTPs) is to remove or decrease the 
amount of e.g., unwanted pollutants, so the effluent does not become a new source of 
pollution (Ratola, et al., 2012). Currently there are various methods being investigated 
for optimisation or as alternatives and supplements of water remediation of PFAS for 
WWTPs e.g., destructive techniques such as photolysis and absorption techniques such 
as foam and ozone fractionation. Photolysis is based on utilizing UV-radiation to 
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degenerate the strong carbon-fluorine bond. The absorption technique foam 
fractionation introduces air or nitrogen to a solution to form bubbles that rise to the 
surface capturing the contaminants and forming a top layer foam that can be extracted. 
The utilized technologies are mainly efficient in reducing the long-chain PFAS (Yadav, 
et al., 2022). As for ultra-short-chain PFAS, precursors and replacements for 
conventional PFAS, the knowledge is small contributing to limited options for their 
remediation techniques. There are many different parameters that affect the removal of 
pollutants or contaminants e.g., system design, capacity, and operating conditions such 
as flow rate and temperature. Water treatment usually consist of different stages with 
different purposes (Lenka , et al., 2021). For water treatment of potentially toxic 
elements, there has been successful development in finding different technologies with 
acceptable removal capacities (Saleh, et al., 2022).  

  1.1.3 Importance of elemental analysis  
Potentially toxic elements are defined by their potential risk to humans, plants, and/or 
animals. Such elements are found in the environment naturally but can increase in 
concentration through industrial operations. Some elements are essential for living 
organisms e.g., copper and zinc due to contributions into biochemical activities in the 
human body. Other elements can be toxic and have a large negative impact on the 
human health causing various consequences such as neurotoxicity and intoxication. The 
various toxic elements have different exposure routes to infiltrate the human body e.g., 
dietary through food and drinking water while others can be inhaled. Depending on 
element the effect on the human body can vary. Chromium exists in many forms the 
most toxic are the hexavalent form which can cause e.g., respiratory, and cardiovascular 
problems at high dosages. Arsenic in low concentrations can cause nausea and vomiting 
while large doses can lead to death. Another toxic element is lead which can exhibit 
either acute or chronic effects. Acute lead poisoning can lead to fatigue and headaches 
while chronic lead poisoning can end in birth defects and brain damage. (Engwa, et al., 
2019) To protect humans health have Sweden included toxic elements in the drinking 
water directive with limits of e.g., 5 µg/L for arsenic, 25 µg/L for chromium and 5 µg/L 
for lead (Livsmedelverket, 2022).  

  1.1.4 Related work 
The executed investigation presented in this report is a continuation of already 
performed experiments. Previously pine and spruce bark were evaluated as sorbent in 
laboratory scale. The set-up was in-column flow through sorption with bark and PFAS 
contaminated water. Instrumental analysis was liquid chromatography coupled with 
tandem mass spectrometer (LC-MS/MS) for selected short- and long-chain PFAS. The 
study examined pine and spruce individually and in different layered combinations with 
liquid to solid ratios (L/S) of 10, 20 and 500. The investigation noted that spruce can 
successfully reduce linear perfluorooctane sulfonic acid (L-PFOS) with a L/S ratio 20. 
For the combination tests, no difference was observed depending on constellation of 
pine-spruce bark. All constellation tests indicated a high sorption of L-PFOS except for 
L/S ratio 500 which had a low removal for all targeted PFAS with exception of 6:2 
fluorotelomersulfonic acid (6:2 FTSA), which were assumed to be due to additional 
compounds and ions in correlation to the increased volume causing higher competition 
for sorption sites (Storm, 2022). 
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 1.2 Aim & objectives  
The aim of this follow-up study was to evaluate the sorption efficiency of pine- and spruce bark 
by large scale field testing at an industrial site with known PFAS contamination.  

The objectives include:  

(1) Characterisation of the ingoing concentrations of selected 19 PFAS and elemental analysis 
 

(2) Evaluation of the sorption efficiency of five different pine and spruce bark compositions 
with L/S ratios ranging from 200 to 2000.   
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2 Materials & Methods  
In this chapter the equipment, solution and chemicals used within the study will be mentioned. As well 
as a description of the method and procedure of the sample collection, extraction, and instrumental 
analysis.  

 2.1 Equipment, solutions & chemicals  
Equipment used within this study were polypropylene (PP) tubes (15 mL and 50 mL) from 
Starstedt AG & Co.KG (Germany), 0.9 mL total microliter short thread vial (Falcon, USA) 
paired with PP-Screw Cap 9MM with silica hole (USA) and teqler reagent glass bottles (Boro 
3.3) of different sizes. Weak-anion exchange cartridges (WAX) 3cc 60 mg/30 µm from Waters 
(Ireland). For pipetting an automated analytical eVol syringe enabled by xchange® or automatic 
pipettes of 20-200 µL and 0.5-5 mL (Finnipipette®F2) and VWR ® universal pipet tips from 
Thermo Fisher Scientific (United Kingdom, Loughborough). Gravimetric determination was 
performed with a Precisa XP 405A-FR analytical balance with four digits accuracy 
(Switzerland. Homogenisation of sample was performed using Bandelin Sonorex Digitec DT 
510 ultra sonification bath (Germany), KEBO Lab Reax 2000 vortex (Germany) and Eppendorf 
Centrifuge 5804 (Germany). For evaporation either a Reacti-ThermTM Heating Module (No. 
1879) or Reactive -VapTM III Evaporator (TS-18826) from Thermo Fisher Scientific (United 
Kingdom, Loughborough) were utilized. A Metrohm 744 pH meter (Switzerland) with Pt 
1000/B/ 2/3M KCl electrode and senseIONTM+ EC7 electrical conductivity meter from Hach 
Lange (Barcelona, Spain). For instrumental analysis, AcuintyUPC2 coupled with Xevo TQ-S 
micro tandem mass spectrometer and an Acquity UPLC also coupled with a Xevo TQ-S micro 
tandem mass spectrometer, both from Waters Corporation (Wilmslow, UK). An Agilent 7500cx 
inductively coupled plasma mass spectrometer (ICP-MS) (Tokyo, Japan) equipped with 
microMist nebulizer connected to a Scott double pass spray chamber. 

Chemicals and solutions used were methanol (LC-MS grade, > 99.9%, Trinidad and Tobago), 
2-propanol Optima LC-MS grade (Netherlands), ammonia solution S.G 0.91, 25%, (UK and 
Belgium) and acetic acid glacial, ≥ 99.7%, (UK and Belgium) from Fisher Scientific. Chemicals 
from Sigma Aldrich were ammonium acetate, 73594-100G-F (Germany). Nitric acid, 65%, 
from Merck (Germany). Milli-Q water used through the entire study was collected from a LC-
Pak connected to Merck Milli-Q Q-POD (IQ 7000).  

The different standard mixtures: native standard (CS), extraction standard (IS) and volumetric 
standard (RS) (detains in Appendix Table A1 – A2) were obtained from Wellington 
Laboratories Inc (Canada). Each standard mix had corresponding documentation with 
information about PFAS content, purity (≥ 98%) and respective concentration. 

2.2 Sample collection 
2.2.1 Sorbent description (pine & spruce) 
This study focused on investigating if pine and spruce bark could be an environmental 
complimentary alternative for PFAS remediation in water systems. The study looked 
into if these by-products from timber industries can be used as sorbent for PFAS from 
pre-treated industrial wastewater. Sorption material consisted therefore of by-products 
from spruce trees and pine trees collected from the timber industry. The raw material 
was collected and used in its pure form at the collection point, meaning no pre-treatment 
is used on the materials. This caused the sorbent material to be a mixture of different 
size fractions from the specific tree as seen in Figure 1.  
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Figure 1 Illustration of the sorbent materials, spruce (left) and pine (right) and ruler to show 

the different size fractions used for removal of the target PFAS in wastewater. 

In this study five different compositions of the sorbent materials were divided into five 
batches (Table 1), all containing a total of 2 kg sorbent. The sorbent unit consisted of 
bark material placed within a polyester “pillow” which stand for < 5% of the total mass 
and assumed neglectable, meaning the liquid solid ratio refers only to the mass of bark.  

Table 1 The different compositions of sorbents used to evaluate sorption of target PFAS 
from wastewater. 

Batch Composition 
 (Pine:spruce) 

Mass (kg) 
Pine Spruce 

1 100:0 2 0 
2 0:100 0 2 
3 50:50 1 1 
4 75:25 1.5 0.5 
5 25:75 0.5 1.5 

 

  2.2.2 Field set-up 
The field set-up was installed at a waste management facility in the south of Sweden. 
The wastewater is collected from different areas of the industrial site and pass through 
their conventional water treatment which do not remove PFAS and particle filtering 
before connecting to the set-up. It consisted of a barrel with a metal placement similar 
to a cassette which was used to hold the sorbent unit. The water flow was forced to pass 
the sorbent by blocking certain areas of the cassette, see the water flow through the 
sorbent unit. The outgoing waterflow from the collection tank was controlled by a flow 
meter and kept stable with the outgoing water after the sorbent unit. A schematic chart 
of the field set-up is shown in Figure 2. 
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Figure 2 schematic-chart of the set-up used in sample collection of initial- and 

outgoing wastewater (marked as X) for evaluation sorption capacity of PFAS and 
elements by pine and spruce bark. 

  2.2.3 Sampling procedure  
Sampling was executed at an industrial facility with the field set-up described in the 
previous section. Each collection day was initiated by installing the set-up, filling it 
with water and setting a constant water flow as the sorbent unit was placed in the 
cassette. Samples were collected over a period of 6.5 h, including 7 initial water samples 
every whole hour and 15 outgoing water samples every 15 minutes the first hour, 
thereafter every 30 minutes. The total number of samples collected for the PFAS 
analysis was 22 for each batch. 

2.3 Electrical conductivity & pH    
The day after sample collection, approx. 6 mL of each sample was transferred to separate 15 mL 
PP-tubes for measurements of electrical conductivity (σ) and pH.  
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2.4 PFAS analysis 
2.4.1 Extraction procedure 
The PFAS analysis utilized a pre-treatment step with solid phase extraction with weak-
anion exchange (SPE-WAX). Cartridges were pre-conditioned with 6 mL 0.1% 
ammonium hydroxide (NH4OH) in methanol, 2 mL methanol and 2 mL Milli-Q water 
in respective order. Thereafter the cartridges were transported to the sampling site 
where each cartridge was saturated with Milli-Q water before loading the samples. 
Concentration was executed through 3 mL of water into 15 mL PP-tubes spiked with 
2 ng extraction standard and lowered pH to < 3 with acetic acid. Each extraction batch 
included procedural blanks (n = 3) and spiked quality control samples (QC, n = 2). 

The SPE-WAX cartridges were washed with 3 mL of Milli-Q water, 2 mL of 
ammonium acetate buffer (pH 4) and 20% methanol in respective order. Cartridges 
were dried using vacuum, eluted with 0.1% NH4OH in methanol and spiked with 2 ng 
volumetric standard (Appendix Table A1 and A2).  

Before instrumental analysis, the samples were prepared as follows. Each eluted sample 
was concentrated to 200 µL through evaporation with nitrogen in room temperature. 
Thereafter an aliquot of 100 µL was transferred to a new vial. One set of 100 µL was 
directly used for analysis of ultra-short-chain PFAS with mobile phases of methanol 
and 0.1 % NH4OH in methanol. 

The other set of vials were used for analysis of PFAS-11 and branched PFOS isomers 
(Br-PFOS) and the solutions were further concentrated to 40 µL. Thereafter 60 µL of 
2 mmol/L ammonium acetate solution was added to gain a final methanol composition 
of 40% for compatibility with the two mobile phases used. Mobile phase A was 
composed of 70:30 (2 mmol/L ammonium acetate solution: methanol) and mobile phase 
B which consisted of 2 mmol/L of ammonium acetate in methanol. These mobile phases 
were freshly prepared before each analysis.                                

  2.4.2 Instrumental analysis  
   2.4.2.1 Ultra-short-chain PFAS  

Supercritical fluid chromatograph coupled with tandem mass spectrometer 
(SFC-MS/MS) was used for analysis of ultra-short chain PFAS (Ericson 
Jogsten & Yeung, 2017). The instrument method included an injection volume 
of 2 mL, column temperature of 50oC in negative electrospray ionisation (ESI).  

   2.4.2.2 PFAS-11 & Br-PFOS  
LC-MS/MS was used for analysis of PFAS-11 and Br-PFOS. Separation was 
achieved by a reversed phase BEH column (C18,1.7 µm, 100 mm) set to 50ᵒC, 
an injection volume of 10 mL running in ESI. 

   2.4.2.3 Data evaluation 
Processing was executed in MassLynx V4.2 and TargetLynx. In MassLynx the 
masses of each PFAS compound of interest (Table 2) in native standard, 
extraction standard and volumetric standard were applied for quantification 
through the software. TargetLynx processed the data from MassLynx and 
manual integration of each peak was executed using this software.  
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Table 2 selected PFAS in respective instrumental analysis included within 
this study executed for evaluation of pine and spruce sorption from 
wastewater (abbreviations in Table A1).  

LC-MS/MS SFC-MS/MS 

PFAS-11 Branched PFOS Ultra-short-chain 
PFAS 

PFBA PFDA Dimethyl-PFOS TFA 
PFPeA PFBS 3/4/5-PFOS PFPrA 
PFHxA PFHxS 6/2-PFOS TFMS 
PFHpA L-PFOS  PFEtS 
PFOA 6:2 FTSA  PFPrS 
PFNA    

 
 

  2.5 Elemental analysis 
Focus of this study was the sorption of PFAS to pine and spruce bark however, to cover other 
possible areas of use and observe if the bark material affects other water parameters or sorption 
of PFAS, an elemental analysis was done. Wastewater was collected in two 50 mL PP-tubes 
during respective sampling time, one marked A for particle free analysis and B for particle 
analysis. The procedure included acidifying the 50 mL B samples with 0.5 mL nitric acid (65%) 
to lower the pH to < 1, thereafter they were shaken and left to stand for more than an hour to 
reach equilibrium. The A samples were centrifuged for 10 min (6000 g) then 10 mL of the 
supernatant was transferred to 15 mL PP-tubes and acidified with 100 µL nitric acid to lower 
pH to < 1. When the B samples had been homogenised, each sample was centrifuged for 10 min 
(6000 g) and 10 mL of the supernatant was transferred to 15 mL PP-tubes. Due to the great 
number of samples, pooling of samples was executed according to Table 3 and 103Rh was added 
as an internal mass calibration standard to respective pooled sample before instrumental analysis 
of the isotopes 75As, 53Cr and 206,207,208Pb by an ICP-MS. The sample was introduced into the 
spray chamber operating at 2oC through a nebulizer with a carrier gas flow of 0.90 L/min and 
make-up gas flow of 0.20 L/min for optimal sample nebulization. The plasma run at 1500 watt 
at a torch-to-sampling cone with distance of 8 mm. This elemental analysis procedure and 
instrumental operations was performed according to (Sjöberg, et al., 2014) and (Karlsson, et al., 
2015). 

Table 3 The prepared pooled samples for elemental analysis of wastewater before and after 
passage through pine and spruce bark chips.  

Initial Water Outgoing Water 

Pool Sample Each sample 
volume (mL) Pool Sample Each sample 

volume (mL) 

I1 0 h 10 O1 0.25 h, 0.50 h, 
0.75 3.33 

I2 1 h, 2 h 5 O2 1 h, 1.5 h,  
2 h, 2.5 h 2.5 

I3 3 h, 4 h 5 O3 3 h, 3.5 h, 
4 h, 4.5 h 2.5 

I4 5 h, 6 h 5 O4 5 h, 5.5 h,  
6 h, 6.5 h 2.5 

I6 6 h 5 O6 6 h 7.5 
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2.6 Quality assurance & quality control 
For the measurements of σ and pH the pH-meter was initially calibrated before each batch with 
standard buffer solutions of pH 4 and 7. The electrical conductivity was always determined after 
the pH measurements.           

To increase reliability of each batch within the study two quality control (QC) samples were 
used to assess the methods performance and three procedural blanks to calculate limit of 
detection (LOD) and limit of quantification (LOQ) through 

 

𝐿𝐿𝐿𝐿𝐿𝐿 (𝑎𝑎𝑎𝑎 𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎 𝑖𝑖𝑖𝑖 𝑖𝑖𝑔𝑔) =  𝑚𝑚𝑚𝑚𝑎𝑎𝑖𝑖 𝑜𝑜𝑜𝑜 𝑏𝑏𝑏𝑏𝑎𝑎𝑖𝑖𝑏𝑏 𝑎𝑎𝑎𝑎𝑚𝑚𝑠𝑠𝑏𝑏𝑚𝑚𝑎𝑎 + (3 ∗ 𝑏𝑏𝑏𝑏𝑎𝑎𝑖𝑖𝑏𝑏 𝑎𝑎𝑠𝑠𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑠𝑠𝑠𝑠 𝑠𝑠𝑚𝑚𝑑𝑑𝑖𝑖𝑎𝑎𝑠𝑠𝑖𝑖𝑜𝑜𝑖𝑖) 

and 

𝐿𝐿𝐿𝐿𝐿𝐿 (𝑎𝑎𝑎𝑎 𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎 𝑖𝑖𝑖𝑖 𝑖𝑖𝑔𝑔)
=  𝑚𝑚𝑚𝑚𝑎𝑎𝑖𝑖 𝑜𝑜𝑜𝑜 𝑏𝑏𝑏𝑏𝑎𝑎𝑖𝑖𝑏𝑏 𝑎𝑎𝑎𝑎𝑚𝑚𝑠𝑠𝑏𝑏𝑚𝑚𝑎𝑎 𝑖𝑖𝑖𝑖 𝑎𝑎𝑚𝑚𝑜𝑜𝑎𝑎𝑖𝑖𝑠𝑠 (ng) + (10
∗ 𝑏𝑏𝑏𝑏𝑎𝑎𝑖𝑖𝑏𝑏 𝑎𝑎𝑠𝑠𝑎𝑎𝑖𝑖𝑠𝑠𝑎𝑎𝑠𝑠𝑠𝑠 𝑠𝑠𝑚𝑚𝑑𝑑𝑖𝑖𝑎𝑎𝑠𝑠𝑖𝑖𝑜𝑜𝑖𝑖) 

 

For analytes that were not present within the procedural blanks, the LOD and LOQ were 
calculated from the calibration curve. LOD from the lowest point where the quantification ion 
was detected and LOQ from the point where both measured fragment ions detected in 
MassLynx, both values were divided by the concentration factor. 

The two QC samples were fortified with a known amount of native PFAS (2 ng and 6 ng 
respectively). In all samples an extraction standard was used to correct for potential losses and 
a volumetric standard was added to calculate the recovery. For each analysis a batch standard 
was used for one-point calibration, meaning that the ultra-short-chain PFAS, PFAS-11 and Br-
PFOS had their respective batch standard. All batch standards were corrected against a 
calibration curve for each compound to achieve accurate results during the data processing 
(details in Appendix Tables A2, A3 and A4).  

Another form of quality assurance and control is based on the observation of two different 
fragments of each native PFAS compound with two exceptions (PFBA and PFPeA). The most 
abundant fragment was used for quantification while the other is used for qualification through 
comparison of a predicted ion ratio (obtained through the MassLynx method) between the two 
fragments and the actual ratio from the analysis, with an accepted deviation of no more than 
50%.  The software also cross-references the extraction standard and volumetric standard with 
retention times to further increase the probability of correct compound. Lastly, the accepted 
recovery range is between 50–120% and calculated within the programme through, 

 

% 𝑅𝑅𝑚𝑚𝑅𝑅𝑜𝑜𝑑𝑑𝑚𝑚𝑠𝑠𝑅𝑅 = �𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑃𝑃𝑆𝑆𝑆𝑆𝑃𝑃 𝐴𝐴𝐴𝐴𝑆𝑆𝑆𝑆 𝐼𝐼𝑆𝑆 
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑃𝑃𝑆𝑆𝑆𝑆𝑃𝑃 𝐴𝐴𝐴𝐴𝑆𝑆𝑆𝑆 𝑅𝑅𝑆𝑆

� �𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐴𝐴𝑆𝑆 𝑃𝑃𝑆𝑆𝑆𝑆𝑃𝑃 𝐴𝐴𝐴𝐴𝑆𝑆𝑆𝑆 𝐼𝐼𝑆𝑆 
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐴𝐴𝑆𝑆 𝑃𝑃𝑆𝑆𝑆𝑆𝑃𝑃 𝐴𝐴𝐴𝐴𝑆𝑆𝑆𝑆 𝑅𝑅𝑆𝑆

�� ∗ 100  
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3 Result & Discussion 
In this section all the relevant results regarding PFAS-11, Br-PFOS and ultra-short PFAS will be 
presented and discussed, including information about σ and pH. Also, the elemental analysis will be 
evaluated.  

3.1 Electrical conductivity & pH 
The σ and pH were observed for indications of the bark’s characteristics, e.g., if there is any 
release or uptake of charged particles. The obtained results from the σ and pH measurements 
showed low variations over time for each batch (intraday variability) or variation between 
batches (interday variability). The pH ranged from 7 – 8 for each batch and  σ is seen in Table 
4. Since no variation were noted between the different sorbent materials it indicates that pine 
and spruce do not affect either σ or pH of outgoing water.  

Table 4 The intraday variability of σ for each batch (given in µS/cm).   
 Batch 1 Batch 2 Batch 3 Batch 4 Batch 5 

Mean 6.20 6.59 5.59 5.67 4.68 
SD* 0.15 0.24 0.07 0.08 0.11 

RSD** (%) 11 2 4 1 2 
* SD = Standard deviation, ** Relative standard deviation 

 3.2 PFAS analysis   
3.2.1 Initial water concentrations 
The initial wastewater concentrations for ultra-short-chain PFAS are shown in Figure 
3. PFEtS were excluded from the analysis due to inconclusive results. For the remaining 
ultra-short-chain PFAS the concentrations remained even between batches except an 
outlier in batch 3 for TFMS which were notably lower. TFA and TFMS had elevated 
concentrations compared to PFPrA and PFPrS. In comparison to the ultra-short-chain 
PFAS, the selected short-and long-chain PFAS seem to have an average of lower 
concentrations < 2 ng/mL in the initial water.  

The short- and long-chain PFAS initial wastewater concentrations are depicted in 
Figure 4. PFCAs seem to be present in lower concentrations than PFSAs. Since the 
wastewater passes through the industrial site’s particle filtering before the initial water 
samples are collected, it is a possibility that some PFAS are retained in the particle filter. 
This could be a reason for the low concentrations of  the long-chain PFCAs, PFNA and 
PFDA which were excluded from the study due to concentrations below or near LOQ 
(Table A4 and A6). In a study long-chain PFCAs and PFSAs were found to prefer the 
suspended particulate matter rather than the dissolved phase (Ding, et al., 2018), 
meaning that there is a possibility that the long-chain PFAS are bound to the particles 
in the particle filtering though since no measurements before the filter were taken it 
cannot be concluded. It is also possible for the concentrations of these PFAS to have a 
lower concentration compared to the ultra-short-chains  due to the generated waste of 
the industrial site. Worth mentioning is the low interday variability for all PFAS except 
PFBS. 

In comparison the intraday variability is generally small except for measured PFOS in 
batch 3 (pine:spruce, (50:50)). Both L-PFOS and Br-PFOS seem to be present in equal 
concentrations. Though according to literature linear isomers are the predominant form 
(Pellizzaro, et al., 2018). Due to lower hydrophobicity of branched isomers than linear 
isomers (Schulz, et al., 2020), the branched isomers should theoretically be of greater 
concentrations because the linear isomers would be bound to the removed particles. 
Possibly the linear isomer concentrations are elevated and with the particle filtering it 
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is lowered to similar concentrations as the branched isomers. This could be possible if 
the managed waste at the facility contained more L-PFOS than Br-PFOS. 

Since all initial concentrations are stable and the small variations that occurred are 
natural for wastewater, it was concluded that the average for respective batch could be 
used for evaluation of sorption.  

 

 
Figure 3 Average initial concentrations in the wastewater of ultra-short-chain PFAS 

for respective batch with standard deviation error bars (batch 1-pine; batch 2-spruce; 
batch 3-pine:spruce, 50:50; batch 4-pine:spruce, 75:25; batch 5-pine:spruce, 25:75). 
 

 

 
Figure 4 Average initial concentrations in the wastewater of short-and long-chain 

PFAS for respective batch with standard deviation error bars (batch 1-pine; batch 2-
spruce; batch 3-pine:spruce, 50:50; batch 4-pine:spruce, 75:25; batch 5-pine:spruce, 

25:75). 
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  3.2.2 Ultra-short-chain PFAS 
The sorption of the ultra-short-chain PFAS varied depending on L/S ratio, sorbent, and 
compound. Ultra-short-chain PFAS have been found to be highly soluble in water and 
have low sorption capacity to soil and sediments (Ateia, et al., 2019). This study 
confirms the difficulties with sorption of ultra-short-chain PFAS through the variable 
results obtained in Figure A3 – A6 in the Appendix. Depending on sorbent unit and L/S 
ratio some sorption seem to occur for TFA, PFPrA, TFMS and PFPrS. After sorption 
occur at certain L/S ratios it tends to decrease directly after, which could be because the 
formed bonds are weak and therefore not able to remain sorbed to the bark. Due to 
short-chain PFAS physiochemical properties it has been hypothesized that sorption can 
be dependent on the availability to bonding sites (Ateia, et al., 2019) which could mean 
that unavailable sites reduce the ability to retain PFAS. Another possibility is a 
variability that is not accounted for because no sample replicates were collected. The 
sorption mechanisms are complex due to many different interactions that are involved 
such as electrostatic and hydrophobic interactions (Zhang, et al., 2019).  

In the results for pine (Figure A3), a reduction of PFPrA and PFPrS occured with 
sorption > 20% at L/S ratio 543 and 815 respectively, indicating that interactions due 
to properties related to chain length may be more dominant than functional group. 
Spruce seemed to sorb PFPrA and PFPrS though at a lower capacity. The composition 
of pine and spruce 50:50, indicated a stable sorption by constantly sorbing > 20% of 
PFPrA for L/S ratio within the range 223 – 892 as seen in Figure 5. Sorption of PFAS 
below 20% by the evaluated sorbents would be regarded inefficient according to the 
previous study (Storm, 2022). For TFA no sorption occurred with any batch except 
pine:spruce 50:50 where sorption increased after L/S ratio > 1000. TFMS seemed to 
have better potential for sorption than TFA because sorption occurred with both 
pine:spruce 75:25 (Figure A5) and pine:spruce 25:75 (Figure A6) at L/S ratio around 
1000, which imply stronger sorption capacity for sub-classes with sulfonic acids. 
Another study based on strong anion exchange resins also concluded that sulfonic acids 
have greater sorption capacity to hydrophobic sorbents (Zaggia, et al., 2016).  

 
Figure 5 Sorption of ultra-short-chain PFAS after passage through pine:spruce 

(50:50) sorbent composition of 1 kg pine and 1 kg pine and spruce respectively, for 
every whole hour. 
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3.2.3 Short- and long-chain PFAS including Br-PFOS 
The obtained results for pine (Figure A7 and A8) indicate that pine cannot successfully 
retain the short-chain PFBA or PFBS. Short-chain PFAS have smaller hydrophobic 
region and therefore do not as readily interact through hydrophobic interactions with 
the organic surfaces and are more commonly found in the water dissolved phase (Ding, 
et al., 2018). PFPeA and PFHxA seem to be present within the sorbent and get flushed 
out at low L/S ratios. This study investigated the bark as an environmentally friendly 
and cheap option for remediation of PFAS, therefore no pre-treatment is used for the 
bark. In a study there has been found that PFAS are able to accumulate in the woody 
components of some tree species (Huff, et al., 2020). Meaning there is a possibility that 
PFAS are already present in the used bark causing the increased concentrations 
observed in outgoing water at the beginning for some PFAS.  

In contrast to PFBA, the other short-chain PFCAs, PFPeA and PFHxA has some 
interactions with pine and the sorption increased with higher L/S ratio (maximum 
obtained sorption, approx. 5% at L/S ratio 1629). Additional investigations could be of 
interest to evaluate if higher L/S ratios could increase the sorption capacity further, since 
the corresponding analogue PFSA, PFHxS follow the same increasing pattern reaching 
20%. The lower sorption capacity of PFHxA compared to PFHxS could indicate that 
PFCA is less compatible with pine than PFSA. Contradicting to previous assumption 
of functional group effects, PFOA show greater sorption than L-PFOS, which did not 
bind to the pine sorbent. Since this sorbent seems to show better reduction of carboxylic 
acids compared to sulfonic acids it may be a good supplement to previously studied 
methods that have shown better sorption capacity for sulfonic acids. 

As for the Br-PFOS there is some sorption at L/S ratio 815 though it is below 20%. The 
linear isomers are supposedly the dominant form in contaminated water for both PFOA 
and PFOS (Pellizzaro, et al., 2018). Based on the obtained results, pine has the best 
potential for good sorption of PFPeA, PFHxA, PFHpA and PFHxS at higher L/S ratios 
and can successfully also reduce PFOA.  

In comparison to pine, spruce (Figure A9 and A10) has no sorption for any PFCA with 
exception for PFOA which as mentioned is successfully reduced for all sorbents with 
sorption > 40% for all the L/S ratio. PFSA followed the same trend both spruce and 
pine indicating that the same sorption mechanism might be dominant for both materials. 
The sorption for PFSA to spruce varied over the L/S ratio range with no distinct pattern. 
Another observation worth mentioning is the notable sorption of Br-PFOS for both 
spruce at L/S ratio 764 (approx. 20%) and pine at L/S ratio 815 (approx. 10%).  

The sorbent unit composed of pine:spruce 50:50 resulted in the most distinct sorption 
patterns (Figure 6 and 7). The low L/S ratio indicate that outgoing water has increased 
concentration of all selected PFCAs except PFOA and all selected PFSAs, but similar 
to the observed pattern for pine, increased L/S ratio result in elevated sorption. 
Combining the two sorbents using a 50:50 composition resulted in a slight removal of 
PFBA and PFBS which was not seen in any of the other combinations. 

For the last two batches, pine:spruce 75:25 and 25:75 (Figure A11 – A14) there is no 
sorption for PFCA C4 – C7, which could indicate that the presence of spruce decreases 
the sorption capacity for pine since separately pine obtained notably better sorption. 
Assumptions could be that spruce releases something that occupies the binding sites on 
pine or that the larger size fraction of spruce creates a blockage. PFOA remained sorbed 
with > 40% indicating that PFOA is successfully reduced independently of sorbent. As 
for Br-PFOS there is a clear sorption at L/S ratio 984 with > 20% for pine:spruce 75:25, 
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but thereafter a big decrease indicating a re-release of Br-PFOS from the sorbent. 
Something with greater affinity for the sorbent may have replaced the binding sites in a 
formation resulting in release of Br-PFOS as indicated from the decrease in sorption 
(Appendix Figure A12).  

L-PFOS in pine:spruce 25:75 seem to be maintained at a sorption at approx. 15% after 
L/S ratio 1077, though further investigation would be needed for confirmation if this is 
stable at larger volumes of water passing through. Br-PFOS also increased at higher L/S 
ratio of pine:spruce 25:75 to > 20% though there seem to be a drop over time.  
 

 
Figure 6 Sorption of PFCA after passage through pine:spruce (50:50) composed of 

1 kg pine and 1 kg spruce every hour. 
 

 
Figure 7 Sorption of PFSA after passage through pine/spruce sorbent composed of 

1 kg pine and 1 kg spruce every whole hour. 
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 3.3 Elemental analysis 
The results obtained from the elemental analysis indicate that no sorbent composition had 
notable impact on the elements determined, with exception for chromium that seems to be 
reduced with the sorbent of pine (100%) and pine:spruce 50:50 (Figure 8). Though important 
to note are the error bars of standard deviation, which indicate the possibility that the difference 
is due to variations. In a study about sorption of chromium to activated carbon the pH and 
sorbent dosage are found to be affecting parameters of sorption capacity due to effects on both 
sorbent and element. The adsorption was found to decrease with increasing dosage, which were 
assumed to be because of more exposed binding sites in a less compact sorbent (Sultana, et al., 
2018). This could imply that pine with smaller fractions has more available binding sites than 
larger fractions of spruce and therefore obtained higher sorption. The instrument analysis in this 
study does not differentiate between different species of chromium but measure the total content 
within the collected wastewater. The wastewater pH was between 7 – 8 which also could be a 
reason for the low sorption capacity in spruce (100%), pine:spruce 75:25 and 25:75. In the study 
regarding adsorption to activated carbon, maximum sorption was observed at pH 2 and 
decreased with increasing pH, which were assumed to be due to strong electrostatic attraction 
at low pH between the positive surface and negative chromate anions (Sultana, et al., 2018).  
Arsenic had similar concentration in the outgoing water and was seemingly unaffected by the 
sorbents as observed in Figure 9. For lead there are variations occurring between sorbents and 
a notable increase in the outgoing water after passage through spruce (Figure 10).  

 
Figure 8 Mean of ingoing and outgoing concentrations for total chromium concentration in 

each of the 5 batches with error bars based on standard deviation. 
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Figure 9 Mean of ingoing and outgoing concentrations for total arsenic concentration in each 

of the 5 batches with error bars based on standard deviation. 

 

  
Figure 10 Mean of ingoing and outgoing concentrations for total lead concentration in each 

of the 5 batches with error bars based on standard deviation 
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4 Conclusion 
The initial concentration in water was low for some of the selected PFAS which led to the exclusion of 
PFNA, PFDA and PFEtS. The σ and pH measurements implied that both pine and spruce do not 
influence these parameters in the water passing through. As for the investigation of sorption capacity 
for pine and spruce, only PFOA could be reduced by > 40% independent of sorbent. Pine (100%) and 
pine:spruce 50:50 indicated potential for removal of PFPeA, PFHxA and PFHpA through a pattern of 
increasing sorption over time. In comparison with active carbon which is a more established method 
used in water purification has shown to remove long-chain PFOA and PFOS with 60-80% and other 
pollutants such as heavy metals and persistent organic pollutants in a lab-scale study (Yadav, et al., 
2022). In comparison with pine:spruce 50:50 which indicated the most successful sorbent due to removal 
of PFOA, L-PFOS, Br-PFOS and chromium, active carbon seem to be superior due to higher removal 
capacity and wider use. Though active carbon had a low removal efficiency for short-chain PFAS, 
pine:spruce 50:50 were concluded to only have potential for sorption but at the analysed L/S ratios it 
was also inferior to active carbon. The ultra-short-chain PFAS are lacking in studies and therefore 
difficult to compare to other techniques but the results of pine:spruce 50:50 indicated stable sorption of 
PFPrA  > 20% at L/S ratio between 223–892.  

As for the previous lab-scale study the combination of pine and spruce with L/S ratio 20 had high 
removal capacity for L-PFOS which is in agreement with the results of this field-scale study. Though 
the lab-scale test performed the analysis of the bark types in layers and this study mixed the combinations 
of pine and spruce, the results were still similar indicating that the order may not affect the sorption.  

In conclusion, the usage of pine and spruce as sorbents for remediation of wastewater may have some 
potential for a few selected PFAS and could be a possible supplement to water treatments. Though at 
the moment the more established method with active carbon may still be superior. 
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Appendix 
Table A1 The selected PFAS with respective extraction standard, and volumetric standard used in the 
instrumental analysis. 

PFAS Mother ion 
(m/z) 

Quantitative 
ion (m/z) 

Qualitative 
ion 

(m/z) 
Labelled IS Labelled RS 

PFBA 169 169 - IS_PFBA RS_PFBA 
PFPeA 263 219 - IS_PFPeA RS_PFPeA 
PFHxA 313 269 119 IS_PFHxA RS_PFHxA 
PFHpA 363 319 169 IS_PFHpA RS_PFOA 
PFOA 413 369 169 IS_PFOA RS_PFOA 
PFNA 463 419 219 IS_PFNA RS_PFNA 
PFDA 513 469 219 IS_PFDA RS_PFDA 
PFBS 299 80 99 IS_PFBS RS_PFHxS 

PFHxS 399 80 99 IS_PFHxS RS_PFHxS 
L-PFOS 499 99 80 IS_PFOS RS_PFOS 

6:2 FTSA 427 407 81 IS_6_2_FTSA RS_4_2_FTSA 
Dimethyl-

PFOS 499 80 99 IS_PFOS RS_PFOS 

3/4/5-PFOS 499 80 99 IS_PFOS RS_PFOS 
6/2-PFOS 499 169 80 IS_PFOS RS_PFOS 

TFA 113 69 - IS_TFA RS_PFBA 
PEPrA 163 119 - IS_PFBA RS_PFBA 
TFMS 149 80 99 IS_PFBS RS_PFHxS 
PFEtS 199 80 99 IS_PFBS RS_PFHxS 
PFPrS 249 80 99 IS_PFBS RS_PFHxS 

 
Table A2 The mother ion and quantitative fragment ion for respective extraction standard and 
volumetric standard. 

Labelled IS Mother ion 
(m/z) 

Quantitative 
ion (m/z) Labelled RS Mother ion 

(m/z) 
Quantitative ion 

(m/z) 
IS_PFBA 117 172 RS_PFBA 216 172 
IS_PFPeA 266 222 RS_PFPeA 268 223 
IS_PFHxA 315 270 RS_PFHxA 318 273 
IS_PFHpA 367 322 RS_PFOA 421 376 
IS_PFOA 417 372 RS_PFNA 472 427 
IS_PFNA 468 423 RS_PFDA 519 474 
IS_PFDA 515 470 RS_PFHxS 402 99 
IS_PFBS 302 99 RS_PFOS 507 99 

IS_PFHxS 403 103 RS_4_2_FTSA 329 81 
IS_PFOS 503 99    

IS_6_2_FTSA 429 409    
IS_TFA 115 70    
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Table A3. Abbreviations  
PFAS-11 

PFBA Perfluorobutanoic acid 
PFPeA Perfluoropentanoic acid 
PFHxA Perfluorohexanoic acid 
PFHpA Perfluoroheptanoic acid 
PFOA Perfluorooctanoic acid 
PFNA Perfluorononanoic acid 
PFDA Perfluorodecanoic acid 
PFBS Perfluorobutanesulfonic acid 
PFHxS Perfluorohexanesulfonic acid 
L-PFOS Linear-perfluorooctanesulfonic acid 
Br-PFOS Branched-perfluorooctanesulfonic acid 
6:2 FTSA 6:2 Fluorotelomersulfonic acid 

Branched PFOS (Br-PFOS) 
Dimethyl-PFOS  
3/4/5-PFOS 3/4/5-perfluorooctanesulfonic acid 
6/2-PFOS 6/2-perfluorooctanesulfonic acid 

Ultra-short-chain PFAS 
TFA Trifluoroacetic acid 
PEPrA Perfluoropropanoic acid 
TFMS Trifluoromethane sulfonic acid 
PFEtS Perfluoroethane sulfonic acid 
PFPrS Perfluoropropane sulfonic acid 

 
Table A4 The calibration curves used for amount correcting the batch standards used when 
quantifying the target PFAS. 

PFAS Equation R2 Min value 
(pg) 

Max Value 
(ng) 

Sample range 
(ng) 

# 
points 

PFBA y = 0.0005x - 0.1283 0.9983 0.02 30 0.7 – 1.0 9 

PFNA y = 0.0006x - 0.1819 0.9969 0.02 30 Out of range 9 

PFPeA y = 0.0005x - 0.1133 0.9985 0.02 30 1.0 – 2.0 9 

PFDA y = 0.0005x - 0.0935 0.9984 0.02 30 Out of range 9 

PFHxA y = 0.0005x - 0.1011 0.999 0.02 30 1.0 – 2.0 9 

PFHpA y = 0.0006x - 0.1362 0.9984 0.02 30 0.4 – 0.7 9 

PFOA y = 0.0006x - 0.1524 0.9977 0.02 30 0.2 – 0.4 9 

PFBS y = 0.0011x - 0.1976 0.999 0.02 30 5.0 – 7.0 9 

PFHxS y = 0.0012x - 0.188 0.9992 0.02 30 0.8 – 2.0 9 

L-PFOS y = 0.0006x - 0.1742 0.9971 0.02 30 2.0 – 4.0 9 

6:2 FTSA y = 0.0004x + 0.0318 0.9944 0.02 10 Contaminated 7 
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Table A5 The calibration curves used for amount correcting the batch standards used when 
quantifying the target Br-PFOS 

PFAS Equation R2 Min value 
(ng) 

Max Value 
(ng) 

Sample range 
(ng) 

# 
points 

Dimethyl y = 0.0058x - 1.0135 0.9761 0 5.27 0.2 – 0.5 10 
3/4/5-PFOS y = 0.0038x - 5.0448 0.9911 0 63.8 1.0 – 2.0 10 
6/2-PFOS y = 0.0014x - 1.6786 0.9963 0 78.7 0.5 – 1.0 10 

 

Table A6 The calibration curves used for amount correcting the batch standards used when 
quantifying the target ultra-short-chain PFAS 

PFAS Equation R2 Min value 
(ng) 

Max Value 
(ng) 

Sample range 
(ng) # points 

TFA y = 0.0002x – 0.0566 0.998 0.08 42.4 10.0 – 30.0 7 
PFPrA y = 0.0013x – 2.5227 0.988 0 120 0.50 – 6.00 11 
TFMS y = 0.0025x – 0.5622 1 0 42.4 7.00 – 30.0 9 

PFPEtS y = 0.0029x – 1.3541 0.998 0.08 40.7 Out of range 7 
PFPrS y = 0.0033 – 0.7392 0.998 0 41.2 0.05 – 0.20 9 

 

Table A7 The LOD and LOQ in ng for PFAS in respective batch calculated through equations 
presented in section “2.7 Quality Assurance & Quality Control”. 

PFAS Pine Spruce Pine/Spruce 
(50:50) 

Pine/Spruce 
(75:25) 

Pine/Spruce 
(25:75) 

LOD LOQ LOD LOQ LOD LOQ LOD LOQ LOD LOQ 
PFBA 0.023 0.047 0.011 0.018 0.025 0.250 0.006 0.063 0.009 0.093 
PFPeA 0.015 0.028 0.018 0.054 0.015 0.151 0.010 0.101 0.018 0.186 
PFHxA 0.013 0.027 0.010 0.022 0.012 0.120 0.008 0.079 0.008 0.081 
PFHpA 0.008 0.022 0.003 0.005 0.005 0.048 0.002 0.019 0.004 0.038 
PFNA 0.011 0.030 0.000 0.000 0.005 0.054 0.003 0.029 0.002 0.020 
PFOA 0.018 0.038 0.010 0.020 0.014 0.140 0.006 0.059 0.009 0.088 
PFDA 0.018 0.053 0.002 0.006 0.010 0.105 0.002 0.017 0.002 0.024 
PFBS 0.029 0.063 0.015 0.032 0.012 0.120 0.018 0.181 0.028 0.287 

PFHxS 0.013 0.028 0.011 0.026 0.015 0.157 0.011 0.113 0.005 0.051 
PFOS 0.022 0.061 0.005 0.013 0.014 0.145 0.002 0.025 0.002 0.019 

6:2 
FTSA 2.516 3.413 2.609 4.017 4.036 40.743 0.002 0.017 0.000 0.000 

 

Table A8 The LOD and LOQ in ng for Br-PFOS in respective batch calculated through equations 
presented in section “2.7 Quality Assurance & Quality Control”. 

PFAS Pine Spruce Pine/Spruce 
(50:50) 

Pine/Spruce 
(75:25) 

Pine/Spruce 
(25:75) 

LOD LOQ LOD LOQ LOD LOQ LOD LOQ LOD LOQ 
Dimethyl 0.0002 0.002 0.0002 0.002 0.0002 0.002 0.0002 0.002 0.0002 0.002 

3/4/5-PFOS 0.003 0.007 0.003 0.007 0.003 0.007 0.003 0.007 0.003 0.007 
6 /2-PFOS 0.003 0.011 0.003 0.011 0.003 0.011 0.003 0.011 0.003 0.011 
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Table A9 The LOD and LOQ in ng for ultra-short-chain PFAS in respective batch calculated through 
equations presented in section “2.7 Quality Assurance & Quality Control”. 

PFAS Pine Spruce Pine/Spruce 
(50:50) 

Pine/Spruce 
(75:25) 

Pine/Spruce 
(25:75) 

LOD LOQ LOD LOQ LOD LOQ LOD LOQ LOD LOQ 
TFA 0.67 6.88 2.62 26.78 0.82 8.34 0.11 1.10 0.18 1.85 

PFPrA 0.03 0.005 0.03 0.005 0.03 0.005 0.03 0.005 0.03 0.005 
TFMS 0.03 0.005 0.03 0.005 0.03 0.005 0.03 0.005 0.03 0.005 
PFEtS 0.03 0.005 0.03 0.005 0.03 0.005 0.03 0.005 0.03 0.005 
PFPrS 0.03 0.005 0.03 0.005 0.03 0.005 0.03 0.005 0.03 0.005 

 
 

 
Figure A1 Average initial concentration of excluded ultra-short-chain PFAS for respective 

batch. 
 

 
Figure A2 Average initial concentration of excluded long-chain PFAS for respective batch. 
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Figure A3 Sorption of ultra-short-chain PFAS after passage through pine sorbent 

unit of 2 kg every whole hour. 
 
 

 
Figure A4 Sorption of ultra-short-chain PFAS after passage through spruce sorbent 

unit of 2 kg every whole hour. 
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Figure A5 Sorption of ultra-short-chain PFAS after passage through pine:spruce 
(75:25) sorbent composition of 1.5 kg pine and 0.5 kg spruce every hour. 

 

 
Figure A6 Sorption of ultra-short-chain PFAS after passage through pine:spruce 
(25:75) sorbent composition of 0.5 kg pine and 1.5 kg spruce every hour. 
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Figure A7 Sorption of PFCA after passage through pine sorbent composition of 2 kg every 

hour. 
 
 

 
Figure A8 Sorption of PFSA after passage through pine sorbent composition of 2 kg every 

hour. 
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Figure A9 Sorption of PFCA after passage through spruce sorbent composition of 2 kg every 

hour. 
 
 

 
Figure A10 Sorption of PFSA after passage through spruce sorbent composition of 2 kg every 

hour. 
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Figure A11 Sorption of PFCA after passage through pine:spruce sorbent composition of 

1.5 kg and 0.5 kg respectively every hour. 
 
 

 
Figure A12 Sorption of PFSA after passage through pine:spruce sorbent composition of 

1.5 kg and 0.5 kg respectively every hour. 
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Figure A13 Sorption of PFCA after passage through pine:spruce sorbent composition of 0.5 

kg and 1.5 kg respectively every hour. 
 
 
 

 
Figure A14 Sorption of PFSA after passage through pine:spruce sorbent composition of 

0.5 kg and 1.5 kg respectively every hour. 
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