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Abstract  

The toxicity, mobility and recalcitrant nature of the chemical class known as Perfluoroalkyl Substances 

(PFAS) is increasingly being demonstrated to pose a threat to human and environmental health globally. The 

identification of the risk posed by PFAS by numerous governments and scientific organisations has been a driver 

for further investigation into potential PFAS management options. Biochar has been considered as a possible 

sustainable approach to PFAS immobilisation due to being derived from waste biomass materials and having a 

demonstrated ability to sorb a variety of organic and inorganic contaminants.  

This study was undertaken to determine if manipulation of biochar characteristics by varying pyrolysis 

conditions, such as feedstock and pyrolysis temperature, significantly impacted upon biochar PFAS sorption 

capacity. In addition, the influence of soil matrix was studied, accumulatively demonstrating that with further 

research biochar could be reverse engineered as an effective and sustainable PFAS sorbent.  

It was found that by varying feedstock type, and pyrolysis temperature, a wide variety of physiochemical 

parameters could be manipulated. To better understand what type of physiochemical characteristic were more 

beneficial for PFAS sorption, a kinetic and sorption study was undertaken at environmentally relevant 

concentrations for a suite of biochars (pine and pea-straw feedstocks pyrolyzed at 300, 500 and 700˚C). A specially 

developed direct aqueous injection liquid chromatography mass spectrometry method, associated sample 

preparation technique, and serial sorption method were developed to undertake appropriately sensitive, accurate 

and robust sample analysis for serial sorption biochar experiments.  

Through the study of kinetic and sorption behaviour it was found that all tested biochars did not 

adequately sorb short chain PFAS, PFBA and PFBS. Further, low temperature biochar (350˚C) sorbed far less 

PFAS from solution (<50 %) than its higher temperature counterparts. Sorption equilibriums were found to be 

reached within 0 - 96 hours to for most PFAS, with the bulk of sorption occurring in the first hour. High 

temperature pine biochar was demonstrated to be the most effective sorbent for PFHxA, PFHxS, PFOA and PFOS. 

This suggests that key characteristics for the sorption of longer chain PFAS compounds are high surface area, 

high aromaticity and hydrophobicity. Isotherms demonstrated complex sorption behaviour, including the 

formation of monolayers and micelles for some PFAS compounds. This behaviour was greatly influenced by 

PFAS molecular structure, primarily functional group type, and subsequently chain length. Desorption was less 

reversible for higher temperature biochars, with all PFAS desorbing less than 20% of sorbed fraction. Sorption 

behaviour was demonstrated to be impacted by intra PFAS conger interaction, with positive or negative impacts 

on sorption and desorption dependant on the specific biochar – PFAS congener combination.  

Further investigation explored the efficacy of pine biochar produced at 750˚C as a PFAS sorbent in soils. 

Soils used in experiments where characterised by their contrasting levels of organic matter and clay. It was found 

that soil type had a notable impact on biochar efficiency, with biochar being more efficient as a sorbent in soils 

characterised by higher clay, than in that with higher organic matter.  

This work strongly suggests biochar can be employed as sustainable sorbents for PFAS. To achieve this 

goal, further investigation surrounding reverse engineering of biochar over a greater range of temperatures, 

residence times and feedstocks is required. Additionally, biochar application should be tailored to matrix type, 

environment type and target PFAS, for optimum performance at environmentally relevant PFAS concentrations. 
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Chapter 1  

Introduction 

Recently, increasing attention has been paid to the detection and management of Perfluoroalkyl 

Substances (PFAS). This is largely driven by the formal classification of certain PFAS as Persistent Organic 

Pollutants (POPs) under Annexure B of the Stockholm Convention on Persistent Organic Pollutants due to 

increasing scientific recognition of  PFAS environmental persistence, mobility, ability to bioaccumulate and 

known toxic modes (Denyes et al. 2012; Haug et al. 2011; POPRC 2008). Prior, PFAS were believed to be 

environmentally inert, resulting in greater focus on previously ratified POPs, such as Polychlorinated Biphenyls 

(PCBs) and Polybrominated Diethers (PBDEs) (Ericson et al. 2007; Thompson et al. 2011), worldwide. 

PFAS are now known to be ubiquitous in environmental matrices, humans and wildlife (D'eon & Mabury 

2010; Loganathan et al. 2007; Naile et al. 2010). Temporal studies illustrate that despite the banning or restricted 

use of one PFAS congener, PFOS (Perfluorooctane Sulphonic Acid), under the Stockholm Convention, the 

concentration of total PFAS in animals has increased globally over the past 15-25 years (Houde et al. 2006). 

Recent studies have indicated that the shift in manufacture and use of shorter chain PFAS (Ateia et al. 2019) has 

seen an increasing prevalence of these in the environment (Gewurtz et al. 2019; Nakayama et al. 2019). Clarke & 

Smith (2011) assessed 17 classes of POPs based on overall risk and ranked PFAS as the class of greatest concern 

to humans and the environment due to their toxic effects, persistance and  unique behavioural characteristics 

making them increadibly mobile in the environment. 

Since the seminal article by Clarke & Smith (2011), PFAS contamination of agricultural land and potable 

water sources has taken center stage with an increasing body of research demonstrating PFAS migration into food 

products and the environment (Cao et al. 2019; Endirlik et al. 2019; EPA-Victoria 2018a; Ghisi, Vamerali & 

Manzetti 2019; Huset & Barry 2018). Subsequent ingestion of contaminated food has been linked to a variety of 

health affects (enHealth 2019; US EPA 2016b, 2017a). This has seen conservative responess by regulatory bodies 

such as U.S.EPA through the recent release of the PFAS Action Plan which roadmaps toxicity, environmental 

levels, transport pathways, guidelines and management activities (US EPA 2019). In Australia, a working group 

consisting of the heads of the EPA Australia and New Zealand released the PFAS National Emergency 

Management Plan (PFAS NEMP) in January of 2018 (HEPA 2018). This has been acompanied by jurisdictional 

position statements adopting guidance values from the PFAS NEMP protective of human and environmental 

health (EPA-Victoria 2018b). 

The current ever increasing understanding of the extent of PFAS contamination renders reducing 

environmental and human exposure of PFAS a crucial next step towards PFAS risk management. This includes 

the disruption of source-receptor pathways, and the containment, removal or destruction of PFAS in contaminated 

materials. Currently, a limited but varied number of technologies are available or under development. However, 

considering the mobility and subsequent extensive dispersion of PFAS contamination throught the environment, 

many technologies are prohibitively expensive or unweildly (Kucharzyk et al. 2017; Ross et al. 2018). As such, 

the exploration of novel cost-effective approaches to PFAS management is essential. Minimising PFAS mobility 

in the environment is a critical management approach requiring further development as containing PFAS 
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contamination results in smaller volumes of affected material for futrure treatment, in addition to its major function 

of disrupting source-receptor pathways.  

Biochar could potentially be engineered to possess the characteristics needed to address PFAS in the 

environment, as a cost-effective sorbent. Abdel-Fattah et al. (2015) demonstrated biochars ability to sorb heavy 

metals, while Dechene et al. (2014) explored the sorption of polar organic contaminants and pesticides to biochar 

amended soils. Recently, Kupryianchyk et al. (2016) highlighted the sorption of PFAS to biochar, paving the way 

for further investigation into the potential use of biochar for the in-situ remediation of PFAS.  

Biochar is the carbonaceous solid product resulting from the thermal decomposition of organic materials 

in an oxygen limited environment (IBI 2011). Biochar can be produced using waste biomass (Denyes et al. 2012; 

Jouiad et al. 2015), which is the largest and most sustainable energy source available, with 220 billion dry tons 

being produced globally each year (Azargohar et al. 2013; Das & Sarmah 2015). Consequently, biochar has been 

the subject of much research due to its sustainable nature and physiochemical properties lending themselves well 

to agriculture (soil enhancement), climate change action (carbon sequestration), environmental management 

(contaminated land remediation) and waste management (recycling) (Denyes et al. 2012; Heitkötter & Marschner 

2015). The production of biochar is an attractive solution to a number of issues facing the environment, as the 

financial and environmental cost in disposing of waste materials is reduced whilst a useful product is derived 

(Poerschmann et al. 2015; Rehrah et al. 2014). 

While a relatively limited number of studies have explored and compared PFAS sorption to biochar to 

other sorbents (Dalahmeh, Alziq & Ahrens 2019; Du et al. 2014; Liu et al. 2019; Xiao et al. 2017; Zhi & Liu 

2018), these have not included detailed comparisons between biochars prepared under different pyrolysis 

conditions. Feedstock type and pyrolysis temperature could, in turn, be optimized to produce biochar baring the 

physiochemical properties favourable for PFAS sorption. To achieve this, a better understanding of PFAS sorption 

to biochar in solution and in the presence of soils is required to identify the key sorption mechanisms and 

behaviours for selected PFAS congeners. In addition, a comprehensive approach is required to further catalogue 

the effect of pyrolysis temperature and feedstock type which best produce biochar optimized for PFAS sorption. 

This study aims to begin addressing the above knowledge gaps through early experiments, starting with 

the observation of production condition impact through the characterisation of six biochars produced using 3 

pyrolysis temperatures and 2 lignocellulosic feedstocks. Subsequently the prepared biochars were studied to assess 

PFAS sorbing qualities in solution. Considering the more recent use of short chain PFAS congeners, both short 

and long chain PFAS congeners were selected for experiments. Preferential sorption could then be delineated for 

each compound and cross referenced with physicochemical properties of the biochar as a result of its feedstock 

and preparation temperature. The biochar showing the greatest PFAS sorbing qualities in solution was retested in 

the presence of two soils, to determine the impact of soil geochemical properties upon PFAS sorption. Overall, 

this study collectively provides early data on PFAS-biochars sorption behaviour to the ends of guiding future 

works for optimised production of this renewable sorbent for the management of PFAS in the environment.  
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1.1 Biochar  

1.1.1 Background 
 

The International Biochar Initiative (IBI) guidelines define biochar as “a solid material obtained from 

the thermochemical conversion of biomass in an oxygen-limited environment’ (IBI 2011). Biochar is further 

distinguished as different from charcoal as it is specifically produced for agronomic or environmental application 

(Fabbri et al. 2013). In addition, biochar is differentiated from activated carbon, which has been utilised in 

environmental remediation roles, as a factor of its waste biomass feedstock material and not necessarily 

undergoing an activation process (Denyes et al. 2012; Srinivasan & Sarmah 2015). 

Biochar has its earliest record of use in the Amazon basin, dating back approximately 2000 years (Jouiad 

et al. 2015). Here, the residents indigenous to the region made use of biochar to improve soil fertility. These soils, 

known as Terra Preta, are characterized by its darker colour and much higher productivity than the surrounding 

tropical soils typical of the Amazonian region (Glaser et al. 2001). This is due to biochar application increasing 

soil cation exchange capacity (CEC), organic matter (OM) content and nutrient availability of the pre-Terra Preta 

soils (Glaser et al. 2000; Glaser et al. 2001; Heitkötter & Marschner 2015). 

More recently biochar has seen a re-emergence in interest, with possible scope for use in environmental, 

agricultural and civil applications. Climate change has been a strong driver for steering biochar research towards 

employment as a carbon sequestration technique. Simultaneously,  pressures to increase crop yields in a cost-

effective manner has seen increased focus on research aiming to optimize biochar characteristics that favour 

biochars utility as a soil conditioner (Abdel-Fattah et al. 2015; Lehmann 2007). Considering the above two parallel 

uses, biochar´s ability to improve soil properties while sequestering organic carbon has rendered it and ideal 

vehicle for climate change action and vaulted interest in biochar as a sustainable product (Rehrah et al. 2014). The 

resulting pyrolysis-based research to date has primarily focused on characterization of products based on variable 

pyrolysis conditions (temperature, residence time, nitrogen flow rate, heating rate). However, the bulk of existing 

research assesses biochar unique physicochemical properties on temperature or feedstock alone, often not taking 

in to account the interplay between feedstock types and temperatures (Alburquerque et al. 2013; Lievens et al. 

2014; Mitchell, Dalley & Helleur 2013; Peterson et al. 2012; Rehrah et al. 2014; Wiedner et al. 2013).  

A growing number of studies address the novel function of biochar as an effective contaminated soil 

ameliorant (Denyes, Rutter & Zeeb 2013), whereby biochar is used to reduce bioavailability or immobilise 

contaminants (Mukherjee, Zimmerman & Harris 2011). Currently most studies are short term (4-27 weeks) with 

many targeting small groups of different contaminants as opposed to classes with intra- or inter- compound 

interactive effects (Beesley, Moreno-Jiménez & Gomez-Eyles 2010; Heitkötter & Marschner 2015). 

A growing body of biochar research has contributed to the proposal of standards to assist in monitoring 

if biochar products are utilized in an environmentally responsible effective manner (IBI 2011; EBC 2012). This 

includes the provision of criteria for allowable limits of potential contaminants and characteristics of biochars as 

to prevent the contamination, exacerbation of contamination or the remobilization of contaminants in the 

environment (Oleszczuk, Jośko & Kuśmierz 2013) It has been recognised as imperative that biochars are 

characterized prior to application and that this information is made available to end users and policy makers 
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(Alburquerque et al. 2013) as to avoid any negative impacts such as contamination or degradation of the 

environment through the application of biochars that are below protective standards (Lievens et al. 2014; Morales 

et al. 2015). Additionally, soil type must be matched with an appropriate biochar for the affliction it is destined to 

address (Das & Sarmah 2015; Morales et al. 2015; Qian et al. 2015).  To adequately achieve this, a full 

understanding of contaminant-soil-biochar interaction is required. 

 

1.1.2 Chemical Structure and Production 

Biochar Structure 

 

Biochar is chiefly composed of recalcitrant aromatic carbon ring structures, the arrangement of which 

attribute biochar a sheet like structure and its porosity (Al-Wabel et al. 2013).  Biochar typically has a low bulk 

density and a high carbon fraction, oftentimes near double that found in the feedstock (Azargohar et al. 2013). In 

some cases, carbon  fractions have been found to be as high as 90% (Jouiad et al. 2015; Ochoa-Herrera & Sierra-

Alvarez 2008). 

The stability of aromatic C-rings, contribute to biochars resistance to biological decay (Al-Wabel et al. 

2013; Freddo, Cai & Reid 2012) as well as biochars resistance to degradation by many chemical oxidants 

(Mitchell, Dalley & Helleur 2013). This is notable when comparing biochar to the original feedstock’s 

comparatively higher propensity to degrade (Thomazini et al. 2015). While values vary based on preparation 

method and feedstock, it has been posited that biochars may degrade at an approximate rate as low as 0.28% per 

annum, equating to a residence time in the environment of approximately 4000 years (Kuzyakov, Bogomolova & 

Glaser 2014). Due to the great variation of physiochemical properties acquired from the large variety of biomass 

feedstocks and production conditions used in biochar production, biochars are considered a diverse group of 

materials with individual batches of biochar exhibiting very different physiochemical characteristics, including 

degradative recalcitrance in the environment (Jouiad et al. 2015; Qian et al. 2015). 

Biochar Production 

 

Biochar is produced through a thermal decomposition process called pyrolysis, in which thermal energy 

is used to degrade biomass in an oxygen-limited environment which prevents combustion (Bridgwater 2003). 

Here degradation is the depolymerisation of biopolymers and the carbonisation of the feedstock to a more 

recalcitrant form through decarboxylation, dehydration, de-carbonylation, de-methylation, intermolecular 

derangement, condensation and aromatisation reactions (Das & Sarmah 2015; Heitkötter & Marschner 2015; 

Kambo & Dutta 2015). The result of this process is the conversion of less stable biomass (∼17 MJ/kg) and the 

production of biochar (∼18 MJ/kg), bio-oils (∼22 MJ/kg) and syngas (∼6 MJ/kg) (Azargohar et al. 2013; Das & 

Sarmah 2015). Here syngas is primarily composed of non-condensable volatiles such as carbon monoxide (CO), 

carbon dioxide (CO2), methane (CH4), and hydrogen (H2) (Al-Wabel et al. 2013; Kambo & Dutta 2015). 

Slow pyrolysis is the  conventional carbonization method which favours the production of biochar over 

bio-oils or syn-gasses by employing a low heating range (300 – 750 Celsius) and a residence time of hours (Qian 

et al. 2015). Generally the reactors used in slow pyrolysis are stationary facilities, however the recent advent of 
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mobile facilities has changed the availability of feedstock as well as the cost associated with feedstock transport 

(Azargohar et al. 2013), in turn allowing the production of biochar on site (Denyes, MJ et al. 2012). 

Pyrolysis Conditions 

 

The pyrolysis conditions used to produce biochar are highly influential on the resultant biochar 

physiochemical properties because the various organic fractions intrinsic to any given feedstock decompose and 

transform into new compounds at different temperature ranges (Al-Wabel et al. 2013). Hemicellulose 

decomposition ranges <220-315°C whereas cellulose and lignin have a higher decomposition range of 315 - 

>400°C (Buss et al. 2015; Kambo & Dutta 2015). Generally, biochar created at higher temperatures tends to be 

closer in structure and composition to graphite. Those produced at lower temperatures have a structure and 

composition more similar to that of their original feedstock (Butnan et al. 2015; Das & Sarmah 2015). Biochars 

produced at higher pyrolysis temperatures typically lose most of their surface function groups but have higher 

surface area, whereas lower temperature biochars often have a reduced surface area due to poor development and 

becoming clogged with oils and tars evolved during production, but  retain more surface functional groups (Das 

& Sarmah 2015). Pyrolysis temperature determines elemental concentration through mass loss as well as porosity 

based on the degassing of volatiles and subsequent fracturing during shrinkage (Das & Sarmah 2015). Thus, 

pyrolysis temperature plays a major role in the determination of product biochar surface area, pore size and surface 

functional groups (Das & Sarmah 2015). These act in tandem with the inherited chemical  properties and 

contaminant burden specific to the feedstock (Kambo & Dutta 2015). However, pH, surface charge, thermal 

stability, heavy metal and organic compound concentration are all functions of the pyrolysis temperature, 

residence time and initial feedstock used during production (Chen et al. 2014; Heitkötter & Marschner 2015). 

The above contrasts the interplay between the importance of temperature as well as feedstock during 

biochar production. While temperature governs many of the physiochemical characteristics of biochar, these are 

also heavily influenced by the choice of feedstock, ultimately determining their capacity for use in any particular 

application (Das & Sarmah 2015; Domene et al. 2015; Jouiad et al. 2015). The effects of temperature upon each 

parameter are further explored in Table 1.1. 

Contaminants in Biochar  

 

Biochar products retain several characteristics of the feedstock. This is particularly important when 

extended to contaminant burden. Contaminated feedstocks (metals, PAHs, dioxins, pesticides) are to be avoided 

as biochars produced from these will inherit these traits (Denyes et al. 2012). This is particularly the case for 

contaminants such as high boiling point heavy metals which are generally entirely intrinsic to the feedstock and 

are neither created nor volatilized during pyrolysis (Chen et al. 2014; Zielińska & Oleszczuk 2015). Due to mass 

loss metals increase in concentration from feedstock to the biochar product (Domene et al. 2015). Increases in 

heavy metal concentration of up to 4-6 fold have been observed in this manner (Freddo, Cai & Reid 2012). While 

most organic contaminants (pesticides) volatilize, many other organic contaminants (PAHs, pesticides, PCBs) 

found in the feedstock may be resilient to selected pyrolysis conditions (temperature) and therefore remain in the 

resultant biochar (Buss et al. 2015). 

Additionally, organic compounds generated during thermochemical processing of biochars, may include 

PAHs, furans and dioxins (Domene et al. 2015; Oleszczuk, Jośko & Kuśmierz 2013). These pyrogenic 
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compounds, amongst other more volatile organic compounds (VOCs) can become trapped in the micro-pore 

structure of biochar due to clogging or recondensation on biochar surfaces and pores of off-gases (Buss et al. 

2015; Domene et al. 2015; Lievens et al. 2014).  

Buss et al. (2015) detected VOCs known to be harmful to plant life up to 100 µg/g in biochar. These 

included naphthalene, phenanthrene and acenaphthylene (Buss et al. 2015; Chen, B & Yuan 2011; Fabbri et al. 

2013). Some processes such as quenching through the addition of water have been shown to remove mobile 

organic contaminants (Butnan et al. 2015). Fabbri (2013) tested biochars for total PAHs evolved during the slow 

pyrolysis of a woody biomass and found levels of 1.2-19 µg/g, suggesting that PAH contamination may not be a 

major issue, as this concentration does not pose a threat at the application rates at which biochar is currently used 

(Fabbri et al. 2013). Conversely, Gomez-Eyles et al (2011) had found that earthworms could increase PAH 

bioavailability by up to 40% by fragmenting natural organic matter and releasing previously trapped contaminants. 

Complexation and mineralisation were suggested to be the mechanism by which these contaminants are rendered 

more bioavailable.  
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Table 1.1 Comparison of parameters for biochars prepared at higher versus lower pyrolysis temperatures 

Parameter Higher Pyrolysis Temperatures Lower Pyrolysis Temperatures  

Biochar Yield Lesser yield (Chen et al. 2014; Kambo 

& Dutta 2015) 

 

Greater yield (Chen et al. 2014; Kambo 

& Dutta 2015) 

 

Carbon Stability Higher stabilization due to higher 

degree of aromaticity (Al-Wabel et al. 

2013; Butnan et al. 2015; Chen et al. 

2014) 

 

Greater proportion of unstable organic 

matter, composition closer to feedstock 

(Al-Wabel et al. 2013; Butnan et al. 

2015; Chen et al. 2014) 

Polarity and 

Water Affinity 

Higher affinity to water, despite lower 

polarity(Al-Wabel et al. 2013; Chen et 

al. 2014; Das & Sarmah 2015) 

 

Lower affinity to water, often due to 

hydrophobic surface tars (Al-Wabel et 

al. 2013; Chen et al. 2014; Das & 

Sarmah 2015) 

 

Oxygen content Lower O/C ratio (Abdel-Fattah et al. 

2015; Hmid et al. 2014) 

 

Higher O/C Ratio (Abdel-Fattah et al. 

2015; Hmid et al. 2014) 

Dissolved Organic 

Carbon 

Lower due to volatilization (Al-Wabel 

et al. 2013) 

 

Higher due to lesser volatilization (Al-

Wabel et al. 2013) 

Surface Area and 

Microstructure 

Greater total surface area due to better 

microstructure development through 

outgassing(Alburquerque et al. 2013; 

Chen et al. 2014; Das & Sarmah 2015) 

 

Lower surface area due to lessened 

micro-structure development, less 

carbonization and pore clogging with 

tars (Alburquerque et al. 2013; Chen et 

al. 2014; Das & Sarmah 2015) 

Surface 

Functional 

Groups 

Fewer surface functional groups in 

general and a higher proportion of basic 

functional groups in those that remain 

(Al-Wabel et al. 2013; Alburquerque et 

al. 2013; Butnan et al. 2015; Chen et al. 

2014; Das & Sarmah 2015; Hmid et al. 

2014) 

 

Greater number of functional groups, 

notably: carboxylic acid, phenol, ketone, 

and aldehyde. A higher proportion of 

acidic functional groups (Al-Wabel et al. 

2013; Alburquerque et al. 2013; Butnan 

et al. 2015; Chen et al. 2014; Das & 

Sarmah 2015; Hmid et al. 2014) 

 

Cation Exchange 

Capacity 

Lowered CEC due to functional group 

loss (Alburquerque et al. 2013) 

 

- 

pH Higher pH  (Al-Wabel et al. 2013; 

Alburquerque et al. 2013) 

 

Lower pH (Al-Wabel et al. 2013; 

Alburquerque et al. 2013) 

Electrical 

Conductivity 

and Salinity 

Higher EC and increased salinity (Al-

Wabel et al. 2013; Alburquerque et al. 

2013) 

 

Lower EC (Al-Wabel et al. 2013; 

Alburquerque et al. 2013) 

Ash Content (C, 

N, P, K, Ca, and 

Mg) 

Greater ash content, but reduction in N 

and H. Higher nutrient content but 

lower availability (Abdel-Fattah et al. 

2015; Butnan et al. 2015; Al-Wabel et 

al. 2013; Azargohar et al. 2013; Hmid et 

al. 2014) 

 

Reduced ash content. Increased  nutrient 

holding capacity and availability 

(Abdel-Fattah et al. 2015; Butnan et al. 

2015; Al-Wabel et al. 2013; Azargohar 

et al. 2013; Hmid et al. 2014) 

 

Contaminant 

Burden 

Lower Polycyclic Aromatic 

Hydrocarbons (PAHs) content but 

higher concentration  of heavy metals 

due to mass loss (Domene, Enders, et al. 

2015; Freddo, Cai & Reid 2012) 

Higher risk of PAHs at moderate 

temperatures, high enough to form but 

low enough not to volatilize (Domene, 

Enders, et al. 2015; Freddo, Cai & Reid 

2012) 
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Biochar´s Chemistry 

 

Understanding biochar physiochemistry is important not only to guide production condition decisions, 

but also from the perspective of the influence physiochemical properties have upon biochar suitability for selected 

end use. Biochars contain an ash fraction which holds a liming capacity as well as important nutrients and essential 

cations such as potassium (K), calcium (Ca) and magnesium (Mg) (Butnan et al. 2015; Kuzyakov, Bogomolova 

& Glaser 2014). Biochar surface functional groups are highly sensitive to production temperature (Qian et al. 

2015). The ash fraction can be manipulated by increasing or decreasing pyrolysis temperature (Table 1.1). 

Similarly, pH can be manipulated in this manner, where generally biochars have a neutral to alkaline pH 

(Heitkötter & Marschner 2015; Kuzyakov, Bogomolova & Glaser 2014). Generally biochars made at higher 

temperatures tend to be more porous than those produced at lower temperatures, the latter having a greater 

proportion of surface functional groups (Das & Sarmah 2015). Oxygen content in biochars is manifested primarily 

as carbonyl, carboxyl and phenolic groups on the surface of the biochar (Abdel-Fattah et al. 2015). Functional 

surface groups are important as they determine by large how a biochar will interact with its environment 

(Mukherjee, Zimmerman & Harris 2011; Singh, Singh & Cowie 2010). 

Biochar surfaces are complex, with a variety of pores and surface functional groups influencing how they 

interact with their environment (Mukherjee, Zimmerman & Harris 2011). The pore size exhibited by biochars can 

span 5 orders of magnitude and their formation is dependent upon the feedstock and production technique used 

(Jeffery et al. 2015). Pores are created as volatile matter escapes from the feedstock during carbonization and 

when the biochar fractures while cooling and shrinking after production (Abdel-Fattah et al. 2015). Macro-pores 

are generally inherited from the feedstock’s original structure whereas smaller pores are the product of out-gassing 

or shrinkage (Abdel-Fattah et al. 2015; Das & Sarmah 2015). Tar formation in pores can present an anomaly in 

biochars made at lower temperatures as tars can result in pore clogging, however clogged oils may behave as 

further surface functional groups (Das & Sarmah 2015). Oxygen containing surface functional groups greatly 

influence the cation exchange capacity (CEC) of biochar. This occurs in tandem with any impact the ash fraction 

has on pH, by further increasing biochar CEC (Abdel-Fattah et al. 2015; Butnan et al. 2015). Therefore, CEC is 

production-method variable, based upon the ash fractions and surface functional groups being temperature 

dependant (Mukherjee, Zimmerman & Harris 2011).  

Biochar can, based on production conditions, have a moderate affinity towards water or be hydrophobic 

due to low surface area, tars clogging pores, or high degree of carbonisation (Das & Sarmah 2015; Heitkötter & 

Marschner 2015; Jeffery et al. 2015). Biochars affinity to water is known to be strongly dependant on degree of 

carbonisation, surface area, pore size and the types of surface functional groups present (Das & Sarmah 2015; 

Jouiad et al. 2015). Over time, biochar may age, by means of oxidation of functional groups (Heitkötter & 

Marschner 2015), in turn changing surface chemistry and charge (Martin et al. 2012). Interestingly, surface area 

has been shown to increase over time due to the leaching of salts and soluble organics (Heitkötter & Marschner 

2015). The sorption of dissolved organic matter to the biochar´s surface is a known second mechanism of aging 

where the number of biochar surface functional groups may increase vicariously through the attached NOM, 

thereby increasing CEC (Heitkötter & Marschner 2015). Aging and pH changes are important considerations 

when considering surface functional groups and their interaction with the surrounding environment. 



 

10 
 

1.1.3 Applications and Guidelines 

 
The scope for biochar usage extends from agronomic and environmental remediation applications to 

energy production and carbon sequestration. Many of these applications are still in their infancy and have only 

been seen investigation over the past decade. However, pyrolysis by-products have long served as fuel sources in 

the form of charcoal and syn-gas (Hmid et al. 2014). Combustion of biochar could produce ¼ more recoverable 

energy than the combustion of the raw biomass itself (Das & Sarmah 2015). In addition, the production of biochar, 

regardless of intended product application, reduces the volume of organic waste material reaching landfill. This 

sustainable practice is beneficial from a waste management, climate change and economic perspective (Domene, 

Enders, et al. 2015). 

Biochar has attracted much attention as a soil amendment due to it offering a number of agronomic 

benefits. Agronomic benefits couple well with biochars recalcitrant nature and longevity in soils after application, 

which reduce the need for subsequent application (Butnan et al. 2015). It has been well established that biochar 

can enhance soil (chemically and structurally) in a manner that improves soil fertility (Cabrera et al. 2014; Denyes, 

Rutter & Zeeb 2013; Liu et al. 2012). Biochar´s capability to improve soil physical structure has been 

demonstrated through it readily reducing bulk density and increasing water holding capacity (Al-Wabel et al. 

2013; Cabrera et al. 2014; Denyes, Rutter & Zeeb 2013). These are major agronomic advantages, particularly in 

sandy soils with high bulk density (Butnan et al. 2015), in turn potentially improving soil fertility and the ability 

of seedlings to germinate and grow (Denyes, Rutter & Zeeb 2013). The chemical agronomic benefits of biochar 

are namely related to high biochar pH and modest liming capacity, making biochars useful soil pH and buffering 

capacity amendments (Butnan et al. 2015; Gomez-Eyles et al. 2011) . In addition to this, the unique surface 

properties of biochar (surface area, charge and charge density), result in some biochars being able to be applied 

to increase CEC in receiving soils (Denyes et al. 2012; Heitkötter & Marschner 2015; Hmid et al. 2014). An 

increase in nutrient availability (C, N, P, K, Ca, and Mg) and retention is associated with improved soil CEC and 

increased pH, due to increased solubility of nutrients at amended pH and the nutrient sorptive capacity of biochars 

(Butnan et al. 2015; Knowles et al. 2011). In addition to this, biochar itself contains a number of key macro-

elements and nutrients which are introduced to the soil when applied (P, K, N and micro-elements) (Gomez-Eyles 

et al. 2011; Heitkötter & Marschner 2015) 

 Hmid et al. (2014) suggested that through biochar pysiochemical improvement to soils, biochar can 

stimulate microbial activity as a carbon and nutrient source, which in turn influences nutrient cycling and improves 

soil productivity (Domene et al. 2015; Hmid et al. 2014). Increased nutrient availability to crops results in a lower 

demand for fertilizers and hence an improved crop yield at a lesser financial burden (Denyes, Rutter & Zeeb 

2013). Further to this, biochar maintains soil health by preventing runoff and the loss of available nutrients, and 

as an added benefit this improves the quality of runoff water reaching waterways (Abdel-Fattah et al. 2015). 

Biochars usage as a carbon capture technique has seen biochar products termed carbon neutral or carbon 

negative (Denyes et al. 2012; Mitchell, Dalley & Helleur 2013). This means carbon, as CO2 or CH4, destined to 

be liberated to the atmosphere through decomposition or combustion of biomass is instead trapped in pyrolysis 

products until use (neutral) or stored in soils (negative) (Abdel-Fattah et al. 2015; Fabbri et al. 2013). This is based 

upon feedstocks being considered renewable or waste biomass material (Das & Sarmah 2015).  Biochar amended 

soil is therefore considered a sink for carbon and an attractive climate change mitigation strategy (Ojeda et al. 
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2015). Finally, biochar may also have the capacity to actively reduce the release of greenhouse gases such as CO2, 

CH4 and nitrogen dioxide (NO2), from soils following its application (Liu, Y et al. 2011). Thomazini et al. (2015) 

and Alburquerque et al. (2013) each noted that in the realm of climate change management, not all biochars behave 

equally and need to be considered on a case by case basis as some degrade quicker in the environment. 

Biochar aromaticity, high surface area and functionality contribute to its viability as an organic and 

inorganic soil contaminant remediation strategy (Hmid et al. 2014; Martin et al. 2012). This has been achieved by 

either sorption of contaminants to biochar and subsequent removal of ‘spent’ biochar for incineration or landfill. 

Alternatively, in situ remediation, which involves the sorption of contaminants to biochar to reduce their mobility 

in the environment and bioavailability to organisms (Lu et al. 2015; Oleszczuk, Jośko & Kuśmierz 2013). An 

additional advantage is biochar´s ability to elevate soil pH and CEC which renders a variety of toxic elements no 

longer bioavailable and immobile regardless of sorption to biochar itself (Gomez-Eyles et al. 2011). It has been 

demonstrated that the ameliorant properties of biochar could be extended beyond soils and into water and sediment 

remediation applications (Tang et al. 2013).  

Biochar incorporation rates into soils are highly dependent on the biochar type, soil type and intended 

effect, however these usually range between 0.5 and 8% of soil mass w/w (Butnan et al. 2015; Fabbri et al. 2013). 

Unlike other soil amendments (phosphate fertilizers, lime, animal manure, biosolids), biochar’s longevity in soil 

reduces the likelihood of contaminant accumulation associated with repeated applications (Ochoa-Herrera & 

Sierra-Alvarez 2008).  

It follows that the improper employment of biochar can have significant implications for soils, resulting 

in contamination or adverse alterations to soil physiochemical properties. In the unlikely case where excessive 

reapplication of biochar has occurred, the result could possibly be the exceeding the allowable limits for 

contaminants in soils due to native soil burden (exacerbation) and inherent biochar burden (contaminant loading) 

(Ochoa-Herrera & Sierra-Alvarez 2008; Zielińska & Oleszczuk 2015). A direct effect on nutrient availability can 

be seen through changes in pH, where soils with a low buffering capacity can incur large increases in pH due to 

“over- liming” (Butnan et al. 2015). More acidic biochars can cause the mobilization of contaminants and nutrients 

as they reduce system pH, which may have further negative effects with reference to bioavailability or loss of 

nutrients. Interestingly, a reduction in certain pesticide effectiveness has been noted due to their sorption affinity 

to biochar. This results in larger pesticide applications being required (Martin et al. 2012). However, with the 

correct approach, the above complications can be avoided. Freddo, Cai & Reid (2012) demonstrated that with 

proper monitoring and application, the burdens of metals, metalloids and PAHs in biochar would be a manageable 

issue. Fabbri et al. (2013) reinforced this by concluding that PAH concentrations produced during pyrolysis could 

be almost eliminated using the appropriate pyrolysis technique. 

Due to potential for misguided application, many organisations and governments are devising limits and 

guidelines pertaining to the concentration of contaminants and characteristics allowable in biochars destined for 

land application in an effort to counteract environmentally damaging effects if applied without further 

consideration (Domene et al. 2015; Freddo, Cai & Reid 2012; Oleszczuk, Jośko & Kuśmierz 2013). The European 

Biochar Certificate for example sets a general metal limit of 100 mg/kg. In these guidelines there are two qualities 

for biochar, ‘Basic’ and ‘Premium’ (Table 1.2). There are currently no limits set for individual PAHs and PCBs 

in the EBC, instead a  maximum allowable concentration is set for the total of all 16 United States Environmental 

Protection Agency (USEPA) designated PAHs (EBC 2012). Contrastingly, the IBI has 3 levels of classification 
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as well as requires additional parameters to be reported (IBI 2011). Level 1 is for unprocessed feedstocks only 

and mainly analyses biochar physical parameters not including contaminants. Processed feedstocks need to 

undertake Level 2 testing which includes heavy metals, boron, chlorine and sodium as well as P and K. Level 3 

is optional ‘advanced testing’ which addresses porosity and surface area, but more importantly a host of possible 

organic contaminants (Table 1.3) (IBI 2011). In Australia there are not currently any Commonwealth or State 

guidance or regulations specific to biochar and its application to land, instead regulation varies case by case as 

per state jurisdiction (Singh, Singh & Cowie 2010). In the state of Victoria for example, biochar application is 

considered on a case by case basis accompanied by a formal Environmental Improvement Plan process much like 

that of biosolids. However, further research to support the development of biochar specific regulation has been 

suggested, specifically in reference to compatibility with receiving soil geochemistry and leachability of biochar 

contaminant fractions (EPA-Victoria 2004; Yang et al. 2018). 

 

Table 1.2 Contaminant level criteria specified by European Biochar Commission for basic and premium grade 

biochar classification (EBC 2012) 

Parameter Basic Grade Premium Grade Unit 

Cadmium < 1.5 < 1 mg/kg (dry matter) 

Chromium < 90 < 80 mg/kg (dry matter) 

Copper < 100 < 100 mg/kg (dry matter) 

Lead < 150 < 120 mg/kg (dry matter) 

Molybdenum - - mg/kg (dry matter) 

Mercury 1 g 1 g mg/kg (dry matter) 

Nickel < 50 < 30 mg/kg (dry matter) 

Selenium - - mg/kg (dry matter) 

Zinc < 400 < 400 mg/kg (dry matter) 

Total EPA 16 PAHs <12 <4 mg/kg (dry matter) 

Total PCBs <0.2 <0.2 mg/kg (dry matter) 

Dioxin <20 <20 ng/kg (I-TEQ OMS) 

Furans <20 <20 ng/kg (I-TEQ OMS) 
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Table 1.3 Criteria specified by the International Biochar Initiative for the classification of biochars by a three tier 

classification system (IBI 2011) 

Requirement Criteria (Maximum) Unit 

Level 1 (Unprocessed feedstocks only) 

Moisture Content Declaration % of total mass 

Total Ash 50%  % of total mass 

Organic Carbon Declaration % of total mass 

Inorganic Carbon Declaration % of total mass 

H:Corg 0.7  Molar Ratio 

Total N Declaration % of total mass 

pH Declaration N/A 

Liming Declaration %CaCO3 

Particle Size Distribution Declaration % of total mass in each class 

Earthworm Avoidance Test Pass/ Fail  OECD methodology (1984) 

Germination Inhibition Assay Pass/Fail  OECD methodology (1984)  

 

Level 2 (Must conform to level 1) 

Arsenic 13 mg/kg Dry Matter 
Cadmium 1.4 mg/kg Dry Matter 
Chromium 83 mg/kg Dry Matter 
Cobalt 34 mg/kg Dry Matter 
Copper 143 mg/kg Dry Matter 
Lead 121 mg/kg Dry Matter 
Molybdenum 5 mg/kg Dry Matter 
Mercury 1.0 mg/kg Dry Matter 
Nickel 47 mg/kg Dry Matter 
Selenium 2 mg/kg Dry Matter 
Zinc 416 mg/kg Dry Matter 
Boron Declaration mg/kg Dry Matter 
Chlorine Declaration mg/kg Dry Matter 
Sodium Declaration mg/kg Dry Matter 
Total P & K Declaration % Content 

Mineral N Declaration mg/kg Dry Matter 
Available P Declaration mg/kg Dry Matter 

 
Level 3 (Must conform to level 1 & 2) 

Polychlorinated Biphenyls 0.2 mg/kg TM 

Polycyclic Aromatic Hydrocarbons 6 mg EPA PAHs/kg TM 

Furan 0.5 ng/kg I-TEQ OMS 

Dioxin 0.5 ng/kg I-TEQ OMS 

Porosity Declaration % 

Surface Area Declaration m2/g 
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1.2 Per- and Poly - Fluorinated Substances  

1.2.1 Background 
 

Perfluoroalkyl Substances (PFAS) are a class of synthetic fluorinated organic compounds often referred 

to as emerging contaminants (Gellrich, Stahl & Knepper 2012), as prior to the recent identification of their toxicity 

PFAS were believed to be environmentally inert (Ericson et al. 2007). Accordingly, PFAS were not strictly classed 

as  environmental contaminants until 2010, when a growing body of evidence suggesting PFAS were toxic and 

environmentally persistent, saw for the first time a member of this PFAS group (PFOS) added to Annexure B of 

the Stockholm convention as a Persistent Organic Pollutant (POP) (Haug et al. 2010; Thompson et al. 2011). 

PFAS have historic and continued use in a vast number of applications and products (Table 1.4) due to a set of 

unique properties such as: surface activity (Milinovic et al. 2015), dispersive qualities (DoHA 2008), resistance 

to degradation (chemical/heat/abrasion) (Wang et al. 2013), repellence of water, oil and dirt (Naile et al. 2010).  

 

Table 1.4 Primary uses of Perfluoroalkyl Substances throughout history 

Use Property Reference 

Adhesives Dispersant  (Kim et al. 2013) 

Aqueous Film Forming Foam (AFFF) Foam Formation (Kalbe et al. 2014) 

Apparel and Textiles  Repellent (Oil & water) (Thompson et al. 2011) 

Carpet Coatings  Repellent (Oil & water) (Paul, Jones & Sweetman 2008)  

Chromium Plating Dispersant, protection (Du et al. 2014) 

Cosmetics   Repellent (Oil & water) (Kalbe et al. 2014) 

Electronics  Semi-conductivity (Zareitalabad et al. 2013) 

Food Packaging Repellent (Oil & water) (Hradkova et al. 2010)  

Lubricants  Dispersant (Wang, P et al. 2013) 

Metal protective Coating  Thermal/Chemical Resistance (Zareitalabad et al. 2013) 

Non-stick Coatings  Repellent (Oil & water) (Wang, P et al. 2013) 

Paper  Repellent (Oil & water) (D’eon et al. 2009)  

Personal Care Products  Repellent (Oil & water) (Milinovic et al. 2015)  

Pesticides  Dispersant (Wang, P et al. 2013) 

Photolithography Dispersant (Du et al. 2014) 

Polishes and Paints  Dispersant (Xiao et al. 2015) 

Polymerization Aids Polymerizer (Jiang et al. 2012)  

 

PFAS synthesis by Electrochemical Fluorination (ECF) was pioneered in 1937, where a precursor is 

synthesised  through the reaction of an organic feedstock with hydrogen fluoride (HF) under an electric current 

(Wang et al. 2013) (Table 1.5). This results in the replacement of hydrogen atoms attached to the carbon backbone 

of the molecule with fluorine (Lau, Butenhoff & Rogers 2004). Further reaction of the precursor produces a 

number of PFAS with a variety of chain lengths and functional groups (Kannan, Corsolini, et al. 2002; Wang et 

al. 2009).  

The ECF process is not completely efficient as approximately 15-30% of the PFAS produced are 

branched isomers, cyclic isomers or shorter in chain length (EFSA 2008). These impurities resulted in ECF being 

superseded by Telomerisation (Wang et al. 2009), where purities close to 99% were achieved (EFSA 2008). 

Telomerisation reacts iodide polymerisers (Pentafluoroethyl iodide), with a feedstock such as ethylene by free 
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radical addition, yielding straight chained alcohols which can be further reacted to any required chain length (Lau, 

Butenhoff & Rogers 2004). 

 The production of PFAS on an industrial scale began in 1949 at 3M Laboratories (Kim et al. 2013). By 

the year 2000, 3M was manufacturing 78% of the PFOS precursor POSF within their two production facilities; 

Decatur (Alabama) and Antwerp (Belgium) (Naile et al. 2010; Paul, Jones & Sweetman 2008). However, by May 

of 2000, 3M announced it would voluntarily phase out the production of POSF by 2002 due to the metabolite 

PFOS being found to be well dispersed in environment matrices, wildlife and humans (Ericson et al. 2007; Olsen 

et al. 2003). 3M’s study uncovered elevated concentrations of PFAS in sludge surrounding the Alabama facility 

reaching as high as 120 and 244 ppb for PFOS and PFOA respectively (3M 2001). 

In 2002 there were 33 PFAS manufacturing facilities across the globe, notably in America (8), China (7), 

Europe (7), Japan (7), Russia (2) and India (1) (Prevedouros et al. 2006). Shortly after PFOS production was 

phased out by 3M, large scale production of PFOS began in China, with total production increasing from <50 

t/year in 2004 to >200 t/year by 2006, of which approximately 50% was for export (Wang et al. 2013). Collectively 

the total global production of the precursor POSF was estimated to be 96,000 to 122,500 tonnes, including waste 

(Paul, Jones & Sweetman 2008). 

The year 2010 saw the addition of PFOS, its salts and derivatives to Annexure B of the Stockholm 

convention (Haug et al. 2010). Currently producers make use of a shorter chain analogues such as  

Perfluorobutanesulfonic Acid (PFBS) in place of PFOS in their products, such as Scotchguard® in the case of 3M 

(Naile et al. 2012). Perfluorooctanoic Acid, PFOS’s carboxylated eight carbon counterpart, still remains in 

production and is yet to be listed on the Stockholm Convention Annex B as a POP (UN 2015). This is too the case 

for PFHxS, the shorter chain (6 carbon) replacement of PFOS (UN 2017).  In a similar time frame to that in which 

PFOS was being regulated and phased out, PFOA production was on the rise globally, with 500 t/year in 2000 

growing  to 1200t/year by 2004 at one facility (Tardiff et al. 2009). PFAS have never been manufactured in 

Australia on an industrial scale, however since PFOS was declared a POP it has been imported for speciality uses 

only. In 2006, 1350 kg of PFOS were imported into Australia designated for use in  firefighting (Class B 

firefighting foam), metal plating (mist suppression), aviation (hydraulic fluid), photography and lithography 

(surfactants) (DoHA 2008). 

 

 

 

 

 

 

 

 

1.2.2 Chemical Structure, Properties and Fate 

 

Feedstock 

Electrochemical Fluorination (HF ,E.) 

Further Reaction 

C8H17SO2F C2H15COF 

C2F15COF 

C2F15CO2H (PFOA) and 

C2F15CO2
-.M- (PFOA 

Salts) 

C8F17SO2F (POSF) 

C8F17SO2F (PFOS) and 

C8F17SO2X (Derivitives) 

                PFSA                                                                                                                PFCA                   Production 

C8H17SO2F 

Table 1.5 A generalized conceptualisation of PFOS and PFOA production by Electrochemical Fluorination 
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1.2.2 Chemical Structure, Properties and Fate 
 

PFAS are a class of  organofluorine compounds which can have varying chain length and do not naturally 

occur in the environment due to the high bond energy (approximately 110kcal/mol) required to replace alkyl chain  

hydrogen atoms with fluorine atoms (Du et al. 2014)(Table 1.6). The carbon bond to fluorine, the most 

electronegative of the halogens, renders PFAS extremely stable molecules with high resistance to biodegradation, 

photolysis, hydrolysis and metabolism (Naile et al. 2010; Wang et al. 2013). High C-F bond strength renders the 

perfluoroalkyl moiety effectively inert in the environment through weak inter/intra-molecular forces which are 

prevalent due to the low polarizing energy and high ionizing energy of  fluorine (Müller et al. 2011). These in turn 

result in PFAS having a low surface tension (Lau, Butenhoff & Rogers 2004) and the fluorinated carbon chain 

itself, regardless of length, being both hydrophobic and oleophobic (Ericson et al. 2007) The degree of 

hydrophobicity typically increases with carbon chain length (Milinovic et al. 2015). 

This study focuses on two major groups of PFAS, these are the Perfluoroalkyl Sulfonic Acids (PFSAs) 

and Perfluoroalkyl Carboxylic Acids (PFCAs), in which PFOS and PFOA are considered the leading compounds 

with respects to the literature attributed to each (Stahl et al. 2009)(Tables 1.7 and 1.9). These two distinct PFAS 

subgroups are distinguished by the hydrophilic functional group they possess, either carboxylic or sulfonate 

groups (Labadie & Chevreuil 2011). The hydrophilic head paired with a hydrophobic and oleophobic tail give 

PFAS its amphiphilic chemical properties (Du et al. 2014; Lau, Butenhoff & Rogers 2004). Functional groups 

render PFAS molecules both polar and stable, which allows them to act as good surfactants (Müller et al. 2011). 

This study focuses on PFOS and PFOA, and the shorter 4 and 6 chain PFAS that have succeeded them PFBA, 

PFBS, PFHxA, PFHxS (Ahrens & Bundschuh 2014; Ateia et al. 2019; Wilhelm, Bergmann & Dieter 2010). 

 

Table 1.6 PFAS Compounds in the present study 
 
 

Compound CAS and Formula Structure 

Perfluorobutanoic acid  

(PFBA) 

 

 

375-22-4 

CF3(CF2)2COOH 

 

Perfluorohexanoic acid 

(PFHxS) 

 

 

307-24-4 

CF3(CF2)4COOH 

 

Perfluorooctanoic acid 

(PFOA) 

 

 

335-85-9 

CF3(CF2)6COOH 

 

Perfluorobutanesulfonic acid 

(PFBS) 

 

 

375-73-5 

CF3(CF2)3SO3H 

 

Perfluorohexanesulfonic acid 

(PFHxS) 

 

 

355-46-4 

CF3(CF2)3SO3H 

 

Perfluorooctanesulfonic acid 

(PFOS) 

 

1762-23-1 

CF3(CF2)7SO3H 
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Table 1.7 PFSA chemical properties 
 

 

 

  

Property PFBS PFHXS PFOS 

Appearance  

(25°C)  

Clear liquid 

(NICNAS 2015b) 

White Powder 

(NICNAS 2015a) 

White powder 

(EFSA 2008) 

Molecular Weight  

(g/mol)  

300.10  

(NICNAS 2015b) 

438.20  

(NICNAS 2015a) 
538 g/mol 

(EFSA 2008) 

Vapour Pressure  

(Pa)  

631 (25°C) 

(U.S.EPA 2017b) 

59 (25°C) 

(U.S.EPA 2017b) 
3.31 × 10

-4 
(20 ºC) 

(EFSA 2008) 

Water solubility (25°C) 

(mg/L) 

 

46 – 57 

(U.S.EPA 2017b) 

2.3 

(U.S.EPA 2017b) 

680 mg/L  

(EFSA 2008) 

Melting point 

(°C)  

76 – 84 

(U.S.EPA 2017b) 

58  

(Concawe 2016) 
>400 ºC 

(EFSA 2008) 

Boiling point 

(°C)  

211 

(U.S.EPA 2017b) 

231  

(Concawe 2016) 
Not measurable  

(EFSA 2008) 

Log KOW 

  

3.9 

(U.S.EPA 2017b) 

5.2 

(U.S.EPA 2017b) 
Not measurable  

(EFSA 2008) 

Log KOC  1 

(U.S.EPA 2017b) 

1.8 

(U.S.EPA 2017b) 
2.57  

(Higgins & Luthy 2006) 

 

Log KD No Data 0.6 - 3.2 

(U.S.EPA 2017b)  

0.30-1.04 

(Voogt & Sáez 2006) 

 

Henry’s Law Constant 

(Pa-m3/mol)  

No Data No Data 3.05 × 10
-9 

(EFSA 2008) 

pKa 

 

6.0 to -5.0 

(U.S.EPA 2017b) 

0.14  

(ASTDR 2019) 
-3.3  

(Brooke, Footitt & Nwaogu 

2004) 
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Table 1.8 PFCA chemical properties 

 

 

 

 

 

 

 

 

  

Property PFBA PFHxA PFOA 

Appearance  

(25°C) 

 

Clear Liquid 

(U.S.EPA 2017b) 

Clear Liquid 

(U.S.EPA 2017b) 

White powder/waxy solid 

(EFSA, 2008) 

Molecular Weight  

(g/mol)  

214.039  

(U.S.EPA 2017b) 

314.054 

(U.S.EPA 2017b) 

414.1  

(EFSA 2008) 

Vapour Pressure (25°C) 

(Pa)  

1307  

(U.S.EPA 2017b) 

457 

(U.S.EPA 2017b) 

4.2  

(EFSA 2008) 
Water solubility (25°C) 
(mg/L) 
 

2.14 x 105  

(ASTDR 2019) 

15,700  

(ASTDR 2019) 

9.5 g/L  
(EFSA 2008) 

Melting point 

(°C)  

-17.5 

(ASTDR 2019) 

14 

(ASTDR 2019) 

45-50 ºC  

(EFSA 2008) 

Boiling point 

(°C)  

121  

(ASTDR 2019) 

168  

(ASTDR 2019) 

189-192 ºC  

(U.S.EPA 2017b) 

Log KOW 

  

2.8  

(U.S.EPA 2017b) 

4.1 

(U.S.EPA 2017b) 

4.81 - 6.30 

(3M Company, 1979) 

Log KOC 

  

1.9  

(U.S.EPA 2017b) 

1.9 

(U.S.EPA 2017b) 

2.06  

(Higgins & Luthy 2006) 
Log KD 
  

No Data No Data 1.10-1.57 (Sediment) 

(DuPont 2003) 

Henry’s Law Constant 

(Pa-m3/molh )  

1.24 

(ASTDR) 

No Data  Cannot be estimated  

(EFSA 2008) 
 
pKa 
 

-0.2 to 0.7  

(U.S.EPA 2017b) 

-0.13 

(U.S.EPA 2017b) 

3.8 ± 0.1 

(Prevedouros et al. 2006) 
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PFAS have two major sources to the environment; emissions generated during the manufacturing process 

(Prevedouros et al. 2006) and liberation during the use, disposal or leaching from products post-manufacture 

(Müller et al. 2011; Zareitalabad et al. 2013). Boulanger et al (2005), for example, tested common 1994 surface 

protection products and determined they contain 6 different PFAS compounds including PFOS and PFOA. 

However, is estimated that up to 80% of PFAS in the environment are present due to fluoro-polymer production 

(Prevedouros et al. 2006). An early example of liberation to the environment via use would be the Toronto airport 

fire discussed briefly in Lechner and Knapp (2011) where 48m3 of AFFF was applied to extinguish a burning 

aircraft, equating to an estimated release of 240 – 720 kg of PFOS salts to the environment. However, liberation 

of PFAS as AFFF more frequently tends to be in the case of firefighting training and maintenance for Civil, Naval, 

Army and Airforce purposes than for emergencies (Bräunig et al. 2019; Dauchy et al. 2019; Hale et al. 2017; 

Høisæter, Pfaff & Breedveld 2019). In Australia the use of PFAS containing AFFF and associated contamination 

has been well documented at training and emergency sites such as RAAF (Royal Australian Air Force) Base East 

Sale (Senversa 2017), Fiskville Country Fire Authority (CFA) Training College (Cardno-LanePiper 2014) and 

more recently, in the Footscray Industrial Fires (EPA-Victoria 2018a). In all cases, the leachability of PFAS from 

soil and sediment and subsequent transport pathways, in groundwater or surface water to sensitive receptors has 

been a major concern (Cardno-LanePiper 2014; Senversa 2017; EPA-Victoria 2018a). Table 1.9 outlines 

maximum values detected in sediment, soils, surface water and groundwater at each site. 

 

Table 1.9 Maximum PFOS and PFOA concentrations detected at 3 AFFF affected sites in Victoria, Australia. 

Site 

 

 

Compound RAAF Base East 

Sale 

(Senversa 2017) 

Fiskville CFA 

Training College 

(Cardno-LanePiper 

2014) 

Footscray 

Industrial Fires 

(EPA-Victoria 

2018a) 

Soil (mg/kg) PFOS 440* 0.258 - 

 PFOA 0.84 0.0204 - 

Sediment (mg/kg) PFOS 0.881 0.79 4900 

 PFOA 0.0084 0.0007 - 

Surface Water (g/L) PFOS 0.494 28.3  4.92 

 PFOA 0.009 27 0.294 

Groundwater (g/L) PFOS 4910 - - 

 PFOA 280 - - 
*This is an uncharacteristically high result, typically PFAS contamination is in the 100 to 1000 g/kg range around these kinds of sites. This 

sample was likely taken at the source. 

 

The degradation of various PFAS precursors or unstable PFAS compounds to stable products such as 

PFOA (Jiang et al. 2012) and PFOS (Ericson et al. 2007; Olsen et al. 2003) through biological or chemical means 

could also be considered a source (Houde et al. 2006; Labadie & Chevreuil 2011; Shaw et al. 2009). Fluorotelomer 

alcohols are known to degrade to PFOA in the environment (Haug et al. 2011), as demonstrated by Wang et al 

(2005) through biodegradation of carbon-labelled 8-2 fluorotelomer alcohol (8:2 FTOH). Nowhere is degradation 

more evident than in Waste Water Treatment Plants (WWTPs) where influent PFOS and PFOA levels are often 

exceeded by those seen in the effluent (Loganathan, B. & Bommanna 2007). This results in WWTPs behaving as 

an intermediate source of PFAS to the environment  (Lechner & Knapp 2011; Müller et al. 2011). Huset et al. 

(2011) observed that, in 6 landfills, leachates which contained PFAS, PFSAs were the most abundant reaching 
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2800 ng/L, closely followed by shorter chained PFSAs (2300ng/L). Table 1.10 briefly outlines key studies that 

support the degradation of PFAS precursors to PFOA and PFOS and their detection in WWTPs and landfills. 

The mobility of PFAS in the environment is complex due to their unique amphiphillic nature (Du et al. 

2014). As a consequence, they do not behave as most hydrocarbons would in the environment (Figure 1.1 and 

1.2) (Labadie & Chevreuil 2011; Ericson et al. 2007). Solubility in water is solely attributed to the hydrophilic 

head rendering the molecule less hydrophobic than it is oleophobic (Lau, Butenhoff & Rogers 2004). PFAS with 

less than 8 carbons tend to have a greater water solubility (Kalbe et al. 2014). PFOS and PFOA disassociate in 

water, the extent of which is complete for PFOS and approximately 94% for PFOA, at environmentally relevant 

pH levels  (EFSA 2008; Prevedouros et al. 2006). Prevedouros et al (2006) suggested that, while PFAS are short-

lived in the atmosphere due to low vapour pressure, they are likely transported via oceanic aerosols within the 

atmosphere. Detection of various  PFAS in the sera of arctic organisms, with some exceeding 3000 ng/mL, 

suggests that PFAS are extremely mobile and widespread in the marine environment (Houde et al. 2006). 

PFAS are reported to exhibit a variety of different behaviours in water and soil solutions, including the 

formation of  bilayers, monolayers, micelles and hemi-micelles (Du et al. 2014). Mobility in soil solutions through 

leaching is namely governed by PFAS functional groups, where PFCAs tend to be more mobile than PFSAs in 

soil solutions (Gellrich, Stahl & Knepper 2012). The chemical qualities (pH, surface area, CEC, and organic 

carbon) of the soil play a major role in PFAS mobility and migration to groundwaters (Kalbe et al. 2014). Further, 

sorption behaviour in soils appears to be a factor of chain length (hydrophobicity) (Milinovic et al. 2015). Gellrich, 

Stahl & Knepper (2012) found longer chain PFAS displace shorter chain PFAS and groundwater tends to contain 

namely PFAS with <7 carbons. 

 

Figure 1.1 Behaviours attributed by amphiphillia: a. Top PFOS and Bottom PFOA demonstrating polar 

hydrophilic heads and hydrophobic tails. b. Multiple PFAS form hemi-micelle on a surface (dotted line).            

c. formation of a micelle. d. Formation of a bilayer. e. Formation of a monolayer on a surface (dotted line) 

 

 
 

 

 

a. b. 

c. 

d. 

e. 
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Due to their resistance to degradation, long half-life, complex behaviours, and lack of ultimate sink; 

PFAS are considered ubiquitous in environmental matrices (Naile et al. 2010; Zareitalabad et al. 2013).  

In short term, organisms, water bodies and soils can be considered temporary sinks until PFAS are remobilized 

or liberated. PFAS are known to bioaccumulate in organisms (Gellrich, Stahl & Knepper 2012; Naile et al. 2010). 

This property renders organisms a sink for PFAS until they are excreted, or the organism is consumed or 

decomposed. Likewise, PFAS such as PFOS often sorb onto solids, thusly sediments and sewage sludge are 

considered major sinks for this group of PFAS (Higgins et al. 2005; Huset et al. 2011; Labadie & Chevreuil 2011). 

Sewage sludge is a point of  major concern , in light of their increasing popularity for land application, which may 

in turn render receiving soils a sink to organic matter bound PFAS (Schultz, Barofsky & Field 2006; Sepulvado 

et al. 2012). Table 1.10 explores key studies regarding PFAS found in WWTP sludge. Conversely, PFCAs are 

soluble and ultimately make their way into waterways and finally the ocean (Wang et al. 2013; Xiao et al. 2015). 

Thompson et al (2011) examined the fate of recalcitrant PFAS in two separate water reclamation plants in 

Australia, it was found that without reverse osmosis, most compounds remained at the same concentration in tap 

water or did not change at all. 

 

Table 1.10 Key early PFAS studies in WWTPS 

Study and Objective Key Findings 

 
Sinclair & Kannan 2006  

 

Study PFAS in influent, effluent and 

anaerobic sludge of 6 WWTPs in New 

York State (USA) 

 

 

 

(1) PFOS in effluent ranged 3-68 ng/L  

(2) PFOA in effluent ranged 58 – 1050 ng/L 

(3) PFOS and PFOA concentration higher in effluent than 

effluent (degredation of precursors)  

(4) Larger chain compounds preffered to partition int sludge, 

where the concentration of odd chain length was higher 

than even. 

 
Loganathan et al. 2007  

 

Study PFAS in influent, effluent and 

anaeronbic sludgeof 2 WWTPs (georgia 

and kentucky, USA) which had a 

collective treatment of  88.1 million litres 

per day. 

 

 

(1) PFOS ranged 2.5 – 990 ng/g dry weight in sludge and 

ranged 1.8 – 149 ng/L in effluent 

(2) PFOA ranged 7.0 – 219.0 ng/g dry weaight in sludge and 1 

– 334 ng/L in effluent 

(3) PFOSA, PFHxS, PFNA, PFDA, detected in all samples. 

(4) PFOS and PFOA concentration higher in effluent than 

effluent (proposed degredation of precursors)  

 

 
Becker, Gerstmann & Frank 2008  

 

StudyvPFAS in influent, effluent and 

sludge of 4 WWTPS in Northern Bavaria 

(Germany) 

 

 

(1) Effluent  PFOA concentration 20 fold higher than influent. 

Estimated 1/10 remains in sludge 

(2) Effluent  PFOS concentration  3 fold higher than influent. 

Estimated 50% of PFOS remains in sludge 

 
Sun et al. 2011 

 

Study PFAS in anaerobic sludge of 20 

Swiss WWTPs. 

 

 

(1) PFOS ranged 15 – 600 g/kg dry weight in sludge 

(2) Total PFCAs ranged 14 – 950 g/kg dry weight in sludge 
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Hydrosphere 
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Agricultural and 

environmental soils 

Environmental 

Receptors 
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Disposal of used products or 

unwanted by-products 
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environment from manufacturing 

process, use or degradation) 
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containing PFAS and 
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Figure 1.2 Conceptual flowchart depicting the cycle of PFAS from production to receptors as well as their recirculation within the environment 
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1.2.3 Toxicity  
 

Exposure routes to PFAS are primarily by ingestion of contaminated food or water (Borg. et al. 2013). 

Direct contact is not believed to be an uptake route for humans (HEPA 2018), but probable for aquatic organisms 

including plankton (Ahrens & Bundschuh 2014). Additionally, inhalation of PFAS contaminated dust or aerosols 

has been found to present an additional pathway, in which dust concentrations ranging 4.6 – 5065 ng/g PFOS and 

2.3 – 3700 ng/g PFOA have been detected (EFSA 2008). Haug et al (2011) suggested in a study in Norway, house 

dust could account for up to 50% of total PFAS uptake. In a recent Australian study, the NSW EPA concluded 

that exposure to PFAS in dust to on-base personnel stationed on contaminated RAAF bases could account for up 

to 18 % of the equivalent PFOS enHealth TDI (enHealth 2019; EPA 2017). 

In consideration of the above exposure pathways, the most common route of PFAS exposure is the 

consumption of contaminated food and water (Haug et al. 2011). This exposure route is prevalent in humans 

where not only is the food itself contaminated but PFAS-containing packaging are often in direct contact with 

food products (D'eon & Mabury 2010). A study by Hradkova et al (2010) detected PFOS (0.7 – 12.8 g/kg) and 

PFOA (1.2 to 5.1 g/kg) in canned tuna. Contrastingly, Haug et al (2010) correlated the consumption of fish to 

the increased sera concentration of PFOA, Perfluoroundecanoic Acid (PFUnDA) and PFOS in his Norwegian 

subjects. Mak et al (2009) studied the concentrations of PFAS in tap water in the US, China, Japan, India and 

Canada. The study detected PFOS Perfluorohexanoic Acid (PFHxS), PFBS, Perfluorooctane Sulfonamide 

(PFOSA), Perfluorododecanoic Acid (PFDoDA), PFUnDA, Perfluorodecanoic Acid (PFDA), Perfluorononenoic 

Acid (PFNA), Perfluoroheptanoic Acid (PFHpA), Perfluorohexanoic Acid (PFHxA) and Perfluorobutanoic Acid 

(PFBA) in 100% of analysed samples. Recent studies in the United States have demonstrated PFAS, including 

concentrations above human health guidelines, are present in supermarket produce such as beef, poultry, seafood, 

vegetables, fruit, chocolate cake, milk and cheese (FDA 2019a, 2019b).  

The study by Stahl et al (2009) highlighted the variation of PFAS uptake by various food plants, where 

PFAS were found to namely translocated to the vegetative parts of the plants examined. Lechner and Knapp 

(2011) further explored the transfer of PFOS and PFOA from soil to plant by means of calculating the transfer 

factor (Transfer Factor (TF) = Concentration of PFAS in plant/ Concentration PFAS in soil) for various species. 

Important correlations have been observed illustrating the trophic magnification of PFAS through producer and 

primary consumer levels. This is of great consequence to organisms higher on the food chain (Tomy et al. 2004). 

Recently, a number of studies have explored the transport of PFAS into plants of agricultural importance, 

including the increasingly encountered short chain PFAS (Ahrens & Bundschuh 2014; Ghisi, Vamerali & 

Manzetti 2019; Lechner & Knapp 2011; Liu et al. 2019; Stahl et al. 2009; Zhou et al. 2019; Zhu & Kannan 2019). 

Uptake behaviour of PFAS into many plants has been demonstrated to be higher for short chain PFAS, this is 

notable due to their high mobility and increased frequency of use, perhaps suggesting a higher likelihood of human 

exposure to short chain PFAS through food (Ahrens & Bundschuh 2014; Ghisi, Vamerali & Manzetti 2019; Zhou 

et al. 2019; Zhu & Kannan 2019).  

Further exposure routes exist between mother and child, where children can be exposed prenatally 

(through blood and placenta) or postnatally through breast feeding. Kärrman et al (2007) estimated, using mothers’ 

sera levels, that through breast feeding the mother-child total PFAS transfer could be as high as 200 ng/day. This 
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was reinforced in Pinney et al (2014) where a similar correlation was found between mother-child PFAS transfer 

(specifically PFOS, PFHxS and PFOA) ant the duration of breast feeding. 

Using pooled serum data from the Australian population, Thompson et al (2011), observed that 

Australians have PFOA and PFOS sera levels similar to those seen globally. This study went further by modelling 

estimated expose of Australians, finding values of 100 ± 37 ng day-1and 54 ± 15 ng day-1 PFOS and PFOA 

respectively. The Australian Department of Health has set tolerable daily intake values of 0.02 µg/kg (body 

weight)/day and 0.16 µg/kg (body weight)/day for PFOS and PFOA respectively, as per studies commissioned to 

Food Standards Australia New Zealand (enHealth 2019).  

PFAS resilience to degradation (particularly metabolism) and very slow elimination (including humans) 

(Gannon et al. 2011) results in bioaccumulation within the tissues of the organism (Naile et al. 2010). 

Bioaccumulation becomes more prominent when carbon chains reach a length of 6 to 7 carbons (Martin et al. 

2004). It has been suggested that shorter PFAS chains and FTOHs tend to be less bioaccumulative and are 

therefore considered less toxic (Gellrich, Stahl & Knepper 2012; Ochoa-Herrera & Sierra-Alvarez 2008) (Martin 

et al., 2003). However the degradation of many PFAS compounds into more stable PFOA and PFOS has been 

explored as a likely drawback (Shaw et al. 2009) (Wang et al. 2009). Table 1.11 briefly explores key animal 

studies underpinning rates of elimination in humans and animals. 

Unlike most other halogenated organic contaminants, PFAS do not accumulate in lipid based tissues as 

they are proteophillic instead of  lipophilic (Hradkova et al. 2010). Instead PFAS accumulate in blood (binding to 

blood proteins) (D'eon & Mabury 2010; Kim et al. 2013) and organs (liver and heart) (Hradkova et al. 2010; Xia 

et al. 2011). Persistence in human blood is attributed to the kidneys actively transporting PFAS back into the blood 

stream in place of excreting them (Gannon et al. 2011). Deon and Madbury (2010) observed very different results 

in rats, which could excrete PFAS, however a large time difference between males (8-30h) and females (1h) was 

noted. Further, PFAS are known to cross the plasma blood membrane, cross the placenta and has been found in 

cord blood allowing wide distribution and accumulation throughout the body (EFSA 2008).  

The slow elimination of PFAS from the human body is best illustrated by the study in Hölzer et al. (2009) 

where 40,000 residents formerly exposed to PFOA contaminated drinking water in Sauerland (Germany) were 

studied. Water PFAS concentrations peaked in May 2006 (500 – 640 ng L-1) and were lowered to 10 ng/L by 

activated carbon by July 2006. Study of resident blood plasma over this time period revealed PFOA levels 4.5-

8.3 times higher than the national average, where return studies determined a reduction in burden of 10% in men, 

17% in mothers and 20% in children per year.  

 

 

 

 

 

 



 

25 
 

Table 1.11 Key early PFAS animal studies in the environment 

Study and Objective Key Findings 

 

(Kannan, Newsted, et al. 2002) 

 

Mink and otter liver PFOS, FOSA, 

PFHxS and PFOA concentrations 

studied. 

 

(1) Maximum otter and mink liver wet weight concentrations 

observed for PFOS (5140 ng/g), FOSA (590 ng/g), PFHxS 

(39 ng/g), and PFOA (27 ng/g), 

(2) PFOS and FOSA concentrations correlated.  

(3) PFAS concentrations increased near urbanized/industrial 

zones 

 

 

(Martin, JW et al. 2004) 

 

Studied 6C and higher PFCAs in the 

livers of various arctic mammals, fish 

and birds. 

 

 

(1) Odd chain length PFCAs exceeded concentration even  

(2) Trophic biomagnification observed 

 

(Smithwick et al. 2005) 

 

Analysed Polar bear livers and blood 

from for PFAS, in Europe and US artic. 

 

 

 

 

(1) Total PFAS ranged 435-2140 ng/g wet weight 

(2) Concentrations of PFAS in liver correlated in one location 

with PCBs 180, 153, 138 and 99 in adipose tissue. 

(3) PFOS con correlated with age.  

(4) Correlation between PFAS with adjacent chain lengths 

were observed (ie. C9:C10, C10:C11) 

 

 

(Holmström, Järnberg & Bignert 

2005) 

 

PFOS and PFOA measured in archived 

Baltic Sea Guillemot eggs (1968 – 

2003). 

 

(1) PFOS concentrations increased in the 35 years span from 

1968 to 2003 from 25 to 614 ng/g, respectively 

(2) 30 PFOS fold increase over time period. 

(3) PFOA below limit of detection 
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In general, a vast set of impacts have been observed in animals and humans that have been contaminated 

with PFAS, in the lab and environment alike. However, the links between PFAS and human disease still need 

further establishment (enHealth 2019). Toxic effects of PFAS include those listed below:  

 

• Peroxisomal proliferation (liver) Interference with a number of genes involved in lipid metabolism and 

utilisation, inflammation, fetal growth, hormone and immune function and possibly cancer growth 

(Dixon et al. 2012; Klaunig, Hocevar & Kamendulis 2012; Zhang et al. 2011). Ericson et al. (2007) had 

highlighted that PFOA could induce peroxisomal b-oxidation in the liver of male rats; 

• Mitochondrial injury or dysfunction through prenatal and early life exposure (Xia et al. 2011), playing 

a role in apoptyic death of cell through depolarisation of plasma membrane potential and acidification 

(Ericson et al. 2007; Kleszczyński & Składanowski 2011); 

• Serum reductions in cholesterol and thyroid hormones (Lau, Butenhoff & Rogers 2004); 

• Immunotoxicity (Haug et al. 2010). PFOS and PFOA supress cytokine secretion by immune cells in 

human blood cells through the modulation of transcription of a host of chemical messengers (Corsini et 

al. 2011); 

• Hepatotoxicity (EFSA 2008; Lau, Butenhoff & Rogers 2004); 

• Carcinogenicity. (EFSA 2008); 

• Endocrine disruption. PFOA may alter female pubescent timing (Dixon et al. 2012). La Rocca et al 

(2012) investigated infertility in 53 couples and concluded that infertile subjects tended to have a higher 

serum concentration of PFOS than Italian national average; and 

• Developmental toxicity. Kim et al (2013) showed PFAS (notably PFNA and PFuDA) to be 

teratogenicity and developmental toxicants through the testing of frog embryos in the lab. 
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1.2.4 Monitoring Programmes, Restrictions and Control  
 

The presence of PFAS in humans was first reported by (Taves 1968). It is suggested that the PFAS most 

likely detected was PFOS or PFOA (Lau, Butenhoff & Rogers 2004). Forty-two years since PFAS production 

started PFOS alone has been added to the restrictive Annexure B of the Stockholm convention. Many countries 

have employed their own monitoring programs, restrictions, guidelines or outright bans of PFAS. These have 

been put in place both before and after 2010 listing of PFOS as a POP. Contrasting to this, many developing 

countries have not restricted the use or manufacture of  any PFAS (Du et al. 2014).  

PFOS and related compounds have been banned in the EU since 2008 (Gellrich, Stahl & Knepper 2012), 

and all products are required to have less than 0.005% PFAS in their final form (DoHA 2008).  EU – Directive 

2006/122/EC3 12 December 2006 restricts the use and marketing of PFOS containing products. Regional action 

has been prominent in many countries. For example, Bavaria (Germany) implemented  monitoring programs and 

guidelines for the total concentration of 11 target PFAS in 2008, allowing a maximum of 100 µg total PFAS per 

kilogram of sludge intended for agricultural application (Lechner & Knapp 2011). In the United States PFOA and 

PFOS have been nominated to be National Health and Nutrition Examination Survey (NHANES) monitored 

chemicals, meaning that it is now policy that PFAS are  monitored in humans (Lau, Butenhoff & Rogers 2004). 

At the time, little data characterised the total human intake of PFAS, most countries did not have a routine 

drinking-water quality control management plan with respects to the control of PFAS (Xiao et al. 2015). Further 

data improving the scale of understanding of the health risk posed by PFAS permeating drinking water and 

produce from contaminated sites spurred the drafting of the US EPAs PFAS Action plan in 2019, which aims to 

address the long term concerns posed by PFAS contamination in the United States through a set of guidelines 

(USEPA, 2019). Similarly, in Australia guidelines for PFAS have been developed by the heads of the EPAs 

Australia New Zealand (HEPA) as the PFAS National Emergency Management Plan (NEMP). The PFAS NEMP 

outlines Guidelines for human health and ecological health relevant to soil, food and water (Table 1.12). It also 

includes allowable limits for disposal and storage in the forthcoming draft the NEMP goes further to address 

PFAS in waste water treatment plants (HEPA 2018). 

A variety of guidelines have been proposed for PFAS intake, starting with 3Ms Drinking Water Health 

Advisory draft lifetime exposure level of 1ppb PFOS (3M 2001). In 2008 the EFSA determined the safe Total 

Daily Intake (TDI) of PFOS and PFOA to be 150 ng kg-1 bodyweight and 1.5 ng kg-1 bodyweight respectively 

(EFSA 2008). Independent studies have set out drinking water equivalent levels (DWEL) with respects to cancer 

(testicular adenoma) undertaken in which the non-cancer level in humans was suggested to be of 0.88-2.4 µg L-1  

tap water (Tardiff et al. 2009). Wilhelm, Bergmann & Dieter (2010) more recently investigated shorter chain 

compounds and developed a lifelong expose long-term lowest maximal quality goal (general precautionary value) 

for total PFAS in drinking water suggesting 0.1 ng/L total PFAS appropriate. In the State of Michigan, drinking 

water standards have been set far lower than those see in both the United States and Australia, and encompassed 

additional PFAS congeners, including PFNA (6 ng/), PFOA (8 ng/L), PFHxA (400,000 ng/L), PFOS (16 ng/L), 

PFHxS (51 ng/L), PFBS (420 ng/L), and GenX (370 ng/L), testament to the growing concern over the PFAS class 

(EGLE 2019). 
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Table 1.12 Key PFAS guideline values from HEPA’s PFAS NEMP 

Guideline PFOS PFOS + PFHxS PFOA 

Health Based Guidance Values 

Tolerable Daily Intake (µg/kgbw/d) 0.02  0.02  0.16  

Drinking water quality value (µg/L) 0.07  0.07  0.56  

Recreational water quality value (µg/L) 

 

0.7  0.7  5.6  

Soil Criteria for Investigation – Human Health-based Guidance Values 

Residential - garden/accessible soil (mg/kg) 0.01  0.01  0.3  

Residential with little soil access (mg/kg) 2  2  20  

Public open space (mg/kg) 1  1  10  

Industrial/ commercial (mg/kg) 

 

20  20  50  

Soil Criteria for Investigation – Ecological Guideline Values 

Interim soil - direct exposure (mg/kg) 1  - 10  

Interim soil - indirect exposure (mg/kg)  

 

0.01 - - 

Terrestrial Biota Guideline Values 

Mammalian diet –aquatic biota ww (μg/kg) 4.6  4.6  - 

Avian diet –aquatic biota ww food (μg/kg) 8.2  8.2  - 

Bird egg ww μg/kg 

 

0.2  0.2  - 

Freshwater and Marine Guideline Values 

Freshwater 99 % species protection (µg/L) 0.00023  - 19  

Freshwater 98 % species protection (µg/L) 0.13  - 220  

Freshwater 95 % species protection (µg/L) 2  - 632  

Freshwater 80 % species (µg/L) 

 

31  - 1824  

Landfill Acceptance Criteria 

Double Lined Composite  
Total (mg/kg) 

ASLP (ug/L) 

50  

7  

50 

7  

50 

 56 

Clay/single composite lined 
Total (mg/kg) 

ASLP (µg/L) 

50  

0.7  

50  

0.7  

50  

5.6 

Unlined 
Total (mg/kg) 

ASLP (µg/L) 

20  

0.07  

20  

0.07  

50  

0.56 

 

In consideration of the guidelines and emergency management plans instated in both Australia and the 

United States, it is clear that PFAS migration pathways to sensitive receptors, ecological or human, is of great 

concern to regulators and the public. To address this, several remediation methods for the management of PFAS 

are under development or in the early stages of application. Currently PFAS management falls into one of two 

approaches coupled to disposal or destruction; immobilisation or removal.  

Immobilisation centres on obstructing contaminant-receptor pathways. This is largely achieved through 

the application of sorbents and physical barriers which either bind PFAS to sorbents or reduce the infiltration of 

water which may leach PFAS from the contaminated material. A number of sorbents have been applied to PFAS 

immobilisation, including activated carbons, biochars, polymers and nanoparticles (Hale et al. 2017; 

Kupryianchyk et al. 2016; Ross et al. 2018; Silvani et al. 2019; Zhang, Zhang & Liang 2019). Stabilization of 

materials using cementitious products or coatings has been successfully demonstrated to reduce PFAS 

mobilisation associated with the ingress of water (Sörengård, Kleja & Ahrens 2019).  

Removal technologies are better suited to surface, waste and ground water rather than soils due to ease 

of handling and contact with sorbent. PFAS have successfully been removed from solution by reverse osmosis as 

well as through the application of activated carbon, polymers, anion exchange resins, biochar, carbon nanotubules, 
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and zeolite (Horst et al. 2018; Kucharzyk. et al. 2017; Kupryianchyk et al. 2016; Ross et al. 2018; Silvani et al. 

2019; Tang et al. 2006; Zaggia et al. 2016; Zhang, Zhang & Liang, 2019). However, these methods have varying 

levels of success outside of PFOS and PFOA, depending on the type PFAS compounds present in the contaminated 

water (Ateia et al. 2019). Unfortunately, all the discussed treatment methods produce waste products either as 

PFAS contaminated sorbent or brine containing concentrated PFAS (Ateia et al. 2019). It follows that the effective 

application of these management strategies is largely limited by the current lack of destructive or disposal options 

for captured PFAS (Ross et al. 2018). Currently, disposal of contaminated soils and filter media is largely by 

landfill or incineration (Kucharzyk et al. 2017), however there is growing concern that PFAS contaminants will 

escape and re-enter the environment. Oxidative techniques are being explored (Dombrowski et al. 2018), however 

PFASs resistance to chemical oxidation proves a challenging task to overcome on a large scale, particularly in 

situ. Electrolytic and plasma arch technology have been demonstrated as applicable PFAS destruction techniques 

(Shangtao et al. 2018; Singh et al. 2019; Zhang et al. 2014), however this technology is expensive, power 

demanding and generally immobile. Lastly, bioremediation has thus far found little success for the degradation of 

PFAS, but bio-attenuation by constructed wetlands may be a promising approach for passive PFAS remediation 

(Yin et al. 2017)  

The current bottleneck in PFAS management exists namely around the lack of low cost PFAS 

remediation options. Existing technologies are currently not at a stage of implementation which makes them 

sufficiently accessible to address the large scale PFAS contamination in a cost effective or practical manner 

(Kucharzyk et al. 2017; Ross et al. 2018). The present work aims to contribute to the interim immobilisation and 

capture of PFAS in a cost effective and sustainable manner, whilst effective long-term PFAS management options 

are further developed. 
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Chapter 2   

PFAS-Biochar Sorption 

 

2.1 Biochar as a Sorbent 

Sorbate interactions with biochars are greatly influenced by biochar specific surface morphologies such 

as surface charge, surface functional groups, pore size, surface area and degree of aromatisation (Figure 2.1)  (Du 

et al. 2014). Kinetics is the term used to explain the temporal behaviour of the sorption process, where sorption is 

a generalised term used to describe both the adsorption and absorption behaviours of a sorbate for a sorbent under 

specific environmental conditions. Adsorption refers specifically to sorbate adherence to a surface whereas 

sorption encompasses this process as well as partitioning (Tang, J et al. 2013).  Biochar consists of an aromatic 

and an aliphatic fraction, where the aromatic fractions’ dominant sorption mechanism is pore filling as a non-

linear solute-solute competitive system (Qian et al. 2015). Comparatively, the aliphatic fraction behaves as a 

partitioning phase where sorption is generally linear and non-competitive (Qian et al. 2015). 

 Biochar surfaces, like minerals, can have permanent or temporary charges due to structurally derived 

charge deficits (net charges), surface functional groups or changes in solution pH affecting potential determining 

ions such as hydrogen (H+) and hydroxyl (OH-) (Martin et al. 2012; Rees, Simonnot & Morel 2014). For example, 

oxygenated surface functional groups (carboxyl, hydroxyl, and phenol) are binding sites for environmental 

contaminants such as heavy metals (Uchimiya, Chang & Klasson 2011) (Méndez et al. 2014; Qian et al. 2015) 

and dyes (Leng et al. 2015). The predominant electrostatic mechanisms likely to occur at oxygen containing 

surface functional groups are acid-base or complex redox reactions (Qian et al. 2015; Rees, Simonnot & Morel 

2014; Uchimiya, Chang & Klasson 2011). Sorbates are bound to biochar surfaces through the electrostatic 

processes whereby the sorbate is attracted to charged surfaces or interacts with aromatic carbon double bond π-

electrons (Rees, Simonnot & Morel 2014). Biochars labile faction may ins some cases result in the formation of 

stable metal complexes which precipitate out of solution with other mineral phases (Rees, Simonnot & Morel 

2014).  

Similarly, biochar has a demonstrated capability in immobilising and reducing the bioavailability of 

organic compounds in soils through sorption (Denyes et al. 2012; Wu et al. 2013). Examples include methyl 

mercury (Gomez-Eyles et al. 2013), certain PCBs (Denyes et al. 2012), pesticides (Dechene et al. 2014; Wang et 

al. 2010; Yu et al. 2010) and PAHs (Rakowska et al. 2014). It has been shown that the sorption capacity of biochars 

for organic compounds, particularly the non-polar, is largely controlled by biochar organic matter content and its 

degree of aromatisation (Li et al. 2014), where the predominant sorption mechanisms for organic compounds are 

Van De Waals forces and chemisorption (Semple et al. 2013). Sorption of organic compounds is typically fast in 

the initial stages, slowing in the later stages. These phases correlate with the irreversibly bound fraction, which 

dominates the later stages of sorption. Biochars produced at high temperature have a higher aromatic fraction, 

accompanied by higher surface area and porosity which render surface adsorption the dominant sorption 
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mechanism (Denyes et al. 2012; Qian et al. 2015; Tang et al. 2013). Partitioning to organic matter is generally 

relatively weak (reversible) and linear compared to adsorption to the biochar surfaces which is stronger (less 

reversible) and non-linear (Denyes et al. 2012).  Less reversable sequestration involves the diffusion of sorbates 

into micropores and surfaces in which they become inaccessible (Semple et al. 2013). Biochars produced at lower 

temperatures have lower aromatic fractions, here organic compounds will predominantly partition into non-

carbonized organic matter (Dechene et al. 2014; Qian et al. 2015; Tang et al. 2013).  

Biochar is largely a heterogeneous material with varying proportions of aromatic and aliphatic fractions, 

as such a dual-mode sorption model is employed, as it is likely that both adsorption and partitioning are occurring 

simultaneously (Semple et al. 2013). In addition, the complex interplays between surface functional groups and 

surface area are evident in several studies outlined a review (Du et al. 2014), in which both mechanisms contribute 

to the sorption of sorbates. The understanding of biochar sorption mechanisms is essential to optimise biochar 

production conditions to be favourable of the physiochemical characteristics which drive sorption mechanisms 

for a target sorbate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2. Aliphatic OM 

1.Surface Function Groups 

Biochar Particle 

3. Aromatic Structures 

Figure 2.1 Generalized Biochar model demonstrating three notable mechanisms discussed as playing 

major roles in PFAS sorption: 1). Surface Functional Groups 2). Aliphatic Organic Matter 3). Aromatic 

Structures 
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2.2 PFAS Sorption to Biochar  

Currently the mechanisms driving biochar as a sorbent for PFAS is poorly understood. Studies frequently 

compare biochar with other sorbents such as activated carbon (Du et al. 2014). Most studies suggest that 

hydrophobic interaction is the key driver for PFAS sorption to carbonaceous sorbents. This has been largely 

observed with PFAS sorption capacity being greater for sorbents with higher surface area, and sorption increasing 

with increasing PFAS congener carbon chain length (hydrophobicity)(Dalahmeh, Alziq & Ahrens 2019; Liu et al. 

2019; Ray et al. 2019; Silvani et al. 2019; Xiao et al. 2017; Zhi & Liu 2018).  

2.2.1 PFAS Compound Specific Sorption Behaviour 

 
PFASs exist in the environment at relatively low aqueous concentrations, typically ranging from low 

ng/L to low mg/L in more contaminated environments (Chen et al. 2012; Hansen et al. 2010; Yu. & Hu 2011). 

While PFAS concentration in solution plays a major role in PFAS sorption behaviour to biochar, PFAS congener 

specific physiochemical attributes determine PFAS sorption behaviour overall.  

Access to pores may be limited by PFAS molecule size, based on structure PFOS and PFOA are 

approximately 1.4 nm x 0.4 nm (Carter & Farrell 2010), allowing these molecules access into most pores, but 

excluding them from some primary micropores (pores <2 nm diameter)(Yu et al. 2012). Based on this size, PFOA 

and PFOS require an approximate 0.6 nm2 of surface area per molecule for surface sorption to occur (Carter & 

Farrell 2010), where smaller pores may result in size restriction based exclusion of PFAS and larger pores allow 

the formation of aggregates and micelles (Du et al. 2014). Importantly, smaller pores result in desorption processes 

being less likely to occur due to limitation of access of solutions to occupied pore spaces (Carter & Farrell 2010). 

It is therefore likely that pore size restriction by chain length is one of many factors behind the varied sorption of 

PFASs from solution onto carbonaceous sorbents such as activated carbon (Hansen et al. 2010). 

Chularueangaksorn et al. (2014) found that PFBS entered pores more readily than larger PFAS as a factor of both 

its size and increased hydrophilic behaviour. This suggests that in addition to pore size exclusion, increasing chain 

length can manifest as an decrease in sorption due to increased hydrophobicity hindering access to pores (Zhao et 

al. 2011). Total surface coverage for PFOS has been estimated to be as high as 20 molecules per nm2 on the basis 

of molecule size and assuming a normalized orientation with complete coverage (no spaces) which differs from 

the 0.6nm2 per molecule simply as a factor of molecular orientation (parallel vs. adjacent)(Chen et al. 2012). 

The chain length of the perfluorinated moiety and type of functional group each effect a given PFAS’s 

sorption behaviour (Figure 2.2) (DME 2013). Each of these structural parameters contribute to PFAS adsorption-

desorption constants (Kd). Where Kd is a constant used to demonstrate a compounds mobility in the environment 

with respects to its propensity to be in solution (low Kd) or sorb to solids (high Kd).  Each additional PFAS CF2 

moiety results in approximately 0.5-0.6 log units higher Kd (Higgins & Luthy 2006), and sulphonate functional 

groups contribute an additional 0.26 log units to Kd over that of a carboxylic acid functional group (Higgins & 

Luthy 2006). Those compounds with lower Kd are far less likely to partition onto biochar, suggesting that order 

of effect in partitioning is Chain length < Sulphonate <Carboxylic Acid (Yu & Hu 2011). Structural rigidity may 

also limit sorption, where the inner regions of pores may find the rigid PFAS shape to be energetically 

unfavourable (Hansen et al. 2010). Functional groups determine the pKa of PFASs, most of which have low pKa 
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and therefore predominantly exist as anions in the environment (Du et al. 2014; Shin et al. 2011). PFAS sorption 

to carbonaceous sorbents could therefore be described as increasing with chain length, lower water solubility and 

increased hydrophobicity (Du et al. 2014). 

 

Figure 2.2 Generalized PFAS model representing PFAS in forthcoming examples by detailing hydrophobic tail 

(red) and hydrophilic functional group head (green). In this example the PFOS anion is depicted, though the 

generalized model used in forthcoming examples does not specify the number of perfluoroalkyl moieties or 

functional group type present. 

 

2.2.2 Biochar Particle Size Influence on PFAS Sorption Behaviour 

 
In addition to the sorbent qualities discussed in section 2.1, sorbent particle size is known to impact 

sorption behaviour, whereby smaller particles result in a greater number of exposed pores and functional groups 

(Hansen et al. 2010; Yu et al. 2009). Granular activated carbon (GAC) at <0.1 mm has been shown to have a 

higher sorption capacity for PFAS than GAC 0.9-1 mm in diameter despite having the same surface area (Du et 

al. 2014). Increasing the concentration of activated carbon in solution has been found to increase sorption capacity 

of PFOA in excess of the expected mass-based proportional increase , though the mechanism behind this has not 

been adequately explained (Qu et al. 2009). 

 

2.2.3 Electrostatic Interactions  
 

Electrostatic interactions occur due to the attraction between bodies of opposite charge, or the repulsion of bodies 

by the same charge (Berg, Tymoczko & Stryer 2002). PFASs can be attracted to surfaces of net positive charge 

due to the negative charge held by the ionic forms functional group (Figure  2.3 D). In addition to this, PFAS 

molecules have a net negative exterior charge with a positive region along the carbon backbone due to the 

electronegativity of fluorine atom drawing electrons toward outer fluorine groups and away from the alky carbons 

(Figure 2.2) (Du et al. 2014). These afford PFASs the ability to have weak electrostatic interactions with charged 

surfaces, though these predominantly originate from the charged hydrophilic functional group (Du et al. 2014). 

Ash fraction in biochar can infer a net positive charge to biochar, electrostatically attracting PFAS, however, in 

the case of low ash biochars this mechanism is unlikely (Chen et al. 2012). Dependant on charge, surface 
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functional groups can either repel or attract PFASs (Figure 2.3 F)(Carter & Farrell 2010). Amine and hydroxyl 

groups can also form weak dipole-dipole interactions (Du et al. 2014). PFASs or NOM sorbed to the surface of 

the sorbent may increase net surface negative charge, hence repelling other PFASs preventing sorption or effective 

distribution of PFAS sorbate (Figure  2.3 B&C) (Du et al. 2014). Hydrophobic CF2 moieties repel water and 

therefore make hydrogen bonding to functional groups difficult, however the O in PFAS functional groups could 

act as proton acceptors for biochar surface functional groups (-NH,  -and –COOH). Competition with water and 

other molecules, for this bonding mechanism, renders it unlikely to be influential in the sorption process (Du et 

al. 2014).  

Functional group sorption processes depend heavily on protonation, under most environmental 

conditions they will result in repulsion, however the OH moiety of phenol groups at neutral pH could potentially 

interact with the fluorine atom by hydrogen bonding (Carter & Farrell 2010). Van der Waals forces are unlikely 

due to PFAS molecule size as well as the interferences exerted by water (Chandler 2005; Du et al. 2014), in 

addition, PFAS driven π-bonding is not likely due to lack of π-electrons in most PFAS molecules (Berg, 

Tymoczko & Stryer 2002; Du et al. 2014). Complex interaction of PFAS molecules with biochar electronic double 

layer is likely to impact the mode and rate of sorption (Figure 2.5)(Carter & Farrell 2010; Du et al. 2014). 

 

 

 
 

 
 

 

   
Figure 2.3 Diagrams outlining PFAS electrostatic interactions and hindrances for sorption to biochar through 

PFAS negative functional groups and net negative outer charge. A) Electrostatic repulsion of PFAS molecules by 

biochar surface with net negative charge. B) Repulsion of PFAS molecules attracted to positive biochar surface, 

through the negative charge of sorbed PFAS. C) PFAS molecule repulsion by negatively charged natural organic 

matter sorbed onto positive biochar surface. D) Electrostatic adsorption of PFAS onto positively charged biochar 

surface. E) Bridging of charge where divalent cations are attracted to net negative biochar surface charges, in turn 

acting as a bridge sorbing PFAS to neutralize charge. F) Dipole or ionic bonding between charged surface 

functional groups and PFAS. 

A B C 

D E F 
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Figure 2.4 Examination of net negative outer charge on PFAS molecules, compared to generalized model. 

Electronegativity of fluorine atoms in PFAS molecules draw electrons further away from aryl carbons resulting 

in a net positive internal charge along the carbon backbone and a net negative charge on the molecules exterior. 

This is separate but generally less than the charge exerted by the PFAS molecules functional group. 

 

 

Figure 2.5 Electronic Double Layer Suppression illustrated by charged particle (black dot), surrounded by ions 

(white dots) and diffuse electronic layers (dotted lines). Left: A solution with a low ion concentration has a much 

larger, more diffuse electric double layer due to reduced external repulsion forces exerted upon it by the charges 

of ions (e.g. Cl-, Na+ Ca+2). Right: The compressed double layer caused by increased charge exerted by a greater 

number of ions in solution. It is likely that this behaviour will result in entropy driven coagulation and increased 

sorption due to the concentrated intensity of particle charge. 
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2.2.4 Hydrophobic Interactions  
 

Sorption onto biochar is likely to be predominantly due to the hydrophobic nature of PFAS and associated 

partitioning into hydrophobic fractions of biochar (Rattanaoudom, Visvanathan & Boontanon 2012; Yang et al. 

2013; Zhao et al. 2011). Structural characteristics of the biochar, such as porosity, hydrophobicity, and degree of 

carbonization govern sorption capacity for PFAS (Carter & Farrell 2010; Zareitalabad et al. 2013). However, it is 

the PFAS molecule’s strong hydrophobicity that sees hydrophobic interactions overwhelm electrostatic repulsion 

by negatively charged surfaces (Chen et al. 2012; Du et al. 2014).  

Hydrophobic sorption can be separated into partitioning and surface sorption. Partitioning relates to like-

like interactions where PFAS hydrophobic tails (CF2
n moiety) are attracted to, and seat themselves in, amorphous 

(aliphatic) hydrophobic organic matter due to immiscibility with water ( 

Figure 2.7 B) (Du et al. 2014). Surface sorption is due to the hydrophobicity of PFAS tails excluding themselves 

from interaction with the aqueous phase (Du et al. 2014). This is through an entropy driven process which is 

effected by sorbent electrical double layer and particle charge, yet still strong enough to exclude PFAS from the 

aqueous phase, compelling it towards available surfaces (Carter & Farrell 2010; Zareitalabad et al. 2013). This is 

furthered by examination of Gibbs free energy at constant Gibbs pressure and temperature. The energy of the 

system will be at a minimum when at equilibrium. Since ∆G=∆H-T∆S, the positive enthalpies of adsorption (∆H) 

are required to be accompanied by an increase in entropy, this can be conceptualized as the removal of PFAS from 

solution to the surface of the sorbent to exclude itself from the water and its repulsion forces (Figure 2.6)(Carter 

& Farrell 2010).  

The solvation of hydrophobic surfactant molecules, such as PFAS, requires water molecules to lose their 

rotational freedoms in order to maintain hydrogen bonds with other water molecules. This forms a solvation cavity 

around the solute that interrupts the bonding of water molecules. This is the key driving force in this entropy 

derived mechanism, whereby water excludes PFASs to achieve a more energetically favourable number of degrees 

of freedom (Carter & Farrell 2010; Du et al. 2014). The entropy driven process results in aggregation of PFASs 

on surfaces or each other in solution, this occurs to be less disruptive to the bonding of water molecules but appears 

as repulsion. In narrow spaces or regions of close contact this can result in the formation of micelles and hemi-

micelles at concentrations as low as 0.001 times the PFAS critical micelle concentration (CMC) (Du et al. 2014).  
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Figure 2.6  PFAS spontaneous entropy driven sorption. Hydrophobic forces drive PFAS molecules onto surface 

to reduce their disruption to H2O hydrogen bond lattice. Molecule left has contact with fewer H2O molecules and 

is in an energetically favoured state sorbed to the biochar surface where disruption to H2O-H2O bonds is minimal 

  

  

 

Figure 2.7 Diagrams representing hydrophobic interaction driven PFAS sorption behaviour. A) PFAS bonded to 

active sites, aggregation of hydrophobic portions to reduce interactions with aqueous phase. B) PFAS partitioning 

into natural organic matter. C)  Formation of a bilayer after sufficient PFAS molecules have aggregated, formation 

is driven to exclude interactions with aqueous phase.  D) Formation of mono-layer on charged surface, molecule 

orientation influenced by hydrophobic and hydrophilic portions of molecule with respect to aqueous phase. 
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2.2.5 Formation of Micelles and Layers 
 

PFAS aggregate to form micelles (Figure 2.8 A&C), hemi-micelles (Figure 2.8 B)  and bilayers ( 

Figure 2.8 C), these are fluid-like structures with hydrophilic exteriors and hydrophobic interiors (Chandler 2005). 

Here an interface is created where water electrostatically repels PFAS to preserve its degrees of freedom with 

respects to its hydrogen bonds, this spontaneously results in the sorption of PFASs to surfaces (Figure 2.6). PFAS 

favour hydrophobic surfaces, including other PFAS, resulting in the congregation of PFAS. PFASs aggregate in 

a manner that their hydrophobic tails are generally grouped with their hydrophilic moiety facing the exterior of 

the cluster as to allow it to interaction with the aqueous phase via Van der Waals forces while excluding the 

aqueous phase from the interior (Chandler 2005; Paruchuri, Nguyen & Miller 2004). A dry interface is formed as 

the hydrogen bond network is broken around the cluster (Chandler 2005; Paruchuri, Nguyen & Miller 2004). The 

formation of such structures is evident in isotherms where an S shaped curvature with upward curve is present 

(Carter & Farrell 2010; Chen et al. 2012). This mechanism can include the formation of bilayers after sufficient 

PFAS have accumulated on a surface of positive charge ( 

Figure 2.8 C) (Chen et al. 2012; U.S.EPA 2016a). Note that such clustering to form hemi-micelles is considered 

a monolayer (Rattanaoudom, Visvanathan & Boontanon 2012).  

The formation of micelles is influenced by PFAS chain length which denote hydrophobicity as well as 

pose mechanical limitations based on molecule size (Chandler 2005; Hansen et al. 2010). Micelles may hinder 

sorption through their formation on intra-particular pores, where they can obstruct PFAS from entering further 

(Du et al. 2014; Yu et al. 2009). PFAS in pores and on surfaces locally increase concentration, as such they can 

form micelles at concentrations as low as 0.001% of typical CMCs, where this environmental condition eventuates 

(Xia et al. 2011; Yu et al. 2009). Typical CMCss found in literature are 15,696 mg/L for PFOA (Yu et al., 2012), 

3150.8 mg/L PFOS and 411.264 mg/L PFDA (Xia et al. 2011).  

 

  

 

   
Figure 2.8  Illustration demonstrating the formation of micellular structures. A) Formation of a micelle from 

aggregated PFAS, attached to a surface functional group by charge. B) Formation of surface hemi-micelle - by 

either surface charge or hydrophobic interactions resulting in sufficient aggregation. C) Free floating micelle in 

solution where PFAS concentration is above critical micelle concentration. 

 
 



 

39 
 

2.2.6 Interfering Environmental Factors 

 
Competition for sorption sites is one of the many interferences that are likely to limit PFAS sorption to 

biochars, whether by other compounds such as organic matter, inter-PFAS competition, or  PFAS solute-solute 

repulsion obstructing sorption directly or from nearby sorption sites (Higgins & Luthy 2006; Tang et al. 2010). 

Additionally, sorption environmental condition within the solution may impact sorption mechanisms and be 

reflected in sorption capacities and sorption rate. Key environmental factors known to influence sorbate-sorbent 

behaviour are further discussed below. 

Organic Matter 

 
Organic matter (OM) dissolved in the aqueous phase, such as humic acids, affects PFAS sorption through 

either retaining PFASs in the solution attached to OM (Du et al. 2014; Yang et al. 2013) or by restricting access 

to sorption sites though competition (Yu & Hu 2011). Smaller OM molecules are more with PFASs for sorption 

sites, whereas larger molecules tend to be responsible for the fouling and blockage of pores (Carter & Farrell 

2010; Hansen et al. 2010; Yu & Hu 2011; Yu et al. 2012). Yu and Hu, 2011 saw that the addition of NOM altered 

equilibrium times of PFOS and PFOA to powdered activated carbon in milli-Q water from 4 hours to 72 hours. 

Organic matter bound to the surface of biochars can deliver a net negative surface charge, resulting in the repulsion 

of PFASs (Higgins & Luthy 2006; Yu et al. 2012). 

Ions 

 
Ionic strength of solutions was found to play an integral role in a number of sorption processes for PFASs 

to carbonaceous sorbents, these included electrical double layer compression (Figure 2.5), surface-charge 

neutralization, divalent cationic bridging, salting out and competitive sorption (Carter & Farrell 2010; Du et al. 

2014). Ion charge and valence dictates the effect of ionic solution interferences (Chen & Yuan 2011), with cations 

having a greater effect at times than pH (Higgins & Luthy 2006). Cations in solution may reduce the adsorbent 

surface net negative charge by electrical double layer compression (Yang et al. 2013), in turn aiding sorption of 

anionic PFASs through reduced electrostatic repulsion (Chen & Yuan 2011). Calcium (Ca+2) ions and magnesium 

(Mg+2) ions resulted in higher sorption to OM in sediments in seawater than fresh water (Chen & Yuan 2011), 

specifically, higher Ca+2 concentrations correlate with higher PFAS sorption capacities (Higgins & Luthy 2006). 

Phenomena have been reported where higher pH and Ca+2 concentration resulted in sorbents forming more basic 

sites to bind divalent cations onto carboxyl, phenolic and hydroxyl group negative charges, which as a result 

bound more PFASs through divalent cation bridging (Figure  E) (Du et al. 2014). Increasing the number of ions 

in solution has been shown to compress particle electrical double layer which in turn weakens both electrostatic 

attraction and repulsion of PFAS (Du et al. 2014). 

pH 

 
pH effects sorption behaviour by influencing speciation of sorbates (Yu et al. 2009; Zareitalabad et al. 

2013). Sorption occurs at a faster rate at lower pH values due to the predominance of positive or closer to neutral 

charges on carbonaceous surfaces which increase electrostatic interaction with PFAS molecules (Rattanaoudom, 
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Visvanathan & Boontanon 2012; Yang et al. 2013). This effect is also greatest in the lower pH range (Du et al. 

2014), because is closer to PFASs pKa resulting in the greatest degree of disassociation (Higgins & Luthy 2006). 

The same applies to sorbent surface functional groups, having higher sorption capacities for PFAS at neutral to 

low pH levels, but this phenomenon is poorly understood and most likely involves protonation/de-protonation as 

well as some of the sorbate molecules existing as neutral ions (Carter & Farrell 2010; Yu et al. 2009). Increasing 

pH results in a greater likelihood of negatively charged surfaces which repel PFAS (Du et al. 2014). 

Temperature 

 
No clear temperature-sorption relationship is delineated for PFAS, however increased PFAS solubility 

is known at higher temperatures (Qu et al. 2009). Further increased temperature increases vibrational energy, 

allowing PFAS to break free from surfaces (Qu et al. 2009). Current literature on influence of temperature on 

PFAS hydrophobic interactions is not at a state of consensus (Chandler 2005; Qu et al. 2009). 

 

2.3 Generalized Models and Kinetics for 
PFASs and Carbonaceous Sorbents 

 

2.3.1 Kinetic Models 
 

Kinetic models asses the rate at which compounds of interest sorb to a surface and suggest limiting 

factors for sorption by inference of a rate determining step (Du et al. 2014). The generalized sorption process 

consists of three consecutive steps. Initially film/external diffusion involves the movement of sorbate from bulk 

solution to the surface of sorbents. Step two progresses to intra-particle diffusion whereby sorbates move to, within 

and between the surfaces, pores and active sites of a given particle. Lastly, equilibrium is obtained between 

sorbates, within particles and solution (Carter & Farrell 2010; Yu et al. 2012). The equilibrium step is considered 

to be slow, hence it is suggested step one and two are the most likely rate determining step (Qu et al. 2009). PFASs 

film diffusion stage has been observed to occur quickly (Carter & Farrell 2010), as higher initial PFAS 

concentration prior to sorption in solution strongly drive sorption onto sorbent boundary layer (Higgins & Luthy 

2006; Yu et al. 2012). This is followed by a slower two step diffusion first into the particles internal solution, 

followed by sorption to active sites (Higgins & Luthy 2006). This suggests that sorption to biochar is controlled 

by the intra-particle diffusion rate (Du et al. 2014; Qu et al. 2009). PFAS have been found to fit a pseudo-second 

order model (Carter & Farrell 2010; Zhao et al. 2011), here sorption rate is proportional to the number of active 

sites on adsorbents (Chen et al. 2012; Qu et al. 2009; Rattanaoudom, Visvanathan & Boontanon 2012).  Sorbed 

fraction at any measured timepoint is typically represented as Qt (Equation 2.1), and input into experimental 

models used in the exploration of kinetic behaviour as described below.  Qt is calculated from experimental data, 

where C0 is starting concentration of PFAS in solution (µg/L) and Ct is the remaining PFAS in solution (µg/L) at 

timepoint t (hours) for a given mass of sorbent m (g). 
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𝑄𝑡 =
(𝐶0−𝐶𝑡)𝑉

𝑚
            (2.1) 

 

First Order Model 
Equation 2.2 represents the first order kinetic model which proposes a system where sorption is directly 

proportional to the concentration of PFAS in solution (linear). Where K1 is the first order rate constant (h), Ct is 

the concentration of PFAS (µg/L) remaining in solution at t (hours) and C0 is the initial concentration (µg/L) of 

PFAS in solution at t = 0. Qt is the µg/g PFAS sorbed at time t (hours) and Qe is the mass PFAS sorbed per unit 

biochar (µg/g) at equilibrium (Equation 2.1).  

 

𝑄𝑡 = 𝑄𝑒(1 − 𝑒−𝑘1𝑡)         (2.2) 

 

Pseudo-second Order Model 
The Pseudo-second order model, an indicator of chemisorption in place of physisorption can be fitted to 

equilibrium data using equation 2.3. Here the rate is said to be exponentially related to the concentration of PFAS 

in solution and fitting suggests an excess of one reactant in solution (sorption sites). Where K2 is the sorption rate 

constant (g/(µg h)) for the second-order sorption. 

 

𝑡

𝑄𝑡
=  

1

𝐾2𝑄𝑒
2 +

𝑡

𝑄𝑒
          (2.3) 

 

Intraparticle Diffusion Model 
Intraparticle diffusion models are applied to delineate the varying stages of sorption described in the 

above passage (equation 2.4). Where the ki (µg/(kg h0.5)) is the rate constant of stage i (values 1-3, where 1 is 

film diffusion, 2 is intraparticle diffusion, and 3 is equilibrium). Ci can be obtained from the intercept of stage I, 

a constant pertaining to resistance to boundary layer mass transfer. Larger Ci values suggest thicker boundary 

layers of greater effect. A plot of Qt versus t0.5 was used to obtain this data. 

 

𝑄𝑖 =  𝐾𝑖𝑡
0.5 + 𝐶𝑖          (2.4) 
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2.3.2 Sorption Models 
 

Isotherms model the mode of sorption with reference to layers and mechanisms (Du et al. 2014). 

Langmuir and Freundlich isotherms have been commonly used to model adsorption and desorption behaviours 

for contaminants to biochars (Higgins & Luthy 2006; Rattanaoudom, Visvanathan & Boontanon 2012). The 

Langmuir isotherm assumes the formation of a monolayer and that active sites are all occupied allowing no further 

sorption to take place (Chen et al. 2012; Rattanaoudom, Visvanathan & Boontanon 2012). Contrastingly, the 

Freundlich isotherm represents multilayer sorption (Carter & Farrell 2010; Chularueangaksorn et al. 2014), and 

has been used to model the sorption of PFAS at low concentrations to activated carbon (Higgins & Luthy 2006; 

Yu & Hu 2011). BET isotherms have been suggested as applicable to PFAS, as they account for aggregation of 

sorbates (Zhao et al. 2011), however better results may be obtained through the Temkin isotherm which takes into 

account sorbate-sorbate interactions (Qu et al. 2009). Generally isotherms expressing linearity describe 

partitioning between two phases whereas non-linearity suggests the dominance of electrostatic interactions (Chen, 

X et al. 2011). However non-linear isotherms can be the product of adsorption site heterogeneity, sorbate-sorbate 

interactions and micelle formation (Carter & Farrell 2010; Higgins & Luthy 2006; Yu et al. 2009). Sorbed fraction 

at equilibrium is typically represented as Qe, and input into isotherms used in the exploration of sorption capacity 

as described below. Qe is defined as sorbed mass of sorbate, per mass of sorbent at equilibrium (Equation 2.5.  Qe 

is calculated from experimental data, where C0 is starting concentration of PFAS in solution (µg/L) and Ce is the 

remaining PFAS in solution (µg/L) at equilibrium for a given mass of sorbent m (g). The collected data is input 

into the following models. Models are employed in this manner to establish a relation between the solute sorbed on 

the surface of the biochar (per unit mass biochar) to the concentration of the solute remaining in solution.   

 

𝑄𝑒 =
(𝐶0−𝐶𝑒)𝑉

𝑚
          (2.5) 

 

Freundlich  
The Freundlich isotherm is applied to data in the form seen in equation 2.6. This model can be used to 

model sorption to non-heterogeneous surfaces as well as multilayered sorption. where Qe is the mass of solute 

sorbed per mass biochar (µg/g). Ce is the mass of solute remaining in solution per litre (µg/L), Kf is the Freundlich 

constant related to sorption affinity, and 1/n a sorption intensity constant. 1/n values between 0 and 1 are linked 

to a chemisorption process, whereas values over 1 suggests cooperative sorption.  

 

𝑄𝑒 = Kf 𝐶𝑒
1/𝑛

           (2.6) 
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Langmuir 
The Langmuir isotherm models data under the assumption that the adsorption of a single sorbate was on 

to sites upon a flat surface, where all sites are homogenous. It assumes only one molecule is sorbed per site, in a 

permanent manner and without further interaction with the solution or the surface. The model is described by 

equation 2.7, where Qm was the maximum amount of sorbate that can be sorbed per unit of biochar (µg/g). KL 

represents the Langmuir energy of adsorption (L/µg).  

 

𝑄𝑒 =
𝑄𝑚𝐾𝐿𝐶𝑒

1+ 𝐾𝐿𝐶𝑒
          (2.7) 

 

Sigmoidal Langmuir Modification 
A modified sigmoidal Langmuir models sorption to non-heterogenous surfaces with a sigmoidal point of 

inflection (Equation 2.8). The point of inflection denoting two opposing forces or mechanisms of sorption that are 

acting against each other and are solute concentration dependant. KL is the Langmuir adsorption energy constant 

which describes the strength of the sorption energy (L/g). S is a dimensionless reflection of sigmoidal behaviour. 

The model was applied in the form seen in equation 2.8. 

 

𝑄𝑒 = 𝑄𝑚𝑎𝑥
(𝐾𝐿𝐶𝑒)

1+(𝐾𝐿𝐶𝑒)+(
𝑆

𝐶𝑒
)
         (2.8) 

 

SIPS 
The Sips model combines Langmuir and the Freundlich models to model sorption to heterogenous 

surfaces at both high and low concentrations.  This occurs as the model is adaptive and performs more like 

Langmuir in higher concentration ranges and more like the Freundlich model at lower concentrations of solute. 

The model is expressed in equation 2.9, where in this case KL is the Sips isotherm constant (L/g), maximum 

adsorption capacity was reflected by Qmax (µg/g), and n is dimensionless reflection of sigmoidal behaviour. 

 

𝑄𝑒 =  
𝑄𝑚(𝐾𝐿𝐶𝑒)1/𝑛

1+(𝐾𝐿𝐶𝑒)1/𝑛           (2.9) 

 

BET 
The BET model models multilayer sorption in a format similar to the Langmuir model, however, 

incorporates Langmuir models as layers set atop of each other. This isotherm is represented by the model at 

equation 2.10. Here KBET represents the BET constant. Qm the maximum BET sorption capacity (µg/g) and Cs is 

the BET isotherm saturation constant (µg/L). 

 

𝑄𝑒 =  
𝑄𝑚𝐾𝐵𝐸𝑇(

𝐶𝑒
𝐶𝑠

)

(1−
𝐶𝑒
𝐶𝑠

){1+(𝐾𝐵𝐸𝑇−1)
𝐶𝑒
𝐶𝑠

}
                                  (2.10) 
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Toth 
The Toth isotherm is another Langmuir based modelling system, similar to BET, which represents 

multilayer sorption, with decreasing influence based on increased Th constant.  Here KTH is the Toth isotherm 

constant (µg/g) and Th a Toth exponent (µg/g). The model was applied as equation 2.11. 

 

𝑄𝑒 =  
𝑄𝑒

∞𝐶𝑒

(𝐾𝑇ℎ𝐶𝑒
𝑇ℎ)1/𝑇ℎ                     (2.11) 

 

Radke-Prausnitz 
The Radke-Prausnitz isotherm performs best at low sorbate concentration. The model is outlined in 

equation 2.12. Where P is the Radke-Prausnitz model exponent, K is the equilibrium constant and k the Radke-

Prausnitz adsorption capacity.  

 

𝑄𝑒 =  
1

(
1

𝐾𝑅𝑃𝐶𝑒
)+(

1

𝑘𝑅𝑃𝐶𝑒
1/𝑝)

                    (2.12) 

 

Redlich-Peterson 
The Redlich-Peterseon model is represented in (Equation 2.13), where KR is the Redlich-Peterson 

isotherm constant (L/g), aR is energy of adsorption constant (L/µg), and b is a dimensionless isotherm exponent 

which has a value ranging 0-1. This isotherm typically operates well across a wide range of concentrations due to 

the dependence on the concentration in solution and exponential function allowing it to model both heterogeneous 

and homogenous surfaces.  

𝑄𝑒 =  
𝐾𝑅𝐶𝑒

1+𝑎𝑅𝐶𝑒
𝑏                                     (2.13) 

 

Desorption 
Desorption is represented by equation 2.14, where desorption is calculated as a percentage (%) which 

represents the desorbed fraction in terms of the sorbed fraction Qe. Where Ce [sorp] is the concentration of PFAS in 

solution at equilibrium after sorption experiments (µg/L) and Ce [desorp] is the concentration of PFAS in solution, at 

equilibrium, after desorption experiment (µg/L). Qe is the sorbed fraction of PFAS from sorption experiments 

(µg/g). 

 

𝐷𝑒𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 =  
𝐶𝑒[𝑠𝑜𝑟𝑝]−𝐶𝑒[𝑑𝑒𝑠𝑜𝑟𝑝]

𝑄𝑒
◦ 100                   (2.14) 

 

The models outlined above were selected as they are applicable to a range of possible sorption 

mechanisms. However, it is important to note that each model makes a number of mathematical assumptions, 

these must be taken into account on a case by case basis when assessing the data derived from any model. 
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2.4 Conclusion  

In consideration of the content outlined in this chapter, it is evident a great diversity of sorbate-sorbent 

interactions are possible between biochar and PFAS. These interactions are impacted by biochar physiochemical 

characteristics, PFAS congener specific chemical characteristics and the nature of the environment in which 

sorption is taking place. While it is frequently suggested that sorption mechanisms are likely to be dominated by 

hydrophobic interactions, which result in greater sorption of longer chain PFAS molecules and better performance 

by sorbents with a greater degree of aromaticity, alternative mechanisms may be present for less hydrophobic 

shorter chain PFAS. An understanding of the broad PFAS-biochar sorption mechanisms, when applied to the 

forthcoming PFAS-biochar sorption experiments, will assist in better characterising the potential for biochar to 

be used as a sorbent for PFAS. Literature supports that biochars do exhibit many of the characteristics required to 

behave as PFAS sorbents, however the complex nature of sorption processes suggest that the suitability of any 

given biochar needs to be assessed on a case by case basis, taking into account biochar, target PFAS congener and 

environmental characteristics. Through the understanding of these requirements for effective PFAS sorption, 

biochars could be better reverse engineered for application as sustainable and purpose fit PFAS sorbents. 
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3.1 Abstract 

Biochar, the product of biomass pyrolysis, has been explored as a soil amendment and carbon capture 

vessel. Recent literature has aligned biochar as a novel sorbent for a host of environmental contaminants. Through 

the variation of pyrolysis conditions, biochars can be engineered to have qualities desirable in sorbents whilst 

maintaining their agronomic benefits.  

This study focuses on identifying the effects that feedstock type and process temperature have on biochar 

characteristics which may in turn shed light on their potential environmental applications. Using this approach, 

six biochars were created from two waste biomasses. The biochars exhibited wide ranges of pH (5.6-11.1), surface 

area (16.2-397.4 m2/g), electrical conductivity (19-2826 μS/cm), fixed carbon (72-97 %), heavy metal and 

polycyclic aromatic hydrocarbons (PAHs). Statistically significant trends (P< 0.05) in biochar characteristics 

dependent upon increasing pyrolysis temperature and feedstock type were identified. 

Arsenic (> 13 mg/kg), chromium (> 93 mg/kg), copper (> 143 mg/kg) and PAH (> 6 mg/kg) 

concentrations presented themselves as obstacles to land application in a small number of biochars with respects 

to International Biochar Initiative (IBI) guidelines. However, it was demonstrated that these could be eliminated 

through employing pyrolysis processes which encompass higher temperatures (>500 °C) and ensuring the use of 

contaminant-free feedstocks. 

The variation in surface areas, carbonized fractions and surface functional groups achieved suggest that 

using the correct feedstock and process, biochar could be produced in Victoria (Australia) from common organic 

waste streams to the ends of acting as a sorbent, soil enhancer, and a waste management strategy. 
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3.2 Introduction  

Biochar is the carbonaceous solid resulting from the thermochemical conversion of biomass in an 

oxygen-limited environment (IBI, 2011). Waste biomass is the largest and most sustainable biomass source, with 

220 billion dry tons being produced globally each year (Azargohar et al. 2013). Application of biochar to soil has 

been demonstrated to improve soil fertility by increasing cation exchange capacity (CEC), soil organic matter 

content and nutrient availability of the pre-Terra pretan soils (Glaser et al. 2000; 2001; Heitkötter and Marschner 

2015).  

Interest in biochar as a tool for carbon sequestration in soil (Lehmann 2007) soon developed into a focus 

on biochar´s agronomic potential (Liu et al. 2013). Incorporation of biochar into biocomposites has expanded 

biochars applications further into the material sciences (Das & Sarmah 2015; Das, Sarmah & Bhattacharyya 

2016). Biochar can also be used as a novel material for remediation, where contaminant sorption to biochar 

surfaces reduces bioavailability and mobility (Paz-Ferreiro et al. 2014; Srinivasan and Sarmah 2015). Biochar 

characterisation studies with respects to the effect of feedstock and temperature are imperative for adequate 

decision making in proceeding towards engineering the biochars of the future (Gascó et al. 2018; Lu et al. 2018). 

Biochar is primarily composed of stable aromatic carbon ring structures (Al-Wabel et al. 2013), that 

impart resistance to degradation by oxidants (Mitchell, Dalley & Helleur 2013) and biological decay (Al-Wabel 

et al. 2013; Freddo, Cai & Reid 2012).Its structure gives biochars an estimated residence time in temperate 

environments of up to 4000 years (Kuzkayok, Bogomolova & Glaser 2014). The recalcitrance of biochar in the 

environment varies greatly and is influenced by pyrolysis method and choice of feedstock. Biochar includes a 

diverse group of materials, with each exhibiting unique physiochemical characteristics and environmental 

lifespans (Jouiad et al. 2015; Qian et al. 2015). 

Pyrolysis temperature governs porosity of the biochar formed due to degassing of volatiles and fracturing 

through subsequent cooling and shrinkage (Das and Sarmah 2015). The number and types of surface functional 

groups present on biochar are also highly temperature dependent, due to volatility, which can result in loss or 

transformation at higher temperatures (Das and Sarmah 2015).  

Biochar produced from contaminated feedstocks is likely to be contaminated with heavy metals, or 

pesticide residues (Buss et al. 2015; Denyes et al. 2012).  Contaminants such as heavy metals are intrinsic to some 

feedstocks, such as biosolids, and are neither created nor destroyed during pyrolysis (Chen et al. 2014; Zielinska 

& Oleszczuk 2015). Through loss of volatiles from the feedstock, non-volatile heavy metals become more 

concentrated in biochar (Domene et al. 2015). Comparatively, PAHs are either native or generated during the 

pyrolysis process (Kambo & Dutta 2015; Domene et al. 2015; Lievens et al. 2015, Wang, Wang & Herath 2017). 

Heavy metals and PAHs are known toxicants to many organisms and hence could restrict the usage of derived 

biochars (Fredo, Cai & Reid 2012; Domene et al. 2015). 

Agricultural waste has been widely researched for biochar production (Zavalloni et al. 2011). Woody 

and herbaceous biomass presents advantages over other agricultural waste, as it can be harvested year-round, 

which eliminates long-term storage. In Victoria, Australia, agriculture produces annually >1.6 million dry tonnes 

of waste biomass as crop stubble, stems, kernels and grain processing residues (Victoria State Government 2012a) 

and approximately 285,000 tons of timber wastes, including sawdust (Victoria State Government 2012b), that 
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could be beneficially converted to biochar materials. The generation of biochars from these wastes could 

potentially be an important tool for managing waste biomasses in an economical and sustainable manner. 

Furthermore, The State Government of Victoria has placed emphasis on the re-use of such biomass, as opposed 

to the practice of landfilling (Victoria State Government 2012b).  

Few authors have discussed the conversion products of woody and herbaceous biomasses at different 

pyrolysis temperatures. A growing number of studies are available which have characterized biochars derived 

from various waste streams as potential waste management and reuse strategies (Cely et al. 2015; Yargicoglu et 

al. 2015). However, there exist very few studies which compare the effects of production temperature and studied 

woody and herbaceous feedstocks (Srinivasan & Sarmah 2015; Srinivasan et al. 2015) on resultant biochar 

characteristics at constant residence times. Table 3.1 contains comparative data for a small number of studies 

which have explored the characteristics to some extent for biochars derived from either pine (wood or sawdust) 

or straw. Table 3.1 demonstrates the current deficiency in biochar characterisation data for pine and straw 

feedstocks. It is also notable that there is a lack of information on trends specific to each feedstock with respects 

to the effect held by pyrolysis temperature on commonly measured parameters. Authors have noted the importance 

of such characterization studies for the optimization and designing of biochars in the future (Luo et al. 2015; Zhao 

et al. 2013). 

In this study, six biochars were produced at three pyrolysis temperatures from two waste biomasses, pine 

sawdust (a softwood waste harvested all year) and pea straw (straw produced as an agricultural waste). These 

were chosen as they are common waste streams in Victoria, and each represents a biomass of differing structure 

and composition. Biochars were studied to assess the effect production temperature and feedstock specific 

composition had on each biochars unique characteristics. To our knowledge, this is the first study that has 

characterized a broad range of parameters and compared these two feedstocks and the effects pyrolysis 

temperature has on resultant biochars with increasing pyrolysis temperature at a constant residence time. Due to 

the temperature and feedstock specific nature of biochars, this work offers an important insight in the direction of 

“engineered biochars”. 
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Table 3.1 Literature values for biochars produced from pine or pea straw like feedstocks 

Feedstock T  

(˚C) 

t  

(min) 

pH SSA 

(m2/g) 

FC  

(%) 

VM  

(%) 

Ash  

(%) 

C  

(%) 

H  

(%) 

O  

(%) 

N  

(%) 

S  

(%) 

Study and Location 

Wheat (Straw) 368 240 10.66 - - - 25.1 62.8 - -  0.83 - Alburquerque et al. (2014) 

Spain 

Pine (Woodchips) 428 228 8.38 - - - 4.4 80.0 - - 0.37 -  

Pine (Woodchips) 450 15 7.5 288 - - - 83.7 - - 0.36 - Brennan et al. (2014) 

Pine (Wood) 350 60 - 28.7 71.8 - 2.63 - - - - - Das, Sarmah & Bhattacharyya (2016) 

New Zealand 

Pine (Wood) 420 10 - 0.7 69.7 - 2.06 - - - - -  

Pine (Wood) 470 10 - 0.9 74.5 1.81  - - - - -  

Pine (Wood) 900 60 - 335.9 82.2 - 13.4 - - - - -  

Pine (Sawdust) 300 60 - 8.2 - - 4.58 55.3 5.50 39.0 0.07 0.13 Luo et al. (2015) 

China 

Pine (Sawdust) 500 60 - 68.4 - - 6.91 76.0 3.54 19.8 0.15 0.47  

Pine (woodchips) 450 15 7.5 - - - 1.8 85.2 2.78 - 0.37 - Moreno-Jiménez et al. (2018) 

Germany 

Pine (Sawdust) 680 10 9.7 795 - - 1.01 90.9 1.31 0.11 6.1 - Srinivasan et al. (2015) 

New Zealand 

Wheat (Straw) 500 240 10.2 33.2 63.7 17.6 18 62.9 - - - - Zhao et al. (2013) 

China 

Pine (Sawdust) 500 240 10.5 203 72.0 17.5 9.94 75.8 - - - -  
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3.3. Materials and Methods 

 

3.3.1 Raw material selection 
 

Six biochars were prepared using pine sawdust and pea straw as feedstocks. Sawdust was obtained from 

pine (Pinus radiata), grown in several plantations ranging between Eurobin (Victoria- 36°38'18.9"S 

146°51'06.2"E) to Tumut (New South Wales, Australia - 35°18'58.6"S 148°13'51.7"E) plantations. Pea straw 

(Pisum sativum) was acquired from a wholesaler (Peninsula Hay) situated in the Mornington region of South East 

Victoria (38°24'12.9"S 144°58'34.6"E). In this region the pea plant is used to fix nitrogen in pastures and later 

harvested for use as feed or mulch.  

3.3.2 Pyrolysis of raw materials 
 

Biochar was produced by tightly packing 400 g of a single feedstock into a 1 L internal volume (Radius 

- 7 cm; Height – 6.5 cm) stainless steel cylindrical vessel with a spring clamped lid which exerted a small 

downward force strong enough to prevent atmospheric exchange yet still allow evolved gases to escape under 

positive pressure. No inert gases were employed as oxygen was prevented from entering the vessel by the lid, any 

remaining oxygen existing in the vessel was either exhausted during heating or expelled through expansion during 

the temperature ramping process. Therefore, inside the vessel was considered an oxygen limited environment. 

The vessels were then placed in a furnace and the temperature ramped at 8.3°C/min to a respective 350 °C, 500 

°C or 750 °C, followed by a 1-hour dwell time. These temperatures were selected as a gradient and are spread 

across the upper and lower as well as median thresholds for slow pyrolysis. After pyrolysis, each vessel was placed 

in the draft of a fume hood to allow an hour to cool before opening, to prevent ignition. The above process was 

carried out four times. All biochars were passed through a 1 mm sieve, homogenized and stored in polypropylene 

containers under standard lab conditions until analysis. Biochars were coded P (Pine Sawdust) and S (Pea Straw), 

and temperature groups (P350, P500, P750, S350, S500 and S750). 

 

3.3.3 Characterization of Biochars  
 

Chemical and Physical Characterisation 

 
Yield of the biochar was expressed as the percentage of biochar produced after pyrolysis relative to the 

initial mass of feedstock. Bulk density was calculated using the mass of biochar that could be packed into a 20 

mL stainless steel cylinder with minimal compression (EBC 2012). Proximate analysis was undertaken as per 

ASTM 1762-84:2013, however premature combustion of samples resulted in volatile matter (VM) requiring an 

alternate method. VM was measured using a Perkin Elmer Simultaneous Thermal Analyzer (STA) 6000, where 5 
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mg of sample was heated to 600°C at a rate of 30 °C/min, in a nitrogen environment. Mass loss between 105 °C 

and 600 °C was considered the VM fraction. Fixed carbon (FC) was calculated as the remaining mass percentage 

after measured VM, ash and moisture percentages had been subtracted from the total mass.  

Biochar pH and electrical conductivity (EC) were determined by preparing a 1:2 biochar:deionised water 

slurry (20 g biochar to 40 mL of water) then pH and EC determined in  accordance with US EPA 9045 (2004). 

The alternate solid: liquid ratio was used to ensure wetting of entire biochar sample. 

Surface area analysis was undertaken by N2 adsorption at 77 K using a Micromeritic ASAP 2400. 

Triplicate 10 mg samples were degassed at 100°C for 8 hours under low vacuum. Following no mass change after 

degassing, samples were degassed a further 12 hours under high vacuum at 200 °C and was repeated until no mass 

change was evident. Biochars were fitted to a BET sorption isotherm to determine surface area.  

A FEI Quanta 200 Scanning Electron Microscope (SEM) was used to examine surface morphology of 

biochars under low vacuum at 25 kV accelerating voltage, spot size of 6 nm, and at magnifications ranging 200 – 

1600x with a set working distance of 10.5.  

Fourier Transform Infrared Spectroscopy (FTIR) analysis was carried out on a Perkin Elmer Spectrum 

100 with single diamond/ZnSe attenuated total reflectance (ATR) module and pressure arm, as to delineate the 

dominant functional groups unique to each biochar. 

Cation Exchange Capacity (CEC) was measured saturating the sample with a 0.5 M barium chloride 

solution then displacing the sorbed Ba2+ with a 1.0 M ammonium acetate solution (Mitchell et al. 2015). This 

extraction was employed to determine the sum of all cations (Mitchell et al. 2015) using inductively coupled 

plasma-optical emission spectrometry (ICP-OES).   

Ultimate analysis was undertaken in accordance with ISO 29541:2010E and ISO 19579:2006-10E. 

Oxygen content was calculated using ultimate analysis data by subtracting the sum of ash, carbon, nitrogen and 

hydrogen as a percentage from 100 % (Enders and Lehmann 2012). Biochar thermal stability was calculated as 

the percentage between fixed carbon divided by the sum of fixed carbon and VM. This calculated index value 

estimates the degree of thermal stability of each biochar, where values closer to one suggest a more stable biochar 

than those closer to zero (Alburquerque et al. 2013; Chen et al. 2014). 

Contaminant Analysis 

 
Heavy metals (Cd, Cr, Cu, Pb, Hg, Ni, Zn), metalloid As and PAHs were analysed at an external certified 

commercial laboratory. Pseudo-total heavy metal analysis was undertaken using an adaptation of USEPA Method 

3050B (1996), whereby heavy metals were extracted by refluxing of 0.1 g biochar samples in concentrated trace 

metals grade HNO3 and analysed by AAS and ICP-MS.  

Sixteen priority USEPA PAHs, 7,12-Dimethylbenz(a)anthracene and 3-Methylcholanthrene were 

determined by ultrasonic extraction of samples which were quantified by gas chromatography–mass spectrometry 

(GC/MS) in accordance with US EPA Method 8270D (1998). The values of heavy metals and PAHs were 

compared with the limits stipulated in the Standardized Product Definition and Product testing Guidelines For 

Biochar That is Used In Soil (IBI 2013). 
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3.3.4 Statistics 

 
Descriptive statistics, Two-way factorial ANOVA and Pearson Correlation were carried out on IBM’s 

SPSS Statistics 22 package. Two- way ANOVA was the key tool in verifying significant trends between biochar 

parameters governed by pyrolysis temperature and differences between feedstock type. Univariate factorial 

analysis allowed the identification of the main effect responsible for any trends observed, differentiated as 

temperature, feedstock or interaction. Significant results are displayed in the format (F1, 6= X, p<0.05), where the 

p value is alongside the F value. F-crit values can be ascertained using F tables and the subscript numbers, the 

first being the degrees of freedom followed by the number of sample groups for that parameter. Pearson 

Correlation results are displayed as follows (R= X, n= X, p= X), where R is the correlation factor, n denotes the 

number of groups of samples sampled and the last figure corresponds to the p value.  

 

3.4 Results and Discussion 

3.4.1 Chemical and physical characterisation 
 

Temperature was found to be the main effect influencing yield (F2, 18 = 12.1, p<0.05), with yields 

decreasing at higher pyrolysis temperatures for both, straw and pine feedstocks. Straw exhibited greater yields 

than pine at both 500 °C and 750 °C (25 % and 23 % compared to 21 % and 20 % respectively), while at 350 °C 

pine (34 %) produced a higher yield than straw (29 %). This is likely due to the interplay of temperature and the 

two feedstocks, which differ in water, lignin, cellulose and hemicellulose composition. Feedstock and temperature 

have been identified as the most influential parameters in the decomposition of woody and herbaceous biomasses 

to produce biochar (Zhao et al. 2013; Benavente et al. 2018). This is due to the variation in each feedstock with 

respect to their content of the biopolymers; hemicellulose, cellulose and lignin, all of which degrade at different 

temperature ranges (Qian et al. 2015; Kambo & Dutta 2015; Yeo et al. 2017). Comparatively the rigid structure 

required by trees results in a higher proportion of lignin in softwoods than in herbaceous grasses, while grasses 

are more cellulosic (Das and Sarmah 2015; Azargohar et al. 2013). Hemicellulose is the easiest degraded of the 

three major components, with complete degradation starting at 330°C (Yeo et al. 2017; Buss et al. 2015). The 

greatest proportion of cellulose degradation occurs at temperatures above 427°C, though degradation can begin at 

lower temperatures, generating much volatile matter as carbon-oxygen and carbon-hydrogen bonds are broken 

(Buss et al. 2015). Lignin is the most recalcitrant of these three major components, with complete degradation 

evident only after temperatures exceeding 607°C. This is due to lignin’s structure consisting of multiple ether 

linkages and functional groups such as hydroxyl and methoxy (Yeo et al 2017).  

A difference in surface morphology was observed using SEM in the form of cellular structure between 

the feedstocks, as well as, increased fracturing of structure with increased pyrolysis temperature (Figure 3.1). The 

cells seen in pine biochars were longer and more cylindrical than the short cuboid cells noted in straw based 

biochars, and the pores visible on the surface of all biochars were similar to those reported in previous literature 

(Shaaban et al. 2014). 
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Figure 3.1 SEM Image of biochar surfaces derived from pine pyrolyzed at 350 ˚C, 500 ˚C and 750 ˚C (A, B and 

C, respectively) and straw pyrolyzed at 350 ˚C, 500 ˚C and 750 ˚C (D, E and F, respectively). All images 

obtained at 400x magnification. 

Bulk density was similar across feedstocks, ranging between 0.12 – 0.17 g/cm3. Pine at 350 °C had the 

lowest bulk density, however at 750 °C both biochar types were matched in density (Table 3.2). This would have 

implications when biochars are used as soil conditioner. Thus, bulk density is of utmost importance to rainfall 

infiltration. Moreover, a decrease in bulk density would have ramifications, increasing soil porosity and soil 

aeration, and, potentially leading to a positive effect on microbial respiration. 

Surface area increased in both feedstock types with higher pyrolysis temperature and large surface area 

differences were observed between feedstock types (Table 3.2). Feedstock (F1, 11= 529.0, p<0.05), temperature 

(F2, 11= 471.6, p<0.05) and their interactions (F2, 11= 132.5, p<0.05) were significant factors with respects to 

biochar surface area and this is consistent with similar studies, carried out in other lignocellulosic wastes (Das & 

Sarmah, 2015). Pine biochars had higher surface areas than straw biochars in the 500 °C (278.0 ± 4. cm2/g) and 

750 °C (397.3 ± 4.1 cm2/g) experiments, however the depressed values at 350 °C (16.3 ± 5.2 cm2/g) were 

suggested to be due to the lower temperatures resulting in the underdevelopment of pores (Abdel-Fattah et al., 

2015) and clogging of pores with tars which could not volatilize (Das & Sarmah 2015). These results fit within 

the range expressed by in Table 3.2 for surface area. 

Moisture levels ranged between 1.5 and 4.0 % in biochars produced, an increase in moisture was observed 

with higher pyrolysis temperature (Table 3.2). Temperature and feedstock were each found to hold significant 

effects over biochar moisture levels (F1, 6= 9.6, p<0.05 and F1 ,6= 169.4, p<0.05, respectively). Biochars prepared 

A B C 

D E F 
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at 750 °C had the highest moisture levels, particularly P750, it is suggested that this is absorbed from the 

atmosphere due to the higher surface area of the material.  

Temperature was found to be a main effect for VM content (F2, 6= 42.9, p<0.05), decreasing from 350 

°C biochars to 750 °C biochars (Table 3.2). This is consistent with other studies (Table 3.1) as VM loss occurs as 

outgassing volatiles (Al-Wabel et al. 2013). Feedstock was also identified as a main effect (F1, 6= 31.4, p<0.05), 

exhibiting higher average VM in straw biochars than pine biochars. An interaction for both factors was present 

F2, 6= 8.3, p<0.05 suggesting an interplay between these two factors. Volatile matter is of importance to explain 

the microbial and plant responses following biochar addition to the soil, although this is a poorly understood 

interaction, due to the large amount of individual volatile compounds present in biochars (Spokas et al. 2011). 

For ash, feedstock was determined to be a main effect (F1, 6= 219.7, p<0.05), such that ash content was 

significantly higher in straw biochar than pine. Ash fractions increased with higher temperature (Table 3.2), which 

was demonstrated to be a main effect by univariate factorial ANOVA (F2, 6= 6.6, p<0.05). This demonstrates 

temperature’s role in forming the ash fraction, compared to feedstocks role in defining the fraction available for 

maximum ash formation. Further, a statistically significant interaction between feedstock and temperature was 

found (F2, 6= 5.3, p<0.05). Ash represents the largely inorganic fraction that cannot be volatized or degraded by 

combustion, including potassium (K), calcium (Ca) magnesium (Mg), carbonates and heavy metals (Hmid et al., 

2014). Ash compounds hinder the formation of aromatic structures that contribute greatly to fixed carbon content. 

Fixed carbon was found to be higher in pine biochars than in straw biochars (Table 3.2). Feedstock was 

found to be the main effect for this difference in fixed carbon between biochars (F1, 2= 36.9, p<0.05) and is 

supported by literature (Zhao et al. 2013). FC values were slightly higher than those seen in literature (Table 3.2).  

Fixed carbon values were in agreement with those of the thermostability index. In general, higher values 

of these would be indicative of a longer residence time of biochar in soil. 

Thermal stability increased with pyrolysis temperature for all biochars, lower thermal stability was noted 

for straw biochars (Table 3.2). This suggests that pine biochars will be more recalcitrant in the environment than 

straw biochars (Das, Sarmah and Bhattacharyya 2016). 

A reduction in oxygen and hydrogen containing functional groups, primarily carbonyl (1690-1700 cm-1) 

and carboxyl groups (1690-1760 and 1210-1320 cm-1) between 350 °C and 500 °C, was observed through FTIR 

(Figures 3.2 and 3.3). In both feedstock types, FTIR suggests that at 750 °C biochars are namely comprised of C-

C bonds and that most of the other functional groups and volatile components had been lost, this is similar to 

trends expressed in by results found for other biochars produced from woody feedstocks (Alburquerque et al. 

2013; Abdel-Fattah et al. 2015). In all biochars, H and O values were comparable to literature, though slightly 

lower values (Table 3.2). Hydrogen content decreased with higher pyrolysis temperature and a difference was 

observed between feedstocks, with hydrogen in straw derived biochars being lower than in pine biochars (Table 

3.2). Both feedstock and temperature significantly influenced hydrogen content (F2, 2= 250.4, p<0.05 and F1, 2= 

22.9, p<0.05 respectively).  
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Table 3.2 Summary of characteristics determined for biochars produced in study 

Biochar P350 P500 P750 S350 S500 S750 

       

Biochar Physiochemical Characteristics 

Surface Area (m2/g) 16.2 ±5.2A,c 278.0  ±4.7A,b 397.4 ±4.1A,a 22.2 ±3.6B,c 46.7  ±8.9B,b 157.7  ±4.2B,a 

Moisture (%) 1.54 ±0.01A,c 1.73 ±0.13A,b 3.29 ±0.06A,a 1.72 ±0.01B,b 1.76  ±0.03A,b 4.01 ±0.04B,a 

Volatile Matter (%) 15.29 ±0.59A,a 4.28 ±0.16B,b 2.88 ±0.08B,c 16.23 ±1.15A,a 14.49  ±0.42A,a 7.50 ±0.32A,b 

Ash (%) 1.16 ±0.01B,b 1.88 ±0.01B,a 1.92 ±0.06B,a 15.24 ±0.17A,b 16.21  ±1.67bA,b 23.95 ±0.29A,a 

Fixed Carbon (%) 82.01 ±2.02A,b 92.11 ±1.97A,a 91.91 ±3.07A,a 66.81 ±3.18B,a 67.54 ±2.84B,a 64.54 ±2.98B,b 

Bulk Density (g/cm3) 0.12 ±0.01B,c 0.15 ±0.01A,b 0.17 ±0.02A,a 0.15 ±0.01A,c 0.16 ±0.01A,b 0.17 ±0.02A,a 

Thermal Stability 0.84 ±0.10A,c 0.96 ±0.04A,b 0.97 ±0.04A,a 0.81 ±0.16A,b 0.82 ±0.08B,b 0.90 ±0.05B,a 

       

Biochar Ultimate Analysis 

Carbon (%) 75.6 ±2.1A,c 88.0 ±1.3A,b 93.8 ±0.9A,a 61.3 ±2.7B,b 64.4 ±2.5B,a 63.9 ±2.7B,a 

Sulphur (%) 0.07 ±0.01B,a 0.07 ±0.01B,a 0.08 ±0.01B,a 0.27 ±0.02A,a 0.27 ±0.02A,a 0.21 ±0.01A,b 

Nitrogen (%) 0.25 ±0.01B,c 0.41 ±0.03B,b 0.56 ±0.01B,a 1.08 ±0.11A,a 1.11 ±0.09A,a 0.95 ±0.13A,a 

Hydrogen (%) 4.73 ±0.27A,a 3.08 ±0.15A,b 1.07 ±0.18A,c 3.89 ±0.14B,a 2.52 ±0.12B,b 0.66 ±0.07B,c 

Oxygen (%) 18.26 ±2.12A,a 6.63 ±1.31B,b 2.65 ±0.92B,c 18.50 ±2.71A,a 15.76 ±3.01A,b 10.54 ±2.72A,c 

Inorganic (%) 1.09 ±0.08A,b 1.81 ±0.11A,a 1.84 ±0.09A,a 14.96 ±0.79B,c 15.94 ±2.18B,b 23.74 ±2.24B,a 

H:C 0.06 ±0.01A,a 0.04 ±0.01A,b 0.01 ±0.01A,c 0.06 ±0.01A,a 0.04 ±0.01A,b 0.01 ±0.01A,c 

C:N 302.40 ±121.10A,a 214.63 ±90.71A,b 167.50 ±29.96A,c 56.76 ±17.49 B,a 58.02 ±15.75B,a 67.26 ±25.59B,b 

O:C 0.24 ±0.12B,a 0.08 ±0.01B,b 0.03 ±0.01B,c 0.30 ±0.03A,a 0.24 ±0.03A,b 0.17 ±0.03A,c 

 

Statistically significant relationships (P<0.05) are denoted in table by capital letters (A, B) for feedstock and lowercase letters (a,b,c) for temperature. Values are presented as 

mean ± standard deviation. 
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Figure 3.2 Composite FTIR spectra of biochars produced from straw at 350 °C, 500 °C and 750 °C. 

 

Figure 3.3 Composite FTIR spectra of biochars produced from pine at 350 °C, 500 °C and 750 °C. 
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Nitrogen was not affected by higher pyrolysis temperature in straw biochars, however N increased with 

pyrolysis temperature for pine biochars (Table 3.2). Feedstock was the main factor affecting nitrogen content (F1, 

2= 24.0, p<0.05). Similarly, feedstock was the main factor influencing percentage sulphur remaining in biochars 

(F1, 2= 57.3, p<0.05). Sulphur and nitrogen values for all biochars compared well to literature values seen in Table 

3.1.  

H:C ratio is a measure often used to discern the degree of aromatization in biochars as increases in carbon 

are inversely related to hydrogen through polymerization, dehydration and volatization. In these experiments H:C 

decreased in both biochar types with higher pyrolysis temperature, highlighting temperature as a main effect (F2, 

2= 393.1, p<0.05) and suggesting an increase in aromatization (Table 3.2). The loss of H is indicative of water 

and surface acid functional group loss, such as hydroxyl (OH) and carboxyl (COOH) through volatilization. 

Higher pyrolysis temperatures results in a greater loss of VM, oxygen and hydrogen as due to depolymerisation 

of biopolymers and the carbonisation of the feedstock to a more recalcitrant form through decarboxylation, 

dehydration, de-carbonylation, de-methylation, condensation and aromatisation reactions (Das & Sarmah 2015; 

Heitkötter et al. 2015). 

Inverse relationships were observed between moisture and H:C (R= -0.912, n= 6, p= 0.006); bulk density 

and H:C (R= -0.827, n= 6, p= 0.021); and bulk density and yield (R= -0.851, n= 6, p= 0.016) . The relationships 

between bulk density, yield, and H:C can all be understood through mass loss. Hydrogen is lost through 

dehydration while percentage carbon content increases through condensation and graphitization, affecting H:C. 

Yield decreases in proportion to H:C via mass loss, whereas bulk density increases due to the formation of graphite 

like structures. These are temperature dependent relationships, though the initial feedstock does play a major role 

in their resilience to thermal degradation. It is intuitive that moisture levels decrease from feedstock to biochar 

through the loss of water as steam due to the elevated temperatures used in pyrolysis. However, the increase in 

moisture in finished biochars as a function of temperature is surmised to be due to the hygroscopic effect exerted 

by their high surface area. This is further supported by the correlations seen in BET surface area relating in a 

negative manner to yield (R= -0.824, n= 6, p= 0.022), O: C (R= -0.976, n= 6, p< 0.001) and VM (R= -0.964, n= 

6, p= 0.001), all of which are characteristics which decrease with higher pyrolysis temperature. This relationship 

highlights the impact outgassing of VM has in the formation of pores and hence a higher surface area (Das & 

Sarmah 2015).  

Electrical conductivity (EC) and pH increased with higher pyrolysis temperature in all cases. Both pH 

and EC were found to be higher in straw biochars than in pine biochars (Figure 3.4). Temperature (pH: F2, 6 = 

1706.8, p<0.05; and EC: F2, 6= 179.5, p<0.05), feedstock (pH: F1, 6 = 4621.7, p<0.05; and EC: F1, 6= 279.4, p<0.05) 

and their  interactions (pH: F2, 6 = 73.5, p<0.05; and EC: F2, 6= 103.0, p<0.05) were found to play a significant role 

in pH and EC values. This suggests the differences within feedstock groups were due to pyrolysis temperature, 

the different values across temperature groups were due to feedstock and the extent of the difference was due to 

the interaction of these two factors. Increases in EC are the result of a gain in the number of ions present through 

the increase in ash fraction (Alburquerque et al. 2013). Similarly, it is well-established that increasing pyrolysis 

temperature tends to favour the alkalinity of biochars (Yuan et al. 2011). This is partly due to an increase in 

inorganic carbonates (Yuan et al. 2011).   
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Figure 3.4 pH, EC and CEC of biochars, compared between feedstocks (Pine and Straw) and pyrolysis 

temperatures (350, 500 and 750°C). 

 

CEC denotes the ability of biochar to bind cations (Hmid et al., 2014), and was found to increase with 

higher pyrolysis temperatures and was higher in straw derived biochars (Figure 3.4). Feedstock was the main 

factor influencing the differences between biochars (F1, 2= 115.9, p<0.05).  

Strong positive Pearson correlations were observed between pH, ash, and CEC creating a grouping of 

correlated parameters (p < 0.05). These correlations were in line with expected increases caused by pyrolysis 

temperature and therefore increased ash content, which result in increased pH through the concentration of ions 

such as K, Ca, Mg and carbonates (Kuzyakov et al., 2014, Heitkötter and Marschner, 2015). These increases in 

pH elevated the biochars´ CEC as this parameter is pH dependent (Abdel-Fattah et al., 2015). In addition, 

significant positive correlations regarding sulphur (R= 0.858, n= 6, p=0.014) and nitrogen (R= 0.868, N=6, 

p=0.013) with ash were obtained.  

 

3.4.2 Contaminant analysis  

 
Six of the eight heavy metals tested were detected in the biochars, with mercury and cadmium being 

below the limit of quantitation (<LQ) (2mg/kg) in all samples (Table 3.3). Lead, nickel and zinc were found to be 

below IBI guidelines in all biochars as illustrated by (Table 3.3). Similarly, arsenic, chromium and copper were 

below guideline levels in biochars produced from straw feedstocks.  

Biochars produced from pine had elevated levels of arsenic, copper and chromium that were 1-2 orders 

of magnitude above IBI limits in all pine biochars excepting chromium at 750 °C. The presence of these three 

heavy metals at elevated concentrations was due to raw pine being milled alongside treated pine, in turn 

contaminating the feedstock with chromated copper arsenate. Chromated copper arsenate is the most commonly 

used wood preservative and treated woods typically contain chromium, copper and arsenic concentrations within 

the range 2.6–9.8 mg g-1, 5.3–19.0 mg g-1 and 5.2–16.3 mg g-1 respectively (Jones & Quilliam 2014). It is likely, 

in Victoria and elsewhere, that timber from construction waste or wood sourced from forests, would have 

significant concentrations of chromated copper arsenate, which would impact the quality of the biochar. If these 

heavy metals are allowed to enter into the environment, through biochar application, their excessive availability 

could have detrimental toxic effects on local wildlife or crops (Alburquerque et al. 2013; Freddo, Cai & Reid 
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2012). Typically, metals measured and detected increase in concentration with higher pyrolysis temperature as 

found in previous work (Benavente et al., 2018). However, there are exceptions. It is likely that arsenic could be 

lost as volatile arsenic trioxide (As2O3) during pyrolysis (Jones and Quilliam 2014; Helsen and van den Bulck 

2000) as it has been demonstrated that 15 – 24% of arsenic concentration can be lost during incineration at 400 – 

800 °C (Yan et al. 2008). While it is possible for a fraction of arsenic to be liberated as the volatile arsenic trioxide 

in the presence of oxygen, it does not account for the magnitude of arsenic loss seen in this study within an oxygen 

limited environment at high temperature. A dissimilar trend with temperature was found for copper and chromate 

concentrations in pine and straw biochars. This result could be due to differences in the partition of heavy metals 

between the biochar and the tar.  Differences in the molecular structure of the feedstocks and how contaminants 

are distributed in the matrix could have contributed to these results (Farrell, Rangott and Krull 2013). Further, it 

has been demonstrated that with respects to total heavy metals the result can be dependent on the extraction 

method (Enders and Lehmann 2012). Hence the term pseudo-total heavy metals must be applied, as this designates 

that it is the maximum that can be extracted for the method used, which is often determined by availability of lab 

equipment and access to materials and reagents (Beesley, Moreno-Jiménez & Gómez-Eyles 2010). In this study 

the remainder of the heavy metals tended to be higher in concentration in straw derived biochars than in pine. 

Levels for Zn were comparable to those seen for similar feedstocks for both straw and pine biochars, the same is 

true of Pb in pine biochars (Srinivasan & Sarmah 2015; Zhao et al. 2013), demonstrating the small pool of 

analogue studies from which to draw literature comparisons in this area. In Australia or in the state of Victoria, 

there are currently no specific biochar application guidelines and it is necessary to rely on IBI guidelines for heavy 

metal limits (Table 3.3). Using these criteria all straw biochars qualify as soil enhancers and all pine biochars 

would be unsuitable for land application due to elevated arsenic concentrations (IBI 2013). It has been 

demonstrated that elevated levels of arsenic, chromium and copper have a negligible effect on the determination 

of other parameters such as EC and pH (Jones & Quilliam 2014). Elevated metals should not interfere with 

ultimate analysis, proximate analysis or surface area determination. 

The sixteen USEPA PAHs measured in the study were below the limit of detection (0.5 mg/kg) in most 

biochars with the exceptions being S500 and P350. S500 was found to contain a single PAH, 1.2 mg/kg 

naphthalene. Comparatively, P350 contained a total of 6 PAHs (Table 3.4), with 7,12-dimethylbenz(a)anthracene 

concentration dominating at 35.0 mg/kg. Out of the 6 biochars created, the PAH level in one biochar (P350) is 

above the suggested IBI PAH limit (6 mg/kg) (IBI 2014). PAHs are generated during biochar production through 

incomplete combustion of biomass. PAH concentration in biochars is feedstock-dependent (Wang et al. 2017). 

Naphtalene is usually the major hazardous PAH (Wang et al. 2017). In agreement with our results, it is well 

documented that PAH concentration in biochars diminishes with the temperature of pyrolysis (Wang et al. 2018). 

Oleszczuk, Jośko and Kuśmierz (2013) demonstrated that in environmentally relevant applications to soil (10% 

rate of addition), biochar´s PAH content could inhibit root growth for Lepidium sativum up to 92% compared to 

controls. Root growth inhibition started at concentrations of 5 %. Further a significant relationship was established 

between total PAHs, leached from biochars using water, and the mortality of a test planktonic crustacean (Daphnia 

magna). These demonstrate the threat biochars containing PAHs could pose to the environment and agricultural 

lands if application rates appropriate to each biochar are not determined. 
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Table 3.3 Heavy Metal concentrations detected in biochars (mg/kg) 

Biochar P350 P500 P750 S350 S500 S750 IBI Limits 

Arsenic 1400 ±88a 410 ±17b 190 ±19c <LQ <LQ <LQ 13 - 100 

Cadmium <LQ <LQ <LQ <LQ <LQ <LQ 1.4 - 39 

Chromium 1400 ±21A,a 180 ±19A,b 13 ±3A,c 2 ±1B,c 3 ±1B,b 13 ±2A,a 93 - 1200 

Copper 900 ±14A,a 880 ±17A,a 650 ±17A,b 15 ±2B,c 20 ±2B,b 85 ±6B,a 143 - 6000 

Lead 2 ±1A,a 2 ±1A,a 2 ±1B,a 5 ±1A,b 3 ±1A,b 26 ±7A,a 121 -300 

Mercury <LQ <LQ <LQ <LQ <LQ <LQ 1 - 17 

Nickel <LQ <LQ <LQ <LQ 2 ±1a 5 ±1b 47 - 420 

Zinc 11 ±1A,a 10 ±1A,a 13 ±1A,a 39 ±1B,c 29 ±2B,b 120 ±5B,a 416 - 7400 

IBI Guidelines heavy metals in biochars are presented as an interval as per the original source, due to the 
different soil tolerance level for these elements in regulatory bodies in the US, Canada, EU and Australia. <LQ 
represents data points at which all samples were below the limit of quantification reporting value (2 mg/kg). 
Statistically significant relationships (P<0.05) are denoted by capital letters (A, B) for feedstock and lowercase 
letters (a, b, c) for temperature. Values are presented as average values ± standard deviation. 

 

Table 3.4 PAHs concentration in biochars (mg/kg)   

Biochar P350 P500 P750 S350 S500 S750 

Benzo(k)Fluoranthene  0.9 <LQ <LQ <LQ <LQ <LQ 

7,12- Dimethylbenz(a)anthracene  35.0 <LQ <LQ <LQ <LQ <LQ 

Fluoranthene  0.9 <LQ <LQ <LQ <LQ <LQ 

Naphthalene  0.6 <LQ <LQ <LQ 1.2 <LQ 

Phenanthalene  0.6 <LQ <LQ <LQ <LQ <LQ 

Data only displayed for PAHs with values above detection limit in at least one biochar. IBI Guideline maximum 

accumulative USEPA 16 PAH concentration 6 mg/kg. “<LQ” represents data points at which all samples were 

below the limit of quantification (<0.2 mg/kg) 
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3.5 Conclusion 

Six biochars of varying physiochemical properties were successfully engineered through slow pyrolysis 

at three selected temperatures, using waste feedstocks common in Victoria, Australia. It was found that both 

temperature and feedstock type were influential on the types of biochars created from selected biomasses and 

could in turn determine their suitability for environmental application. 

All straw biochars created were compliant with IBI guidelines, with respects to contaminant burden. Pine 

biochars contained excessive levels of arsenic, chromium and copper due to contamination with a common wood 

treating agent, chromated copper arsenate. Low temperature pine biochar (350 °C) contained a number of PAHs 

exceeding both accumulative and individual limits, rendering them unsuited to land application; however PAHs 

could be eliminated by employing higher pyrolysis temperatures.  

A range of different biochars with varying carbonized fractions, surface areas and functional groups were 

produced. The biochars created generally exhibited characteristics favourable for soil enhancement, such as 

elevated fixed carbon, CEC, pH and low bulk density. Our results can assist in decision making for biochars which 

could be engineered from pine sawdust and straw waste biomasses for specific environmental amelioration 

purposes, while aiding in reducing the amount of biomass reaching landfill and reducing carbon emissions.  
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4.1 Introduction 
 

Per- and polyfluoroalkyl substances (PFAS) are a group of man-made chemicals attracting significant 

global attention due to evidence that PFAS are ubiquitous global environmental contaminants, environmental 

persistent, mobile, can bioaccumulate and are toxic. Consequently, increasing emphasis is placed on the 

immobilisation and removal of PFAS from contaminated environmental matrices such as: potable water, surface 

water, groundwater, wastewater, sediments and soils (Cao et al. 2019; Dauchy et al. 2017; Hepburn et al. 2019). 

To achieve this, development of PFAS sorbents such as powdered activated carbons, modified activated carbons, 

biochars, resins and nanomaterials for PFAS removal from various environmental matrices is increasingly 

undertaken (Du et al. 2014).  

Sorption studies are used to observe the interaction of sorbent and sorbate. There are two key limitations 

when undertaking sorption experiments for PFAS that are (1) the experimental protocol and (2) analytical 

techniques. The current batch sorption methods approached recommended by OECD Guideline 106 (OECD 2000) 

are problematic, firstly, due to large sample numbers and PFAS specific laboratory difficulties, including near 

ubiquitous background PFAS contamination. Secondly, PFAS analytical techniques currently require solid-phase 

extraction (SPE) to be employed which is slow and expensive, prior to instrumental analysis with liquid 

chromatography-mass spectrometry (LC-MS). Both factors combine to make generation of PFAS sorption data 

difficult in a timely and cost-effective manner. As a result, a suitable alternative approach is needed to mitigate 

the drawbacks of current methodologies whilst catering for the high sample throughput required by benchtop trials 

characterising the sorption behaviour of PFAS – sorbent pairings.  

The method outlined addresses the testing of sorbents capacity for PFAS sorption in an aqueous matrix, 

adaptable to several potential experimental conditions, in a fast and cost-effective manner. This was achieved by 

modifying commonly applied sorption and analytical methods (Du et al. 2014; Hepburn et al. 2019) and coupling 

these approaches with a high throughput LC-MS direct aqueous injection method. 

 

 

4.2 Method 
 

4.2.1 Chemicals and Reagents 
 

EMD Millipore Hyper-grade LiChrosolv methanol (MeOH) was used as the mobile phase in LC-MS 

analysis, for the reconstitution of all samples in 10% MeOH and for washing pipette tips when preparing 

calibration standards. EMD Millipore LC-MS grade MeOH employed in sample preparation and triplicate wash 

of all polypropylene bottles or equipment used in experiments. All solvents were tested for PFAS content by LC-

MS prior to use. Additionally, Milli-Q water (Ultrapure Millipore Synergy UV Milli-Q water system) was utilised 

and confirmed to be PFAS-free.  



 

65 
 

Native PFAS standards were acquired from Sigma Aldrich (Australia). These included Perflurorbutanoic 

acid (PFBA), Perfluorohexanoic acid (PFHxA), Perfluorooctanoic acid (PFOA), Perfluorobutanesulfonic acid 

(PFBS), Perfluorohexanesulfonic acid (PFHxS), and Perfluorooctanesulfonic acid (PFOS). 13C labelled standards 

for the above PFAS were obtained from Wellington Laboratories Inc. with the following labels PFBA (M3), 

PFHxA (M2), PFOA (M2), PFOA (M8), PFBS (M3), PFHxS (M3), PFOS (M4), PFOS (M8), where M denotes 

the labelled carbon number. 

 

4.2.2 “PFAS Clean” Preparation of Solvents, Stocks and Standards  

 

Pipette Tip Wash 

 

Pipette tips were a known source of PFAS contamination in previous laboratory experiments. Therefore, 

all pipette tips were tested and confirmed to be PFAS-free prior to commencing experimental work. Furthermore, 

pipette tips used in experiments were washed using a two step-sequence to prevent the carryover of PFAS, or 

leaching of PFAS impregnated within the pipette material, into samples. Pipette tips were rinsed with MeOH three 

times followed by a further rinse with 10% MeOH Milli-Q water solution.  

 

Calibration Standard and Spiking Solution Preparation 

Calibration standards were prepared in Agilent Technologies 1 mL Polypropylene snap lid GC vial by 

serial dilution using all six native PFAS standards in a 10% by volume MeOH milli-Q water solution. Calibration 

standards ranged from 0.01 to 10 µg/L and included a constant concentration of 1 µg/L carbon labelled standards 

as PFBA (M3), PFHxA (M2), PFOA (M2), PFBS (M3), PFHxS (M3), and PFOS (M4).  

A 10 µg/L Carbon labelled PFAS solution was prepared in a 50 mL polypropylene centrifuge tube using 

hypergrade MeOH and PFBA (M3), PFHxA (M2), PFOA (M2), PFBS (M3), PFHxS (M3), and PFOS (M4) 

carbon labelled standards. This solution was used for addition of surrogates to samples during sample preparation. 

PFOA (M8) and PFOS (M8) were prepared in a 10% by volume MeOH milli-Q water solution to achieve 

a 1 ug/L concentration for injection standard. 

Each target PFAS congener had a spiking solution prepared in ACS grade methanol washed 1 L 

polypropylene screw cap bottles using milli-Q water to achieve desired concentration. PFAS standards were 

dissolved in 10 mL MeOH in a polypropylene centrifuge tube before addition to a polypropylene bottle with 990 

mL of milli-Q water. This bulk spiking solution was placed on a shaker for an hour before it was divided out into 

relevant serial experiments. 1 mL of each spiking solutions was prepared for sampling as per Section 2.3.2 and 

analysed by LCMS to determine exact concentration as starting concentration for experiments (C0). 

In all cases, pipette tip washing mentioned in 2.2.1 was adhered to, and solutions were retained for no 

longer than 24 hours if not exhausted in experiments. 
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4.3 Sample Preparation and Sorption 
Experiments 
 

4.3.1 Equilibrium Experimental Protocol 
 

Equilibrium experiments were designed to determine the contact time required to reach a steady state 

(equilibrium) in a sorption system. This time value is applied to subsequent sorption/desorption experiments. In 

triplicate, 200 mg of sorbent (selected mass dependant on projected sorbent strength) and 5 mL of 5 µg/L PFAS 

spiking solution were added to pre-weighed 15 mL polypropylene centrifuge tubes. Seven (7) triplicate sets were 

created to be destructively sampled at their relevant timepoint, resulting in 21 samples. The samples were re-

weighed and the exact mass of sorbent and PFAS spiking solution could then be determined by difference. The 

sample was vigorously shaken to ensure wetting of all sorbent with PFAS solution. The above was undertaken for 

testing the equilibrium times of each individual target PFAS – sorbent pairing resulting in the following factorial, 

n= (21 samples)*(number target compounds)*(number of sorbents requiring testing). Samples were placed on 

large orbital shakers in centrifuge tube racks which were collectively secured in batches by large rubber bands 

and removed at time intervals of 0, 1, 2, 3, 8, 24, 48 hours for sample preparation (see section 2.3.2) and subsequent 

analysis (see section 2.4). Equilibrium time was determined by statistically interrogating the data using 

Microsoft’s Excel package to determine the time point at which no statistically significant change in solution 

concentration was observed compared to the timepoint sampled before and after it.  

 

4.3.2 Sorption Experimental Protocol 
 

Sorption experiments were conducted to determine the capacity of a sorbent for a given sorbate under 

specific environmental conditions when the system is at equilibrium. In triplicate, various amounts of  sorbent 

(10, 50, 75, 100, 200, 300, 400, 500 and 1000 mg – in the case of this particular experiment) were each added to 

individual pre-weighed 15 mL polypropylene centrifuge tubes with 5 mL of 5 µg/L PFAS spiked solution (spiked 

concentration experiment specific). The samples were reweighed, and by difference, the exact mass of sorbent 

and PFAS spiked solution could be determined. The sample was vigorously shaken to ensure wetting of all sorbent 

with PFAS solution. Samples were placed on large orbital shakers in centrifuge tube racks, collectively secured 

in batches by large rubber bands, for their relevant equilibrium times as determined in Section 2.3.1. Hereafter, 

samples underwent sample preparation (see section 2.3.2) before analysis by LC-MS (see section 2.4). Sorption 

samples in centrifuge tubes were retained, weighed, and this value used to calculate the volume of water remaining 

in the tube for upcoming desorption testing. The above was undertaken for each sorbent - sorbate pairing to be 

tested. 
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4.3.3 Sorption Experimental Protocol 
 

Desorption experiments were conducted to determine the extent at which the sorbed fraction is reversible 

sorbed as a percentage of total sorbed fraction. This experiment employed triplicate 10, 50, 75, 100, 200, 300, 

400, 500, and 1000 mg sorbent treatment samples retained from prior sorption experiments, to which 5 mL of 

milli-Q water was added to each tube. The samples were vigorously shaken to ensure the resuspension and 

adequate mixing of biochar with milli-Q water. Samples were placed on large orbital shakers in centrifuge tube 

racks, collectively secured in batches by large rubber bands, for their relevant equilibrium times as determined in 

Section 2.3.1. The samples were reweighed, and the exact mass of milli-Q water was determined by difference. 

Sample expected PFAS solution concentration was calculated using known PFAS concentration and remaining 

volume of water in tube, and exact dilution by 5 mL unspiked milli-Q addition. The difference between expected 

solution concentration and measured solution concentration was considered the desorbed fraction. Samples were 

prepared using the previously described technique (see section 2.3.2) and analysed by LC-MS (see section 2.4). 

Desorption was calculated as the percentage represented by the difference between expected and analytically 

determined solution concentration, as a factor of total sorbed fraction determined in sorption experiments (section 

2.3.3). 

4.3.4 Sample Preparation 
 

All samples underwent the following preparation technique prior to LC-MS analysis. Samples for the 

equilibrium, sorption and desorption protocols were prepared in new Nunc™ 15 mL screw top sterile 

polypropylene centrifuge tubes. Samples were centrifuged at 15,000 rpm for 30 minutes and 900 µL of the 

supernatants decanted from each sample by washed pipette into individual pre-weighed 15 mL centrifuge tube. 

One hundred µL of MeOH containing 10 µg/L carbon labelled surrogates was added to the sample to result in a 

the 10% MeOH solution by volume with carbon labelled surrogates at a concentration of 1 µg/L. Samples were 

then vortexed before filtering with Terumo™ 5 mL Luer Lock polypropylene stopperless syringes and Corning™ 

polypropylene housed 15 mm diameter 0.2 µm cellulose syringe filters. The filtrate was delivered into a labelled 

polypropylene GC vial with polypropylene snap top lid and placed in a fridge at 4°C until analysis by LC-MS. 

Sample tubes could then be disposed of, in the case of equilibrium and desorption experiments, or retained for 

desorption experiments, in the case of sorption experiments. 
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4.4 LCMS Direct Aqueous Injection Method 
 

4.4.1 Calibration and Mobile Phases 

 
Calibration stock solutions were prepared in 10% MeOH milli-Q water solution at the following 

concentrations by serial dilution: 0.01, 0.03, 0.06, 0,09, 0.15, 0.20, 0.30, 0.50, 0.75, 1.00, 2.00, 3.00, 4.00, 6.50, 

10.00 g L-1.  One g L-1 carbon labelled injection standards (PFOA (M8) and PFOS (M8)) were used for 

“sandwich injections” to monitor instrumental method performance and replaced every 12 hours of LC-MS 

sampling or every 209 samples. Quantitation was achieved through isotope dilution; wherein a calibration curve 

was included in every new set of 209 samples.  

All mobile phases were tested for PFAS contamination prior to use. Solvents were prepared in isopropyl 

alcohol (IPA) and MeOH washed 1 L glass Schott bottles with Teflon™ liners removed, as these were a known 

source of PFAS contamination.  

 

4.4.2 Sample analysis  

 

Samples were analysed on an Agilent 1290 Infinity II™ Liquid Chromatograph coupled to an Agilent 

6495B Triple Quadrupole Mass Spectrometer. Instrument operational conditions are outlined in Table 4.1 and 

transitions for target compounds in Table 4.2. Sample analysis employed a “sandwich injection” in which injection 

standards were added to sample. This entailed the drawing of 5 µL of sample followed by 1 µL of 1 µg/L 13C 

injection standard, and then a further 5 µL of sample. A needle washing program was employed to prevent carry 

over. 

Data processing and quantitation was undertaken using the Agilent Mass Hunter Suites Quantitative 

analysis package (Version 8). Measured PFAS concentrations were corrected in software for 13C recovery, and 

concentrations of branched and linear isotherms quantified as a total for any PFAS congener.  
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Table 4.1 LCMS Operational Conditions 

Item Parameters 

Sample Injection 10 L (5 L sample, 1 L 13C, 5 L sample) 

Draw speed 400 L min-1  

Ejected at 200 L min-1  

Offset of 0.2 mm 

 
13C Addition 1 L   
Separation Column Agilent EclipsePlusC18 - RRHD 1.8 um (2.1x50 mm)  
Delay Column Agilent EclipsePlusC18, 3.5 um (4.6x50mm)  
Column environment 40˚C  
Multi-wash 1 - Needle (10 s – 90 % MeOH)  

2 - Seat Backflush (10 s 50/50 MeOH) 

3 - Needle and Seat Backflush (10 s start conditions)  
Injection programme 1 - Needle wash (5 s)  

2 - Sample draw 

3 - needle wash (5 s),  

4 - 13C draw,  

5 - Needle wash (5 s),  

6 - Sample draw,  

7 - Needle wash (5 s),  

8 – Inject 

Time: 55 seconds  
Solvents Organic: Hypergrade MeOH  

Aqueous: H2O with 5 mM NH4 acetate  

Gradient 0 - 0.5 mins start condition (40 % MeOH) 

0.5 - 3 mins ramp to 100 % MeOH  

3 – 5.5 mins system at 100 % MeOH 

5.5 mins end run 

 

Source conditions Gas temp: 250˚C 

Flow: 11 l/min 

Nebulizer: 25 psi  
Ionisation Negative electrospray ionization  
Sheath Sheath gas 375˚C 

Sheath gas flow 11 L/min  
Capillary Capillary pos 3500V neg   

 

2500V chamber current 0.18 uA 

iFunnel High Pressure RF (negative) 90V 

Low Pressure RF (negative)100V 

 

Detection mode Dynamic Multiple Reaction Monitoring 

 

Total run time: 6.5 mins per sample 
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4.4.3 Method QA/QC  

 

Sample batches of ~200 samples included 15 QA/QC samples (method blanks (3), laboratory control 

samples (3), milli-Q solvent blank (3), MeOH solvent blank (3), and 1 µg/L QC (3). The instrument was flushed 

between consecutive runs, followed by a suite of three no inject samples and two levels (high and low) of 

confirmatory calibration standard injections before the commencement of the following run. If no injects were 

found to contain target PFAS, the LCMS system was flushed using 50:50 MeOH to water for an hour, and this 

process repeated until non-detect PFAS no injects were attained. If either calibration standard deviated by 20 % 

of its previous PFAS concentration the run was stopped, and new calibration standards prepared while the system 

was flushed with 50:50 MeOH to water for an hour. 

Method blanks were created by adding 5 mL of milli-Q water to a centrifuge tube. Laboratory control 

samples (LCS) were prepared in triplicate by adding 5 mL of 5 µg/L PFAS spiking solution to a centrifuge tube 

and processing this alongside experimental samples. These allowed the determination of any fraction of PFAS 

lost during storage or preparation of samples. Solvent blanks consisted of either 1 mL milli-Q water or 1 mL hyper 

grade methanol used in sample preparation added directly to 1 mL polypropylene GC vials with clip on 

polypropylene caps. 

In addition, each LC-MS run included five 1 µg/L QC samples interspersed between experimental 

samples. A 10% RSD was allowed for 1 µg/L QC samples. Exceedance of the RSD saw the preparation and 

validation of a new set of calibration standards after the instrument had been flushed with 50:50 MeOH to water 

solution for an hour.  QC samples ensured consistency in sampling and were also used to ensure no significant 

impact went unnoticed between solvent changes, preparation of samples and instrument running conditions for 

different batches. 
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Table 4.2 LCMS Target PFAS Transitions and retention times 

Compound Name Precursor Ion 

(m/z)  

Product Ion 

(m/z) 

Retention 

Time  

(min) 

Delta Retention 

Time 

(min) 

Fragmentor 

(V) 

Collision 

Energy 

(V) 

Cell Accelerator 

Voltage 

(V)  

Polarity 

PFBA 213 169 0.9 1.03 380 6 2 Negative 

PFBA-13C3 216 172 2 0.5 380 8 2 Negative 

PFBS 299 99  2.36 0.97 380 36 2 Negative 

PFBS 299 80 2.36 0.97 380 44 2 Negative 

PFBS-13C2 302 99 2.28 0.5 380 36 2 Negative 

PFHxA 313 269 2.93 0.97 380 6 2 Negative 

PFHxA 313 119 2.93 0.97 380 22 2 Negative 

PFHxA-13C2 314.9 269.9 2.93 0.88 380 8 2 Negative 

PFHxS 399 99 3.32 1.02 380 44 2 Negative 

PFHxS 399 80 3.32 1.02 380 48 2 Negative 

PFHxS-1C3 402 99 2.73 0.5 380 44 2 Negative 

PFOA 413 368.9 3.55 1.07 380 6 2 Negative 

PFOA 413 169 3.55 1.07 380 18 2 Negative 

PFOA-13C8 421 376 3 0.5 380 6 2 Negative 

PFOS 498.9 99 3.73 1.12 380 56 2 Negative 

PFOS 498.9 80 3.73 1.12 380 56 2 Negative 

PFOS - 13C4 503 99 3.27 0.5 380 48 2 Negative 
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4.5 Method Performance 
 

4.5.1 LCMS and Sample Preparation 

 
All recoveries were found to be within a 90 – 110% range, falling within the allowable 80 – 120% 

predetermined criteria. Method detection limits (MDL), limits of quantitation (LOQ), method precision and 

accuracy where calculated from experimental data and are presented in Table 4.3. Where MDL is defined as the 

lowest detectable concentration of any given PFAS congener for the analytical method. Comparatively LOQ 

represents the lowest PFAS concentration that can be accurately quantified. Precision identifies how close mean 

analytical results were to the true value of the sample as a percentage. Accuracy addresses variation between 

repeated measurements presented as a percentage deviation from the mean value. Method validation LOQs 

constituted a maximum of 5% of error as a fraction of 5 ppb solution concentration in experiments. Experimental 

replication was evident with high accuracy between samples. The method was found to be precise with 

quantitation demonstrating near 89.6 – 107.7% precision as a factor of actual value. RSD, for the average of 1 

ppb QC samples included in a single LC-MS run was found to have a maximum value of 4.5% for any of the 6 

studied compounds, well below the selected sample RSD acceptance criteria of 10%. Performance data are 

tabulated for each compound in Table 4.3. 

 

Table 4.3 Method Performance Data 

 PFBA  PFBS  PFHxA  PFHxS  PFOA  PFOS  

MDL (ng L-1) 66 31 19 70 25 72 

LOQ (ng L-1) 207 99 59 221 79 228 

Accuracy (%) 99.3 89.6 97.5 100.4 107.5 107.7 

Precision (%) 1.3 0.8 0.6 2.6 0.7 2.2 

 

4.5.2 Establishment of Isotherms and Sorbed Fractions 
 

The data collected from analysis were input into Freundlich and Langmuir isotherms for sorption modelling. Using 

the appropriate isotherm or equilibrium model, R2 values of 95 - >99 % were readily achieved for compounds that 

adequately sorbed to tested sorbents; demonstrating that the method was fit for purpose. It was noted that PFAS-

sorbent pairings with less than 40 % removal of PFAS from solution did not achieve desirable R2. While suitability 

for isotherm input was namely determined by extent of sorption for sorbent-PFAS pairing, RSDs of <5 % were 

readily achieved for sorbent-sorbate pairings that resulted in high sorption.  
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4.5.3 Limitations of Method 
 

Due to the low MDL and LOQ of this method, it is sensitive to PFAS contamination. This means, the 

highest level of PFAS clean technique needs to be applied alongside a sound QA/QC program. While this is well 

addressed in the sample preparation technique, the method is reliant on operator adherence to PFAS clean 

techniques. In addition, experimentally determined MDLs and LOQs imply an alternative method would be 

required to measure behaviours wherein most sample points fall in the concentration bracket 0 - 0.25 µg/L. As, 

such this method was not designed to measure sorption behaviour at ultra-trace (< 0.25 µg/L) concentrations. The 

use of a serial method as opposed to batch method generates greater control of contamination risk and 

identification; however, it does produce a large volume of waste in the form of centrifuge tubes, filters, syringes 

and pipettes. Due to the gradient and short run time employed in this high throughput method, the separation of 

branched and linear isomers was not possible.  

 

4.5.4 Benefits of Improved Method 
 

In addition to the cost and time efficiency of this method, it is suggested that the PFAS-clean aspect of 

the method resulted in no contamination of samples, with all blank samples presenting as non-detect for all PFAS. 

The experimental design as a serial method in place of a batch method removes the accumulative encumbrance 

of batch samples to contamination. Where in the serial method each triplicate sample is a true standalone triplicate, 

meaning statistical analysis is not subject to deviations of a single source, as in the case for traditional batch 

experiments. This method allows the high throughput of samples by batching of approximately 182 samples in a 

24-hour period, not including instrument preparation, flushing and determination of equilibrium times. 

Lastly, this method is flexible to be adjusted with respects to experimental parameters used, such as 

PFAS concentrations and congener types, mixtures thereof, sorbents, sorbent application rates, matrix 

environment (for example pH, Dissolved Organic Matter, EC, and temperature) and scale. This flexibility allows 

the application of this technique to a variety of PFAS and sorbent properties relevant to the development of more 

effective PFAS sorbents.  

Overall, a simple cost and time effective method was developed. The method performed within the 

selected performance criteria during the determination of sorption qualities of selected PFAS with a given sorbent 

using a serial sorption technique and specially developed high throughput direct injection LCMS technique. While 

the method was developed for sorption studies in aqueous environmental matrices, the direct injection LCMS 

technique could be applied as a screening tool for PFAS in environmental surface waters, drinking water, irrigative 

water and wastewater effluents. Additionally, desorption of PFAS from impacted sediments or biosolids could be 

modelled toward risk assessment of long-term impact on PFAS mass flux from the solid matrix to the aqueous 

phase. This novel tool could provide fast and cost-effective quantitative assessment (qualitative if below LOQ) of 

PFAS in impacted matrices. It is however to be noted that the LOQs discussed in Table 4.3 are above many 

Australian guideline for PFAS in water (Table 1.12) (HEPA 2018). 
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5.1 Abstract 
 

Biochars are produced through the thermal degradation of biomass. Recent studies have demonstrated 

their potential application for removal of per- and polyfluoroalkyl substances (PFAS) from water. However, little 

is known regarding the impact biochar production conditions have on biochar PFAS sorption behaviour. In this 

study, the sorption behaviour of PFAS onto biochar prepared from two feedstocks (pine wood, pea straw) at three 

temperature conditions (350, 500 and 750°C) was determined.  

Three perfluoroalkyl carboxylic acids (PFCAs; Perflurorbutanoic acid (PFBA), Perfluorohexanoic acid 

(PFHxA), and Perfluorooctanoic acid (PFOA)) and three perfluorosulfonic acids (PFSAs; 

Perfluorobutanesulfonic acid (PFBS), Perfluorohexanesulfonic acid (PFHxS), and Perfluorooctanesulfonic acid 

(PFOS)) were studied. Biochar characterisation and batch sorption experiments allowed for the assessment of 

equilibrium, sorption and desorption characteristics of studied PFAS to biochars. Experiments were carried out at 

PFAS concentrations emulating those observed in the environment. All biochars were found to remove < 50 % of 

short-chain PFAS, PFBA and PFBS, and would be unsuitable for removal of these compounds from aqueous 

matrices. Furthermore, biochars produced at low temperature (350 °C) removed < 50 % of all studied PFAS. In 

the case of the remaining PFAS-biochar combinations, equilibrium was typically reached by the 8th hour for 

biochar-PFAS equilibrium experiments, baring those experiments including PFHxA and PFHxS which, in many 

cases, required longer time periods to reach equilibrium.  

Equilibrium time was found to be a factor of both congener type, and biochar production method 

(temperature and choice of feedstock). Pine biochar produced at 750˚C exhibited favourable PFAS sorption 

characteristics such as a quick equilibrium time, efficacy at a comparatively low application rate, and low 

desorption, potentially rendering it an effective and cheap sorbent for 3 PFAS (PFHxS, PFOA, and PFOS). PFAS 

sorption to biochars was demonstrated to largely occur in the first 0.5- 1 hour of equilibrium experiments. The 

extent of sorption increased with increasing pyrolysis temperature and was higher in pine derived biochars.  

PFAS functional group and chain length each affected the sorption behaviour for PFAS-biochar pairs, 

with functional group being of greater influence when considering PFHxS and PFOA. Biochars removed a 

maximum of 94 % of PFAS from solution, with a maximum desorption of 20 % following an equal desorption 

equilibrium period. Repeating experiments in a mixed mode resulted in little difference in PFAS-biochar specific 

equilibrium times. However, sorption and desorption behaviour were found to be impacted by inter-PFAS 

interaction. This research provides a promising first step towards the data needed for reverse engineering biochars 

for PFAS sorption in the aqueous environment.  

 

Keywords: Biochar; PFAS; Perfluoroalkyl Substances; Sorption; Desorption; Remediation; Immobilization. 
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5.2 Introduction 
 

Perfluoroalkyl substances (PFAS) are a class of emerging contaminant that are the focus of much recent 

scientific and regulatory attention due to their toxicity, ubiquity, environmental mobility and persistence (Clarke 

& Smith 2011; HEPA 2018). In general, PFAS molecules consist of a hydrophilic functional group attached to a 

hydrophobic fluorinated carbon chain of variable length (Du et al. 2014). The C-F high bond energy results in 

strong PFAS resistance to degradation through chemical and biological processes in the environment (Naile et al. 

2010; Wang et al. 2013). PFAS anions are amphiphilic and therefore are highly mobile surfactants in the 

environment (Labadie & Chevreuil 2011; Olsen et al. 2005). A growing body of evidence implicates PFAS of an 

array of toxic modes of action, uptake pathways, and extensive dispersal throughout environmental compartments 

(Bengtson Nash et al. 2010; Borg et al. 2013; Rigét et al. 2019; Stahl, Thorsten, Mattern & Brunn 2011).  

PFOS and its precursors were listed as an United Nations Persistent Organic Pollutants (POP) under the 

Stockholm Convention in 2010 (POPRC 2008) and PFOA and PFHxS were nominated to be included in 2019 

(UN 2015; Wang et al. 2009). Ultimately, when released in the environment, PFAS are transported, namely by 

water to waterways, groundwater, soils and marine habitats (Lloyd-Smith 2016). Once in the environment PFAS 

can accumulate in organisms through ingestion of contaminated water, soil or dust (Haug et al. 2011). 

Alternatively, the consumption of contaminated organisms provides a major uptake pathway, through which 

biomagnification impacts apex predators, including humans (Haug et al. 2010; Stahl et al. 2009).  

PFAS functional groups influence its chemical interactions within the environment. For example, PFCAs 

are relatively mobile in water and will sorb to a lesser extent to organic matter in the environment than PFSAs of 

equivalent C-F chain length (Chen et al. 2012; Gellrich, Stahl & Knepper 2012; Prevedouros et al. 2006; 

Zareitalabad et al. 2013). Ubiquitous background detection of PFAS is considered the result of extensive PFAS 

use globally and subsequent dispersion throughout the environment from an array of diffuse sources [18]. In 

addition to ubiquitous background levels, PFAS contamination often occurs as point source contamination, where 

PFAS have been employed or liberated, near a transport mechanism (Prevedouros et al. 2006). Wastewater 

treatment plants (WWTPs) have been identified as a PFAS point source to the environment. This is due to the 

concentration and biotransformation of diffuse PFAS and precursors contained in influent through the wastewater 

water treatment process, followed by their subsequent release from WWTP facilities as higher concentrations of 

recalcitrant PFAS molecules in effluent, recycled water or biosolids (Becker, Gerstmann & Frank 2008; Bossi et 

al. 2008; Eriksson, Haglund & Kärrman 2017; Ruan et al. 2015; Szabo et al. 2018; Thompson et al. 2011; Wang 

et al. 2005).  

The need for effective removal strategies of PFAS from water is important (Zhang, Zhang, & Liang 

2019), particularly to minimise further environment contamination from contaminated sites, WWTPs, or a 

growing list of other sources. Potentially this could be managed by addressing PFAS sources to groundwater, 

surface waters, and WWTPs through the capture of PFAS using sorbents, semipermeable membranes, and 

precursor oxidation technologies at the source, followed by subsequent destructive technologies (Kucharzyk et al. 

2017; McNamara et al. 2018; Pan, Liu & Ying 2016; Ross et al. 2018). Alternatively, in the case of WWTPs, 

diffuse inputs to WWTPs can be addressed through capturing PFAS in the wastewater treatment process, therefore 
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exploiting the concentration of PFAS at this point in their transport (Appleman et al. 2014; McNamara et al. 2018; 

Pan, Liu & Ying 2016).  

Biochar, the carbonaceous product of biomass pyrolysis, is as a potential sustainable resource for the 

removal of PFAS from the environment (Kupryianchyk et al. 2016). Biochars have been demonstrated to be 

suitable sorbents with PFAS removal efficiencies comparable to GAC in several studies (Abdel-Fattah et al. 2015; 

Deng et al. 2015; Du et al. 2014; Kucharzyk et al. 2017; Xiao et al. 2017), where hydrophobic biochars with high 

porosity and well-developed microstructure behaved as attractive sorbents for PFAS. However, focus has 

primarily been on PFOS and PFOA (Ray et al. 2019) with increasing attention being paid to the shorter four and 

six chain compounds of the perfluorocarboxylic acids (PFCAs; PFBA and PFHxA) and perfluoroalkyl sulphonic 

acids (PFSAs; PFBS and PFHxS) only being more recent (Glover, Quiñones & Dickenson 2018; Murray et al. 

2019; Yeung, Yamashita & Falandysz 2019). Through the manipulation of biochar production parameters, such 

as feedstock and pyrolysis temperature, it is possible that biochars can be engineered to optimise PFAS sorption. 

Parameters likely to impact the affinity of PFAS for biochar may be increased the surface area, pore 

microstructure, degree of carbonization, and prevalence of surface functional groups (Morales et al. 2015; Tang 

et al. 2013; Vaughn et al. 2015; Wu et al. 2013; Xiao et al. 2017; Zhi & Liu 2018).  

This study aims to examine the relationship between biochar PFAS sorption and biochar physiochemical 

characteristics and propose production conditions that will result in the highest PFAS removal from contaminated 

water. Sorption behaviour of PFAS is often heavily associated with chain length (Dalahmeh, Alziq & Ahrens 

2019), selecting PFBA, PFBS, PFHxA, PFHxS, PFOA, and PFOS, allows the exploration of the effect PFAS 

congener chain length and functional group has on PFAS-biochar sorption behaviour for the more recalcitrant and 

abundant forms of PFAS. Typically surface water PFAS concentrations in the environment range from below 

detection limits though to hundreds of ng/L (Nakayama et al. 2019), and can reach as high as tens of µg/L at 

contaminated sites (Cardno-LanePiper 2014). In consideration of this, the present study undertook sorption 

experiments at a constant concentration reflective of that seen in the contaminated environment (surface and 

wastewaters). The variation of biochar mass over 3 orders of magnitude, as opposed to PFAS concentration, 

allowed the development of an adequately sensitive method for the quantitation of sorbed PFAS fractions at the 

selected low experimental PFAS concentrations. To the authors’ knowledge, the present work is the first to 

approach a PFAS sorption study in this manner, with the current body of literature typically undertaking sorption 

to biochars or activated carbon within the range 0.1 – 700 mg/L (Zhang, Zhang, & Liang 2019). 
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5.3 Methods 

 

5.3.1 Biochar Preparation 

 

Six biochars were produced from pine sawdust and pea straw. Briefly, biochars were prepared at 350 °C, 

500 °C and 750 °C using a heating rate of 8.3°C min-1 and a 1-hour dwell time. Biochars were coded by feedstock 

(pine sawdust, coded P; Pea Straw, coded S) and the respective pyrolysis temperature (P350, P500, P750, S350, 

S500 and S750). The production and characteristics of the six biochars studied in this experiment are detailed in 

a previous article [56]. Prior to batch experiments, biochars were tested for PFAS extractable in Milli-Q water. 

Biochars were demonstrated to be blank for all target PFAS. 

 

5.3.2 Chemical Standards 
 

PFAS standards for Perfluorobutanoic acid (PFBA), Perfluorohexanoic acid (PFHxA), Perfluorooctanoic 

acid (PFOA), Perfluorobutanesulfonic acid (PFBS), Perfluorohexanesulfonic acid (PFHxS), and 

Perfluorooctanesulfonic acid (PFOS) used in spiking solutions were obtained from Sigma Aldrich (Missouri, 

United States). 13C and native PFAS used in the preparation of calibration standards were purchased as individual 

PFBA, PFBS, PFHxA, PFHxS, PFOA and PFOS standards from Wellington Laboratories Incorporated (Ontario, 

Canada). Ammonium acetate was acquired from Sigma Aldrich (Missouri, United States). Hypergrade Methanol 

(LiSolv) was purchased from EMD Millipore (Massachusetts, United States).  

 

5.3.3 Experimental Design  

All experiments were undertaken as either an individual or mix mode, in which solutions were spiked 

with just one PFAS congener (individual mode) or solutions spiked with an equal concentration of each of the 6 

target PFAS congeners (mix mode). All consumables and equipment were tested prior to experimental procedures 

and confirmed to be free from PFAS contamination. 

Equilibrium Experiments 
Equilibrium, sorption and desorption experiments were conducted as serial experiments carried out in 15 

mL polypropylene centrifuge tubes, where 5 mL of 5 µg/L PFAS spiked solution were used in experiments. 

Equilibrium testing was conducted applying a constant 100 mg of each biochar to samples, which were placed on 

a shaker and removed for sample preparation at times 0, 1, 3 ,5, 8, 24, and 48 hours. All experiments were carried 

out in triplicate. Sample aqueous PFAS concentrations were measured by LC-MS.  Equilibrium data was fitted to 

first order, second order and an intraparticle diffusion models. 
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Sorption Experiments 
In sorption experiments biochar was applied to triplicate samples over eight levels (0, 50, 75, 100, 200, 

300, 400, 500 mg biochar) to achieve biochar application rates of 5, 10, 15, 20, 40, 60, 80, 100 g/L. Sorption 

experiments were conducted using a constant equilibrium time derived for each compound in the equilibrium 

experiments described previously. In addition, a constant 5 mL of 5 µg/L PFAS solution was added to each 

sample. Samples were prepared for LC-MS analysis after running for their relevant equilibrium time on a shaker. 

The volume of solution remaining in the sorption experiment centrifuge tube after sample preparations was 

determined by mass, and the sample was retained for desorption experiments. Experimental sorption data were 

then fitted to Langmuir, Freundlich, Sips, Freundlich-Langmuir, Redlich-Peterson, BET, Radke-Prausnitz, and 

Toth isotherms. The of best fit isother was then applied to extrapolate experimental data across the entire testing 

concentration range of 0 to 5 µg/L. 

Desorption Experiments 
Desorption experiments saw 5 mL of milli-Q water added to retained sorption experiment samples, 

bringing their volume to approximately 9 mL. Samples were vortexed and placed on a shaker for their relative 

equilibrium time before sample preparation and analysis. The exact volume of milli-Q water added, and total 

volume was determined by mass, allowing expected PFAS concentrations in solution (dilution) to be calculated 

using the known solution PFAS concentration determined in prior sorption experiments. Desorption (%) was 

calculated as the difference between expected solution PFAS concentration and the measured solution 

concentration after desorption experiment as a factor of the total amount sorbed in sorption experiments.  

 

5.3.4 PFAS Analysis  
 

Aqueous samples were prepared for LC-MS analysis by centrifuging samples (4000 RCF for 30 minutes) 

before transferring 900 µL of supernatant to a new 15 mL centrifuge tube to which 100 µL of methanol containing 

10 µg/L carbon labelled PFAS standard was added to create a 10 % MeOH solution by volume containing carbon 

labelled standards at a concentration of 1 µg/L. Samples were vortexed and filtered (5 mL Terumo stopperless 

polypropylene Luer Lock syringes coupled to Corning polypropylene housed 15 mm 0.22 µm cellulose syringe 

filter) into 1 mL polypropylene GC vials with clip on polypropylene caps (Agilent Technologies) and stored at 6 

°C until analysis.  

 

5.3.5 Instrumental Analysis  
 

PFAS analysis was performed on an Agilent 1290 infinity II liquid chromatograph coupled to an Agilent 

6495B triple quadrupole mass spectrometer. A direct aqueous injection multiple reaction monitoring method was 

developed, employing Agilent EclipsePlus C18, 3.5 µm (4.6x50mm) column post solvent mixing as a PFAS delay 

column before the main separation column, an Agilent EclipsePlus C18 - RRHD 1.8 µm (2.1x50 mm). Each 

column was operated at 40˚C using the solvents Hypergrade MeOH and 5mM ammonium acetate in milli-Q water 

at a starting condition of 40 % organic phase and ramping to 100% organic phase by 3 minutes. Organic phase 
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was held at 100 % for a further 2.5 minutes resulting in a total run time of 5.5 minutes. 10 µL of sample was 

injected as a sandwich injection, this saw 5 µL of sample collected, followed by 1 µL of injection standard (1 

µg/L carbon labelled M8PFOS and M8PFOA) and a final 5 µL of sample. The outside of the needle was washed 

between each needle movement and prior to the injection of the sample. Method detection limits (MDL) and limits 

of quantitation (LOQ) applied to experimental data were acquired using the injection of 10 LCS samples at 1 µg/L 

target PFAS, dispersed throughout the experimental samples (Table 5.1) Detailed information on instrument 

parameters, transitions and serial sorption technique is laid out in the attached MethodsX paper (supplementary 

material). 

 

Table 5.1 Table outlining LOQ and MDL for PFAS congeners used in biochar equilibrium, sorption and 

desorption experiments. 

 PFBA   PFBS  PFHxA  PFHxS  PFOA  PFOS  

MDL (µg L-1) 
0.043 0.031 0.019 0.030 0.025 0.038 

LOQ (µg L-1) 0.134 0.099 0.059 0.094 0.079 0.120 

Mean Recovery (%) 99 ± 4 92 ± 6 97 ± 5 100 ± 2 102 ± 6 101 ± 3 

 

5.3.6 Quality control quality assurance (QA/QC) 
 

Quality control and quality assurance (QA/QC) samples included triplicate blanks and laboratory control 

samples (LCS; 1 µg/L) for all experiments. The intermingling of these QC samples with experimental samples 

throughout analysis and experimental process allowed for measurement and control of PFAS QA/QC as method 

recoveries and identification of any contamination. All data presented was collected in experimental batches 

which exhibited non-detect blanks and had method recoveries within the range of 80 to 120 %.   

 

5.3.7 Data Analysis 
 

LC-MS data was processed using Agilent Technologies Masshunter Package (version 8). Statistical 

analysis was undertaken using either one-way ANOVA or two-way ANOVA, using Tukey’s Test as a post hoc 

on IBM SPSS version 25. Statistics are displayed in the format (Fdf1, df2 = X, p < 0.05), where X is the statistical 

analysis derived F-value being compared to the F-statistic for degrees of freedom between groups (df1) and within 

groups (df2). P values are denoted as an exact value when not statistically significant, or as p < 0.05 when 

statistically significant.  
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5.4 Results and Discussion 
 

5.4.1 Preliminary Experiments 

 
Preliminary PFAS sorption experiments to determine the suitability of the experimental design 

demonstrated that PFBA and PFBS sorbed poorly to all biochars (< 50 % removal) (supplementary table S1), 

therefore none of the studied biochars are considered adequate sorbents for the short chain PFAS; PFBA and 

PFBS. This was consistent with the findings of (Dalahmeh, Alziq & Ahrens 2019) and (Glover, Quiñones & 

Dickenson 2018).  Further, experiments demonstrated that biochars created at 350°C performed weakly as 

sorbents for target compounds with < 50 % removal (supplementary table S1) and were not considered to be 

suitable sorbents for any of the studied PFAS. Consequently, the sorption behaviours of the compounds PFBA 

and PFBS, and the biochars P350 and S350, are not further discussed in the work below.  

5.4.2 Equilibrium Experiments 

 
Individual mode compound equilibrium experiments found the greatest proportion of sorption to biochar 

for PFHxS, PFOA and PFOS occurred in the first 0.5 – 1 hour of experiment for all biochars tested (Figure 5.1). 

This is comparable to the 1-hour value observed for PFOS and PFOA sorption to powdered activated carbon in 

(Qu et al., 2009). P750 attained the highest percentage removal for all compounds by the 48-hour time point in 

equilibrium experiments with 46 to 94 % removal of PFAS from the aqueous phase. The biochar P750 had the 

greatest percentage PFAS removal at each timepoint. Biochar preparation temperature influenced the PFAS 

removal rate with removal rates for 750˚C biochars being 1.6 – 20% higher in straw biochars, and 6.3 – 90% 

higher in pine biochars than in 500˚C biochars, in mix mode PFAS experiments. This same behaviour was 

observed in individual mode experiments (Figure 5.1). 

In all biochars an interplay existed between PFHxS and PFOA. Initial sorption rates for PFHxS were 

slower than fot PFOA. That was followed by a second sorption step where PFHxS removal slightly exceeded 

PFOA (Figure 5.1). Aside from the mid-range PFOA–PFHxA interplay, in both, individual and mix mode 

experiments, percentage removal in the complete period decreased following the order PFOS > PFOA> PFHxS> 

PFHxA. This is likely based upon C-F chain length and corresponding increasing hydrophobic nature. Ninety-

four per cent removal of target PFAS was observed for PFHxS, PFOA and PFOS in P750 experiments. PFOS had 

the fastest rate of sorption for all biochars in the early stages of equilibrium experiments having the highest % 

removal by the first experimental timepoint (Figure 5.1). PFAS removal in equilibrium experiments followed an 

order of increasing removal; S500 < P500 < S750 < P750 (Figure 1). No difference was observed in equilibrium 

sorption between the biochars prepared at 500˚C, based on feedstock type (F2,6 = 4.14, p = 0.18). Comparatively, 

biochars prepared at 750˚C had different sorption properties depending upon the source feedstock (F2,5 = 6.64, p 

< 0.05).  

Equilibrium times found that PFAS reached equilibrium for all biochars within the studied 48 hour period 

(Table 5.2), with the exception of PFHxA for S500  (F2,2 = 27.20, p < 0.05) and both, PFHxA and PFHxS, for 

S750  (F2,2 = 36.97, p < 0.05 and  F2,2 = 20.31, p < 0.05, respectively), all of which exhibited statistical 
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differences in means for the final three time points tested (8, 24 and 48 hours) and were subsequently run for 96 

hours to achieve equilibrium. PFOS had the same equilibrium time across all tested biochars, while PFOA, PFHxS 

and PFHxA varied with biochar type, demonstrating behavioural specificity of PFAS congener and biochar type 

combinations. P500 had the quickest equilibrium time (8 hours) for all PFAS in individual and mix mode. 

Equilibrium took longer than 48 hours (96 hours) only in straw derived biochars. PFHxA equilibrium was more 

variable and was found at 8 hours, excepting in S750 where it was only reached after 48 hours. In most cases no 

statistical difference was found between equilibrium times for PFAS in solutions for individual mode versus mix 

mode (p <0.05), suggesting that inter-PFAS congener interactions did not impact sorption rate (Table 5.2). The 

exception to this behaviour was PFHxA in S750 experiments, where the equilibrium decreased from over 48 hours 

to 8 when tested in individual versus mix mode (F2,5 = 8.26, p < 0.05). 

 

  

  
Figure 5.1 Percentage PFAS removal for Biochar versus time for PFAS biochar pairs. Note removal of biochars 

(S350 and P350) and PFAS Congeners (PFBA and PFBS) from study.
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Table 5.2 Assessment of equilibrium times between 8 and 48 hours for each PFAS-biochar pair carried out in triplicate by ANOVA for 100 mg biochar applications. 

Individual Mode 
 

PFHxA       PFHxS       PFOA       PFOS       

Biochar Eq (h) F Fcrit P Eq (h) F Fcrit P Eq (h) F Fcrit P Eq (h) F Fcrit P 

P500 8 0.46 5.14 0.65 8 1.41 5.14 0.31 8 1.28 5.14 0.34 8 1.97 5.14 0.22 

S500 8 5.64 5.79 0.05 48a 29.80 7.71 0.01 24 4.80 10.13 0.12 8 4.33 5.14 0.07 

P750 8 4.46 5.14 0.06 24 0.11 10.13 0.76 8 1.12 5.79 0.40 8 0.19 5.79 0.83 

S750 48a 7.95 7.71 0.05 48a 17.81 10.13 0.02 8 0.29 5.14 0.76 8 1.46 5.14 0.30 

                 

Mix Mode 
 

PFHxA 
   

PFHxS 
   

PFOA 
   

PFOS 
   

Biochar Eq (h) F Fcrit P Eq (h) F Fcrit P Eq (h) F Fcrit P Eq (h) F Fcrit P 

P500 8 1.59 5.14 0.28 8 0.84 5.14 0.48 8 1.28 5.14 0.34 8 1.94 5.14 0.22 

S500 8 2.79 5.79 0.15 48a 29.29 7.71 0.01 24 4.80 10.13 0.12 8 3.80 5.14 0.09 

P750 8 2.05 5.14 0.21 24 0.12 10.13 0.75 8 0.38 5.79 0.70 8 0.19 5.79 0.83 

S750 8 4.91 5.79 0.07 48a 18.68 10.13 0.02 8 0.29 5.14 0.76 8 1.37 5.14 0.32 

a – Equilibrium not established, statistically significant difference between means at all time points (8, 24, 48 hours). Equilibrium time of 96 hours established and applied 

where results had p<0.05. 
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Table 5.3 Second order experimental rate constants and R2 for each Biochar PFAS-biochar pair studied in individual mode and mix mode at 5 µg/L.  

Individual Mode 
 

PFHxA 
 

PFHxS 
 

PFOA 
 

PFOS 
 

Biochar Qe (ug/g) K2 (h) R2 Qe (ug/g) K2 (h) R2 Qe (ug/g) K2 (h) R2 Qe (ug/g) K2 (h) R2 

P500 0.22 2.70 0.99 0.11 10.01 0.99 0.21 6.65 0.99 0.35 9.16 0.99 

S500 0.09 18.87 0.95 0.11 2.67 0.97 0.19 2.38 0.99 0.34 6.58 0.99 

P750 0.09 29.56 0.99 0.19 11.15 0.99 0.35 5.84 0.99 0.40 11.97 0.99 

S750 0.06 34.25 0.99 0.11 40.86 0.99 0.20 34.09 0.99 0.36 10.38 0.99 

             

Mix mode             
 

PFHxA 
 

PFHxS 
 

PFOA 
 

PFOS 
 

Biochar Qe (ug/g) K2 (h) R2 Qe (ug/g) K2 (h) R2 Qe (ug/g) K2 (h) R2 Qe (ug/g) K2 (h) R2 

P500 0.03 39.87 0.99 0.13 9.18 0.99 0.20 8.60 0.99 0.09 15.50 0.99 

S500 0.05 2.08 0.71 0.18 0.60 0.83 0.19 13.28 0.99 0.09 17.88 0.99 

P750 0.12 10.21 0.99 0.36 9.73 0.99 0.36 13.54 0.99 0.15 35.15 0.99 

S750 0.06 9.25 0.99 0.23 2.47 0.99 0.23 3.42 0.99 0.11 29.63 0.99 
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Second order models were found to fit experimental data for individual and mix mode PFAS experiments 

(Table 5.3). This is in line with the observations of other studies collectively published in the review by (Du et 

al., 2014). First order models failed to appropriately fit the mechanism for slower sorbing PFAS-biochar 

relationships, namely lower temperature biochars and PFHxA and PFHxS (Table 5.3; supplementary table S4). 

Predicted sorption concentrations (Qe) followed the order PFHxA> PFHxS> PFOA> PFOS. No statistically 

significant biochar driven effect (temperature or feedstock) on sorbed amount of PFAS at equilibrium could be 

established (p > 0.05), suggesting sorption was largely driven by PFAS compound specific attributes in individual 

and mix mode experiments (p > 0.05). However, in mix mode experiments PFOS Qe values were significantly 

lower than in individual mode (Table 5.3), suggesting competition for sorption sites with other PFAS congeners 

(p < 0.05).  Sorption rates (k2) are highly dependent on biochar-PFAS congener combination (Table 5.3). Biochar-

PFAS combination specific behaviour is evident through the large variation observed in sorption behaviour for 

each congener across the suite of tested biochars, particularly when comparing the behaviour of any one congener 

to each biochar. No trend could be established between PFAS sorption rate and biochar or PFAS congener alone, 

instead each biochar type and PFAS congener combination exhibited its own unique behaviour. 

Intraparticle diffusion models were applied to the data set as per Punyapalakul et al (2013), resultant 

summary data are contained in supplementary tables S5 and S6. It was found that due to the rapid sorption of 

PFAS to biochars, only two data points fell into the first sampling bracket (film diffusion). This presented a 

limitation to the determination of accuracy for film diffusion representation in intraparticle diffusion models, as 2 

sample points produce an R2 of 1, suggesting a higher rate of experimental sampling would be required to capture 

enough data for film diffusion in early stages of sorption. The remainder of the model generated more reliable R2 

with a minimum of 3 data points per sorption phase. 

Intraparticle diffusion prior to reaching equilibrium was observed for pine biochars, but not straw 

biochars (Figure 5.2). The lack of data resolution between 0 and 30 minutes precluded to determine if the 

elongated PFHxS intraparticle diffusion stage is in fact a slow film diffusion for straw biochars. The model 

demonstrates a very fast initial sorption, followed by a short, but slower, uptake of PFAS to reach equilibrium for 

all PFAS-biochar combinations. This is reflected in the equilibrium data, where the majority of PFAS is sorbed 

in the first 30 minutes, followed by a slow uptake over the next 3-8 hours depending on the biochar-PFAS 

combination (Figure 5.2).  

While no trends were identified in sorption rates for biochar production conditions in second order 

models, intraparticle diffusion modelling reinforces that the majority of PFAS sorption to all biochars occurs in 

the first 30 minutes, followed by a notably different, slower mechanism (intraparticle diffusion) influencing all 

compounds’ sorption rate when sorbing to pine biochars specifically. This both compares and opposes the trends 

seen in Punyapalakul et al (2013), where intraparticle diffusion was not seen in carbonaceous sorbents, whereas 

in the present study this depended on the biochar feedstock type. Similarly, Qu et al (2009) observed that the 

adsorption of PFOA onto activated carbon was largely controlled by particle diffusion.  The present study 

demonstrated that the exhibition of this behaviour is largely dependent on biochar feedstock type. PFAS congener 

effects on sorption are evident through the total amount sorbed for any given biochar at equilibrium, for all 

biochars the order of increasing PFAS affinity followed PFHxA< PFHxS< PFOA< PFOS. 
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Figure 5.2 Intraparticle diffusion models for target compounds separated by biochar type. Displayed data for 

target compounds in 5 µg/L mix mode experiments.  
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5.4.3 Sorption Experiments 

 
Minimum effective application was defined for all compounds as the lowest measured biochar 

application rate beyond which the addition of further biochar to solution did not result in a statistical difference 

(p < 0.05) in PFAS removed (%) from solution. PFOS minimum effective application experiments consistently 

reached a minimum effective application for all biochars within the tested application range (0 – 100 g/L)(Table 

5.4). 

 

Table 5.4 Minimum effective application values (g/L) for each PFAS-biochar combination at 5 µg/L. Minimum 

effective applications are defined as the lowest dose at which no further statistically significant (p<0.05) change 

in PFAS removal with further biochar application occurred.  

 Individual Mode  Mix Mode 

Biochar PFHxA PFHxS PFOA PFOS 
 

Biochar PFHxA PFHxS PFOA PFOS 

P500 N/A N/A 80 60 
 

P500 N/A N/A N/A 60 

S500 N/A N/A N/A 80 
 

S500 N/A N/A N/A 60 

P750 N/A 60 60 40 
 

P750 N/A 60 60 40 

S750 N/A N/A N/A 80 
 

S750 N/A 80 60 40 

 

After exceeding minimum effective application rates by applying more biochar, PFAS sorption sites are 

in excess in solution, resulting in no further removal of PFAS from the 5 µg/L solution as the system has already 

reached maximum removal. This acts as a measure of removal efficiency, with reference to lower biochar 

application rates being more desirable. PFOS minimum effective application rate ranged 40-80 g/L dependant on 

biochar type. Straw biochars seldom reached a minimum effective application for tested PFAS within the 

experimental range (0 – 100 g/L) and would require applications exceeding the highest tested application of 100 

g/L. PFOS-straw biochar combinations were an exception to this. PFHxA and PFHxS sorbed less completely to 

all biochars and did not achieve a minimum effective application within the tested range, excepting PFHxS for 

P750 which delivered a minimum effective application of 60 g/L. PFOA only reached a minimum effective 

application in pine biochars, ranging 60-80 g/L. It was clear that minimum effective application was reached more 

frequently for pine biochars, within the tested application range, than for straw biochars (Table 5.4). PFOS 

demonstrated lower effective application rates for high temperature pine biochars. No biochar production 

temperature-based difference was observed for PFOS to straw biochars with 500 and 700 ˚C biochars sharing a 

minimum effective application rate of 80 g/L (Table 5.4) (F1,2 = 2.09, p = 12.27). PFOA and PFHxS demonstrated 

biochar production temperature sensitivity, with lower application rates required to achieve minimum effective 

applications with higher temperature biochars. Experiments that repeated the individual mode tests as mix mode 

reported a lower application rate in straw biochars (F1,2 = 20.55, p < 0.05), while the minimum effective 

application rate remained the same for pine biochars (F1,2 = 0.09, p =11.71).  

Biochar application rate experiments are explored further in Figure 5.3, which shows P750 biochar saw 

quite similar behaviour for PFOS, PFOA and PFHxS. In the case of PFHxA and P750 biochars, it was observed 

a minimum effective application could not be reached in the tested range. Here, the slowly increasing slope 

demonstrates that with higher applications rate further PFHxA could be removed. This was not the case for S750, 
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which exhibited greater separation between compounds, with not all compounds reaching a maximum removal 

within the tested range. Removals were lower for S750 when compared to P750, ranging 70 - 90 % for PFOS, 

PFOA and PFHxS.  

Overall, a sorption pattern emerged following the order PFOS> PFOA> PFHxS> PFHxA for P500, S500 

and S750. This was less evident in P750 due to similar levels of removal for PFOS, PFOA and PFHxA at lower 

biochar applications (0 – 40 g/L). PFHxS behaved outside this pattern at the higher application rates, where PFHxS 

often becomes equally sorbed at levels comparable to PFOS and exceeding that of PFOA. This suggests that, in 

systems where more sorbent (sorption sites) exist than sorbate, there are different sorption mechanisms between 

the sulfonate and carboxylic PFAS groups. This suggests that PFAS functional group type had greater impact 

upon sorption to biochar than chain length, considering the outperformance of the 8 carbon PFOA by the 6 carbon 

PFHxS. Similar observations have been made in other studies, which observed greater removal of PFSAs than 

PFCAs from water using integrated GAC methods (Glover et al., 2018). This was further evident in 500˚C 

biochars, where a point of intersection was observed between PFOA and PFHxS at 60 g/L applications. In 750˚C 

biochars this occurred at much lower application rates (<40 g/L), once again suggesting the influence of pyrolysis 

temperature, and hence a different mechanism upon this relationship. 

Overall a smaller percentage of each congener was removed in mix mode compared to individual mode 

(Figure 5.3), however this did not decrease proportionally with number of compounds in solution, nor was it 

uniform for PFAS-biochar combinations. Instead the difference in sorption behaviour was a factor of application 

rate and was highly biochar-type sensitive, with respects to differences in removal between individual and mix 

mode experiments. The observed difference was more pronounced in low temperature biochars than in high 

temperature biochars. Overall, the major effect of a mix mode versus individual mode was slight reductions of 

minimum effective applications, but most notably an overall decrease in percentage PFAS removed in lower 

temperature biochars for the congeners PFOS, PFHxS and PFHxA. This deficit was not experienced in 750˚C 

biochars. 
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Figure 5.3 Percent target PFAS removed from solution versus application rate of biochar, separated by biochar. 

 

Figure 5.4 highlights the maximum PFAS removal (%) achievable at the highest application studied (100 

g/L) at equilibrium and does not reflect a true maximum as not all PFAS – biochar combinations reached a 

maximum removal across all biochars as evidenced by minimum effective applications in Table 5.4. This is too 

in agreement with Figure 5.3, where increasing the dose of biochar results in increases in the percentage PFAS 

removal for the entire tested application range for some PFAS–biochar combinations. PFHxS, PFOA and PFOS 

however all reached maximum removal within the studied applications for P750. PFHxA showed the greatest 

variance in maximum sorption at the studied levels among biochars. In conjunction with Figure 5.3, Table 5.4 

suggests that maxima as witnessed in Figure 5.4 are not the ultimate measure of the effectiveness of a biochar, as 

some biochars reached their maximum sorption levels at far lower application rates than others, suggesting the 

latter measure of sorption efficiency is of greater importance.  
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Using the minimum effective application required to achieve maximum sorption as an index of sorption 

is far more effective than making assessments based on ultimate percentage removal within the studied range. 

Sorption followed the pattern PFOS> PFHxS> PFOA> PFHxA, with respects to maximum sorption over the 

studied range at equilibrium. P750 had the highest accumulative sorption, followed by S750 and with the 500˚C 

biochars exhibiting very little difference between the two feedstock types for all tested PFAS. Assessing PFAS 

maximum sorption in a mix mode resulted in overall slight reductions in all PFAS compounds percent removal 

compared to those sorbed in individual mode, possibly suggesting competition for sorption sites. This agrees with 

the data in Table 5.4 which demonstrate reduced removal at various application rates across all compounds and 

biochars, based on the biochars being in a mix mode. Note that the total PFAS sorbed was much higher in mixed 

mode, even if individual mode sorption is lower in equivalent mix mode experiment when compared to individual 

mode. The data in Figure 4 illustrate that the removal of PFOS, PFOA and PFHxS is quite similar across all 

biochars with respects to maximum capacity for removal at tested concentrations and application rates. However, 

it is important to note this is not a measure of sorption capacity or PFAS affinity for the sorbent, which is a measure 

seen in sorption isotherms which model this relationship based on solution concentration versus sorbed 

concentration.  

 

Figure 5.4 Maximum percentage PFAS removed from solution comparing maxima between PFAS experiments 

for each biochar at the highest treatment application of 100 g/L. 

The Freundlich-Langmuir combination model (SIPs), as per equation 1, was found to provide the most 

consistent fit to experimental data. In this model maximum adsorption capacity is reflected by Qmax (ug/g), KL 

represents the affinity constant (L/g), and n describes surface heterogeneity or homogeneity, with values ranging 

0 to 2 and those closer to one (1) being indicative of homogenous sorption (Nethaji et al. 2013). The experimental 

data is shown in Freundlich-Langmuir models in Figure 5.5, with constants for all models tested contained in 

supplementary tables S7 and S8. Extrapolation of the experimentally selected Freundlich-Langmuir combination 

model was undertaken to span an entire 0-5 µg/L range, as can be found in Figure 5.6. 

 

0

20

40

60

80

100

120

P500 S500 P750 S750

R
em

o
va

l (
%

)

PFHxA PFHxA (M) PFHxS PFHxS (M) PFOA PFOA (M) PFOS PFOS (M)



 

91 
 

Equation 1.    𝑄𝑒 =  
𝑄𝑚𝑎𝑥(𝐾𝐿𝐶𝑒)1/𝑛

1+(𝐾𝐿𝐶𝑒)1/𝑛  

Experimental data seen in Freundlich-Langmuir combination model (SIPs) plots (Figure 5.5) clearly 

demonstrate that sorption is affected by both, compound and sorbent type, their influence culminating in a PFAS-

biochar combination specific behaviour. While sorption followed the order PFOS> PFOA> PFHxS> PFHxA at 

model endpoints, it is clear that an interplay between PFOA and PFHxS sorption, as seen by the intersection of 

models and in equilibrium modelling data, exists. This is particularly evident in pine derived biochars. The 

sigmoidal form exclusive to PFOS and PFOA suggest 2 modes are prevalent in sorption (monolayer versus 

multilayer – Type V sorption), with multilayer sorption becoming more active at the point of inflection where 

higher concentrations are present (smaller sorbed fraction - Qe, higher solution concentration Ce). PFHxA and 

PFHxS tend to show a more traditional isothermal pattern without sigmoidal behaviour. The two mechanisms are 

likely hydrophobic interaction, followed by more compound specific behaviours influenced by attraction or 

repulsion of like congeners either with water molecules, other PFAS molecules or surface functional groups.  

PFOA´s isotherm was demonstrated to be less sigmoidal in straw biochars than in pine. Among all 

studied compounds, PFHxA exhibited the lowest affinity for any sorbent. P750 had the steepest gradient for all 

tested compounds, suggesting it as the sorbent with the highest PFAS affinity. This was followed by S750, and 

finally the 500˚C biochars which were quite similar. Repeating the experiment in a mix mode resulted in little 

change in PFAS sorption behaviour. However, a marked increase in the sigmoidal nature of isotherms was noted 

in PFOS and PFOA, due to the possible increased prevalence of inter-PFAS interactions influencing multilayer 

sorption modes in mix mode. Additionally, this occurred alongside a reduced effect of the previously described 

PFOA-PFHxS interplay. Accordingly, biochar PFAS sorption affinity was slightly suppressed for most 

compounds in mix mode excepting PFHxS in 500˚C biochars.  

Extrapolated models however attempt to predict a larger concentration range using the model that had 

been fitted to the experimental data. Experimental Ce range does not always capture the point at which biochar 

sorption sites are saturated (Qmax). It does however reveal some new interesting behaviour at high concentrations. 

To this end, the broader range of PFAS-biochar combinations demonstrated PFAS in a mix mode outsorbing the 

individual mode at higher Ce values. The behaviour exhibited by PFHxA in both individual and mix mode 

extrapolated isotherms was much like the isotherms in the range of Ce for experimental data. However, this was 

not the case for other PFAS tested. PFOS in a mix mode greatly exceeded its individual mode counterparts Qmax 

for all tested sorbents (Table 5.5). Here the higher the affinity, as indicated by the slope of initial sorption in 

extrapolated models (Figure 5.6), the greater the magnitude of the difference between compounds.  

PFOA behaviour was similar as in experimental isotherms, except that its interactions with PFHxS were 

clearer than in experimental isotherms, due to the increased range of Ce. Nowhere is this better demonstrated than 

in the 500˚C biochars where not only does 500˚C mix mode PFHxS ultimately exceed PFOA, it also sees a great 

reduction between PFOA sorption affinity in individual versus mix mode experiments and an increase in PFHxS 

sorption from individual to mix mode PFAS solutions. This strongly suggests competition and opposing 

mechanisms, possibly linked to the functional group, resulting in preferential sorption (Li et al. 2019). The 

interplay between PFHxS and PFOA was illustrated by variation of the congener having a higher Qmax, 

depending on biochar type and PFAS compound combination. Previous comments are supported by PFHxS 

having higher Qmax values than PFOS in Table 5.5 for mix mode, compared to lower values in individual mode. 
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This hints strongly to assisted or competitive sorption. Interestingly, models predicted in individual mode tests 

that PFOA Qmax has the capacity to exceed PFOS in the 500˚C biochars. Lower “n” values in extrapolated 

isotherms demonstrated the greater degree of sigmoidal nature in sulphonates (PFOS and PFHxS), compared to 

the carboxylic acids (PFOA and PFHxA). Likewise, this is more pronounced in pine rather than in straw biochars. 

Overall, P750 attains the highest Qmax values for all PFAS, in both individual and mix mode experiments. PFOS 

acquires most consistently the highest Qmax with each biochar, except in 500˚C individual mode experiments 

where the affinity for PFOA (and Qmax) was higher. Nominally, P750 acquired most frequently the highest Qmax 

values, suggesting it is the most efficient at sorbing the target PFAS. This was followed by S750 and then the two 

500˚C lower biochars, where the sorption capacities varied based on compound behaviour. 
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Table 5.5 Constants for Freundlich-Langmuir Model (SIPs).  

Mixed Mode                 

 PFHxA  PFHxS  PFOA  PFOS  

Biochar KL qmax  n  R2 KL qmax  n R2 KL qmax  n R2 KL qmax  n R2 

P500 0.14 0.02 0.47 0.59 0.12 0.39 0.70 0.93 0.31 0.15 0.31 0.73 0.29 0.52 0.27 0.97 

S500 0.12 0.02 0.58 0.36 0.63 0.14 1.13 0.97 0.58 0.15 0.66 0.99 0.22 0.58 0.37 0.99 

P750 5.71 0.04 0.16 0.91 1.23 0.56 0.64 0.99 3.85 0.47 0.23 0.95 5.78 10.99 0.16 0.91 

S750 0.22 0.03 0.68 0.99 0.41 0.29 0.89 0.98 0.39 0.21 0.66 0.98 0.27 1.70 0.45 0.99 

                 

Individual Mode                

 PFHxA  PFHxS  PFOA  PFOS  

Biochar KL qmax  n  R2 KL qmax  n R2 KL qmax  n R2 KL qmax  n R2 

P500 0.08 0.07 0.60 0.69 1.06 0.15 1.28 0.98 0.09 0.78 0.55 0.96 14.39 0.37 0.24 0.99 

S500 0.13 0.06 0.56 0.76 1.23 0.10 1.90 0.99 0.11 0.64 0.92 0.96 0.74 0.51 0.65 0.98 

P750 0.05 0.55 0.79 0.99 4.73 0.37 0.69 0.99 1.64 0.77 0.46 0.99 3.85 6.61 0.21 0.95 

S750 0.29 0.10 1.22 0.82 1.23 0.19 0.51 0.94 4.62 0.17 7.98 0.31 0.55 0.79 0.53 0.99 
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Figure 5.5 Freundlich-Langmuir Combination sorption isotherms (Sips 1948) for target compounds separated 

by sorbent. Data displayed as a factor of individual or mix mode. Ce range displayed as per experimental data 

ranges of Ce based on sorption. 
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Figure 5.6 Extrapolated Freundlich-Langmuir Combination sorption isotherms (SIPs) for target compounds 

separated by sorbent. Data displayed as a factor of individual or mix mode experiments.  
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5.4.4 Desorption Experiments 

 

PFAS desorption was observed for most biochars (Table 5.6), with values ranging from <LOQ to 92.8 

%. PFOS was the only compound that did not desorb from any biochar, with desorption values for all PFOS-

biochar combinations below LOQ in individual mode experiments. PFHxA sorption was highly reversible andover 

an order of magnitude higher from pine biochars than from straw biochars. Excepting PFHxA, all highly sorbed 

compounds (PFOS, PFHxS and PFOA) were found to undergo no more than 20 % desorption from all biochars.  

The data strongly suggests that, while biochar characteristics were the major influencer upon sorption 

behaviour, compound specific behaviour was of larger influence with respect to desorption. This is evident as, 

despite the vast difference in the characteristics of the biochars, no desorption of PFOS is noted across all biochars. 

The same can be said for PFOA and PFHxS which, for the most part, do not exhibit any biochar characteristic 

influence-based desorption trends. Based on the data contained in Table 5.6, desorption was found to be more 

dependent on chain length than any other parameter in individual mode experiments. Interestingly, when the 

experiment was repeated as mix mode, desorption was seen for every compound across all biochars. Excepting 

PFHxA, all desorption was less than 20% of sorbed PFAS. Desorption was significantly greater in low temperature 

biochars (500˚C) than in higher temp biochars (750˚C) (F1,2 = 33.95, p < 0.05).  No significant effect of feedstock 

type was detected (p > 0.05 in all cases), suggesting, once more, that strength of sorption was primarily driven by 

hydrophobicity. 

 

Table 5.6 Total desorption (%) of target PFAS from biochars after a 96-hour holding period from point of 

reconstitution of batch sorption tubes from sorption experiments with 5 mL distilled water.  

 Individual Mode  Mix Mode 

 Biochar PFHxA PFHxS PFOA PFOS  PFHxA PFHxS PFOA PFOS 

P500 50.9 ± 1.8 15.3 ± 0.8 7.6 ± 1.1 <LOQ  92.8 ± 34.8 14.9 ± 0.9 16.3 ± 0.9 9.7 ± 0.2 

S500 0.1 ± 4.2 4.2 ± 0.3 <LOQ <LOQ  ND 10.7 ± 1.8 15.5 ± 2.8 8.5 ± 0.7 

P750 20.7 ± 2.1 3.2 ± 0.1 <LOQ <LOQ  4.7 ± 0.4 0.5 ± 0.1 0.8 ± 0.1 1.3 ± 0.1 

S750 5.4 ± 2.3 5.8 ± 1.0 5.2 ± 0.2 <LOQ  8.0 ± 1.1 1.1 ± 0.1 1.5 ± 0.1 1.2 ± 0.1 

 

Considering the above compound specific behaviours in equilibrium, sorption, and desorption, the 

biochar production method resultant specific physiochemical characteristics had an equally significant effect on 

sorption behaviour as did PFAS congener specific characteristics. This is mirrored by the findings of (Zhang et 

al. 2019), who suggested that, in addition to compound and sorbent specific characteristics, solution chemistry 

was an important consideration. In the present study, the same solution was used for all experiments except for 

individual versus mix mode. This meant that changes observed were a direct result of biochar addition, including 

its impact, on experimental solutions. 

 Equilibrium time was greater impacted by biochar pyrolysis temperature than by feedstock type, 

suggesting those biochars with a more highly carbonized nature and a higher surface area had a sorption process 

that occurred quicker and at a greater magnitude. 
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Minimum effective application trends suggest that carbon fraction and surface area are the most 

significant characteristics affecting application rate, demonstrating the better performance of higher pyrolysis 

temperatures and pine feedstock for the development of adequate surface area and a higher degree of 

carbonization. Similarly, correlation between carbonaceous sorbent surface area and sorption capacity were 

observed for PFOS, PFOA and PFHxS in (Kupryianchyk et al. 2016). It appears that the types of functional groups 

retained at lower temperatures, such as hydroxyl (OH) and carboxyl (COOH) (Askeland, Clarke & Paz-Ferreiro 

2019), were not significantly involved in sorption. This is evidenced through poor sorption to low temperature 

biochars (350˚C). Similarly, other characteristics that demonstrated major increases with temperature related to 

straw biochars, resulted in no significant change in minimum effective application (ash, pH, EC). This suggests 

that feedstock type was of greater influence than temperature in minimum effective application rates with pine 

biochars outperforming straw.  

P750 performed best with respects to extrapolated Freundlich-Langmuir sorption isotherms for most 

tested PFAS compounds. This was seconded by S750, which in turn was followed by P500 and then S500. This 

suggests that in this study, pyrolysis temperature is a more important factor than the choice of feedstock with 

regards to increasing PFAS sorption capacity of biochars. However, it is evident in equilibrium data, in which 

pine feedstock biochars had an additional intraparticle diffusion sorption phase, not seen in straw biochars, that 

feedstock type does affect sorption behaviour within the same temperature classes. In addition, the nuances seen 

between PFOA and PFHxS in some biochar type combinations are likely the result of unique sorbate properties, 

highlighting the complexity of PFAS sorption to biochars and the need to assess sorption affinity as a factor of 

compound specific attributes, compound concentration, presence of other PFAS and attributes of biochar sorbent. 

P750 was found to be the most effective sorbent with respects to having a high sorption rate for target compounds, 

the greatest percentage removal and Qmax, the lowest dose required to reach maximum sorption and the lowest 

desorption. Inferentially, this suggests that the desirable characteristics for biochars for use as PFAS sorbents are 

high surface areas and a higher fraction of C as fixed carbon, as exhibited by P750 (Askeland, Clarke & Paz-

Ferreiro 2019).  

Insofar as compounds are concerned, PFOS, being the more hydrophobic PFAS congener tested (Li et 

al. 2019), exhibited the highest affinity and the lowest dose requirement for maximum sorption for any biochar. 

Overall, the minimum effective application required decreased with increasing PFAS compound carbon chain 

length and were lower in sulphonates than carboxylic acids. The effect of individual versus mix mode application 

of experiments was most evident in sorption maxima and isothermal modelling. This was due to the properties of 

the compounds themselves and, to a lesser extent with the physiochemical properties of the biochar surface.  

Alteration of pH should have a minimal effect on PFAS sorption due to the low pKa of PFAS and to the 

seeming lack of sorption to surface functional groups in favour of hydrophobic sorbents. Higher ash and EC could 

however potentially assist with sorption due to increasing solution ionic strength which would in turn drive 

sorption. Testing these factors was outside the scope of this experiment. 
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5.5 Conclusion 
 

Sorption behaviour at low µg/L, environmentally relevant, PFAS concentrations was successfully studied 

using the specially developed serial sorption technique and LC-MS method. It was found that biochars produced 

at 350˚C from pine and straw feedstocks were inefficient sorbents for PFAS, removing < 50% from solution. 

Likewise, PFBA and PFBS sorbed poorly to all biochars (< 50%), suggesting the biochars produced in this study 

are not an applicable removal technique for shorter chain PFAS molecules in water. Ultimately all 4 remaining 

biochars preform similarly with respect to maximum percent removal of the remaining target PFAS, but the time 

to equilibrium and minimum effective biochar application are vastly different among biochar and compound type 

combinations. The data suggests that for PFAS greater than 4 carbons long, a higher surface area and higher 

hydrophobicity are desirable traits for PFAS sorption. A difference was observed in percentage removal and 

distribution of PFAS type in individual versus mix mode experiments. This ranged based on specific PFAS - 

biochar type combinations. The same test applied to desorption saw an increased desorption of PFOS, which was 

previously strongly sorbed in individual mode experiments. Mix mode PFAS experiments had little effect on 

equilibrium time, however intraparticle diffusion modelling demonstrated that for pine biochars an intraparticle 

diffusion stage was present, which was not apparent in straw biochars.  

Considering the above and the data put forward by extrapolated Freundlich-Langmuir combination 

models, P750, the pine biochar produced at the highest tested pyrolysis temperature, performs as the best PFAS 

sorbent for the PFHxA, PFHxS, PFOA and PFOS. A pyrolysis method which further optimizes temperature, and 

hence hydrophobicity and surface area, will have improved sorption for PFOS, PFOA, PFHxS and to a lesser 

extent PFHxA, in water. Further exploration of feedstocks may uncover biochars better suited for PFAS sorption. 

The reverse engineering of biochars for PFAS removal from water in this manner may allow for cheaper and more 

environmentally friendly alternative to activated carbon. 
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6.1 Abstract 

The ability to immobilise PFAS in soil may be an essential interim tool while technologies are 

developed for effective long-term treatment of PFAS contaminated soils. Biochar is a promising cost-effective 

and sustainable solution, which can be engineered for PFAS immobilisation. While many sorbents have been 

studied in solution, little is known about soil-biochar-PFAS interactions. Serial sorption experiments were 

undertaken using a pine derived biochar produced at 750°C (P750) and analysed by direct injection liquid 

chromatography mass spectrometry to determine equilibrium, sorption and desorption behaviour in an individual 

and mix congener experimental mode with either a loamy sand or a sandy clay loam soil. All experiments were 

carried out either in individual mode (solution with one PFAS at 5 µg/L) or mix mode (solution with 5 µg/L of 

each: PFOS, PFOA, PFHxS and PFHxA), and carried out in 2:1 water to soil solutions. Soils had biochar added 

in the range 0 -5 % w/w. Kinetic data were fitted to the pseudo-second order model for both amended soils, with 

equilibrium times ranging 0.5 to 96 hours for all congeners. PFOS sorption was 11.1 ± 4.5 % in the loamy sand 

compared to 69.8 ± 4.9 % in the sandy clay loam. It was demonstrated that while total sorption was higher in the 

unamended loamy sand than sandy clay loam for PFHxA, PFOA and PFOS, the effect of biochar amendment for 

each compound was found to be significantly higher in amended sandy clay loam than in amended loamy sand. 

Application of biochar reduced the desorbed PFAS fraction of all soils. Soil type and experimental mode played 

a significant role in influencing desorption. Overall, the relationship between sorbent and congener was 

demonstrated to be highly impacted by soil type, however the unique physiochemical properties of each PFAS 

congener greatly influenced its unique equilibrium, sorption and desorption behaviour for each amended soil and 

mode tested. Considering this, the biochar P750 had a greater effect on sorption for sandy clay loam soil compared 
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to loamy sand, however desorption data demonstrated comparatively greater reversibility of sorbed fraction in 

loamy sand soil than sandy clay loam soil. This suggests that sorption capacity should be compared with 

reversibility (desorption) when assessing the efficacy of biochar as a PFAS immobilisation technique in soil 

matrices. 

 

6.2 Introduction 

 

Per- and poly- fluoroalkyl substances (PFAS) are a group of anthropogenic and environmentally persistent organic 

compounds found to be extensively dispersed throughout environmental compartments (Bengtson Nash et al. 

2010; Borg et al. 2013; Nakayama et al. 2019; Prevedouros et al. 2006; Stahl, Mattern & Brunn 2011). PFAS are 

receiving increasing attention in environmental and toxicological literature due to their inherent toxicity, 

persistence and mobility (Cai et al. 2019; Lloyd-Smith 2016; Prevedouros et al. 2006). Current treatment 

technologies are limited, driving demand for solutions addressing PFAS in soils, sediments, and water (ground, 

surface and waste)(Kucharzyk et al. 2017; Ross et al. 2018). In the interim, effective immobilisation technologies 

are required to prevent further PFAS migration from sources to uncontaminated environments and water sources 

(Brusseau 2018; Sörengård, Kleja & Ahrens 2019; Xiao et al. 2015).  

Biochar, created through the pyrolysis of waste biomass, has been mooted as a possible PFAS 

sorbent and sustainable management strategy (Kupryianchyk et al. 2016; Liu et al. 2019). However, the sorption 

behaviour of PFAS to biochar amended soil has not been subjected to the level of exploration with respect to soil 

physiochemical properties as has been undertaken for  PAHs (Chen & Yuan 2011), PCBs (Denyes, Rutter & Zeeb 

2013), pesticides (Cabrera et al. 2014; Dechene et al. 2014; Delwiche, Lehmann & Walter 2014) and heavy metals 

(Méndez et al. 2014; Uchimiya et al. 2011). To achieve this, a greater understanding of sorption behaviour is 

required (Du et al. 2014; Li et al. 2019), particularly with respects to PFAS immobilisation in the presence of  soil 

matrices which are typically hard to characterise due to heterogeneity (Brusseau 2018; Campos Pereira et al. 2018; 

Li et al. 2019). Additionally, consideration needs to be given to the partitioning of PFAS onto sorbents in soil 

from the water-soil phase, in which environmental conditions such as pH and ionic strength may impact sorption 

(Li et al. 2019). Considering the above, equilibrium, sorption and desorption processes are greatly influenced by 

the duration and physicochemical properties of the sorbate, sorbent, and environment in which interaction takes 

place (Brusseau 2018; Li, Oliver & Kookana 2018).  

PFAS sorption behaviour by solid matrices is further complicated by the molecular structure of 

PFAS congeners themselves (Brusseau 2018), which result in congener structure specific hydrophobic and 

oleophobic (Li,et al. 2019) interactions with their environment and have unique surface activity based on chain 

length and functional group type (Du et al. 2014; Knight et al. 2019; Li et al. 2019). Due to this complexity, a 

limited number of PFAS compounds, usually PFOA and PFOS, have been studied in soils (Campos Pereira et al. 

2018). In light of the recent phasing out of these 2 congeners in line with the Stockholm convention sanctions 

(POPRC 2008; Wang et al. 2009), and their subsequent replacement with shorter 4 to 6 chain derivatives, further 

data are needed to model their comparative behaviours.  
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The current body of research largely suggests that sorption of PFAS to solid media surfaces is 

strongly governed by the sorbent’s physicochemical properties such as organic carbon and surface functional 

groups. In the case of soils, organic matter (OM), metal oxides and clay content are important factors influencing 

sorption (Brusseau 2018; Campos Pereira et al. 2018). Currently there is little information on the interactions 

between PFAS and sorbent, in the presence of soil, and their relative effect upon PFAS sorption behaviours 

(Campos Pereira et al. 2018). The characteristic C-F hydrophobic chain moiety of PFAS molecules results in 

strong hydrophobicity-driven interaction with the organic matter fraction of soils (Li, Oliver & Kookana 2018). 

This behaviour sees organic matter frequently used as an indicator for sorption capacity when assessing PFAS 

fate and transport in soils or amended soils (Li et al. 2019). However, it has been demonstrated that specific 

fractions of OM, such as proteins, saccharides, fulvic acids and humic acids, each have their own potential impact 

on the sorption behaviour of various PFAS molecules to solid matrices (Campos Pereira et al. 2018). The 

formation of micelles and hemimicelles has been long observed in PFAS sorption studies and been demonstrated 

through well-fitting Freundlich type models to have strong partitioning and surface activity from the hydrophobic 

portion of the molecule as monolayers and bilayers. This type of hydrophobic behaviour is typically influenced 

by surface area, OM fraction and pore size, and in the case of biochars, degree of carbonization (Sörengård, Kleja 

& Ahrens 2019). 

However, OM alone has been shown to not be the only parameter driving PFAS sorption behaviours 

in complex matrices (Knight et al. 2019; Oliver et al. 2019). Electrostatic interactions have been presented as an 

additional likely sorption mechanism, where the negatively charged PFAS ion functional group head may interact 

with sorbent, surface net charges, surface functional groups, metal oxides and oxyhydroxides (Knight et al. 2019; 

Li et al. 2019; Li, Oliver & Kookana 2018). Surface functional groups are likely to interact with PFAS heads as 

generally low PFAS pKa result in a high abundance of the soluble ionised PFAS form under environmentally 

relevant conditions (Brusseau 2018). Ionised forms have also been demonstrated to allow interaction with Ca+2, 

Mg+2, Fe+3 and Al+3, but not monovalent cations such as Na+ and K+ (Campos Pereira et al. 2018). In addition, 

under environmentally relevant conditions, OM surface groups can carry a negative charge, which in the presence 

of multivalent cations can complex PFAS molecules by cationic bridging effects (Campos Pereira et al. 2018). 

This behaviour becomes more complex in soils which hold a variable pH and ionic strength dependant charge due 

to fluctuations of protonation of surface functional groups or net surface impacting charge bridging effects (Li, 

Oliver & Kookana 2018; Oliver et al. 2019). Ultimately, both soil mineral and organic matter phases may 

contribute to fixed and variable surface charge on soils, in turn influencing sorption behaviour (Oliver et al. 2019). 

In consideration of the above, it is suggested that the influence of soil and sorbent qualities in 

combination with PFAS congener qualities all have a complex role in influencing the specific mechanisms, rate, 

extent and reversibility of PFAS sorption to sorbent amended soils (Milinovic et al. 2015). To date, many studies 

have examined PFAS-sorbent behaviour in aqueous solutions (Du et al. 2014; Li et al. 2019; Li et al. 2019; Zhi 

& Liu 2018), with varying masses of sorbent or concentrations of PFAS. Barring a small number of soil column 

leaching studies (Bräunig et al. 2019; Gellrich, Stahl & Knepper 2012; Høisæter, Pfaff & Breedveld 2019; Kalbe 

et al. 2014), the effect of the soil fraction on sorbents is seldom considered beyond brief discussion. This is 

particularly the case with respect to biochar. Leaching experiments are limited by poor mixing and heterogenous 

contact of the soil matrix with the sorbent, and sorbate with sorbents, respectively. While each experimental mode 

collects vital data, exploration of the direct effect of soil matrices in a well-mixed system is not well-addressed in 
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the literature. In addition, the comparison of PFAS behaviour as individual congeners versus in a mixture of 

congeners is poorly characterised. This study employed a biochar amended soil in water as a 2:1 water to soil 

slurry, weight per weight. This resulted in a mixable solution that overcomes the limitations common to column 

leaching by allowing increased mixing. In turn this allowed the study of efficiency of sorbents in amended soils 

for PFAS. This was achieved by the application of biochar amendments to two typical Australian soils, a loamy 

sand and a sandy clay loam, exhibiting contrasting characteristics. To the author´s knowledge, this is the first 

study to observe sorbent efficiency in this manner in the presence of a soil matrix and compare PFAS sorption 

efficiency with soil properties. In addition, variation of these effects was studied in two experimental modes, 

wherein experiments were carried out with individual congeners, or in a mix mode with all four congeners in 

solution.  

Equilibrium times, sorbed and desorbed fraction could be assessed to allow the reverse engineering 

and mindful application of biochar as a cost-effective interim strategy for PFAS immobilisation. This study aims 

to demonstrate the further need for characterisation of soil fraction and sorbent interactions and how they affect 

PFAS sorption in the environment. An understanding of soil–PFAS interactions and PFAS-sorbent interactions 

are important, however the complex soil-sorbent-PFAS interactions, likely to be determinant in the environment, 

are still in dire need of further detailed assessment. 

 

6.3 Material and Methods 

6.3.1 Chemicals and Reagents 
 

Native and 13C PFAS standards used in the preparation of calibration standards were obtained from 

Wellington Laboratories Incorporated (Ontario, Canada). PFAS Salts required for preparation of 5 µg/L spiking 

solutions were supplied by Sigma Aldrich (Missouri, United States). Ammonium acetate used in LCMS was 

acquired from Sigma Aldrich (Missouri, United States) and Hypergrade Methanol (LiSolv) was purchased from 

EMD Millipore (Massachusetts, United States). 

6.3.2 Biochar 
 

A complete characterization, including the synthesis, of the biochar used in all experiments is available 

in Askeland, Clarke & Paz-Ferreiro (2019). This biochar was selected from six studied biochars in [30] due to 

its high surface area and high carbon content. Throughout this publication the biochar is referred to as P750, a 

nomenclature that denotes its production feedstock being pine, pyrolyzed at 750˚C. Prior to serial experiments, 

PFAS analysis of P750 was undertaken to determine if PFAS were extractable in Milli-Q water over a 92-hour 

period. 
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6.3.3 Soil Characterisation  
 

Soils used in serial experiments were selected as they had been previously characterised by a NATA 

accredited lab using acceptable ISO, AS and ASTM soil assessment methods. The two soils, a sandy clay loam 

and loamy sand, were selected due to their different physicochemical properties, particularly texture and organic 

matter fraction, each of which are influential factors in the sorption of PFAS (Chapter 2). Both soils exhibited 

similar pH, in turn isolating effects of sorption to those largely governed by soil physiochemical properties other 

than pH. Both soils were sampled in Mordialloc (37.9990° S, 145.0920° E), a south eastern suburb of Melbourne, 

Australia. Prior to batch experiments, background PFAS concentrations in soils were assessed as PFAS extractable 

in Milli-Q water. 

6.3.4 Experimental Design 
 

This study was set up to compare equilibrium, sorption and desorption behaviour between the two 

different soils (sandy clay loam and loamy sand), and soils amended with biochar. Experiments were conducted 

as serial experiments carried out in 15 mL polypropylene centrifuge tubes for each soil in one of two modes, 

individual or mix. Soils were spiked with a constant 5 mL of 5 µg/L PFAS solution containing all four selected 

PFAS (PFOA, PFOS, PFHxS and PFHxA), termed mix mode. Alternatively, soils were spiked with 5 mL of 

solution containing just one of the four selected PFAS congeners at 5 µg/L, termed individual mode. This 

concentration was selected to be reflective of PFAS concentrations in the contaminated soil environment (Cao et 

al. 2019; Seo et al. 2019; Zareitalabad et al. 2013). All experiments were carried out in the same manner for each 

soil, mode and individually tested PFAS congener. The PFAS selected in this study aimed to capture data for 

PFOS and PFOA, as well as their leading 6 carbon chain successors, PFHxA and PFHxS. 

6.3.5 Experimental Methodology 
 

Equilibrium testing was conducted for 5 % w/w applications of P750 to soil, with a total mass of 2.5 g. 

This was added to a 15 mL centrifuge tube containing 5 mL of 5 µg/L PFAS solution, in either individual or mix 

mode, and placed on a shaker for 0, 1, 3 ,5, 8, 24, 48, and 96 hours. The resultant liquid to solid ratio was 2:1. In 

each experiment, each time point was prepared accordingly as triplicate samples for destructive sampling. Samples 

were prepared for LC-MS analysis and the resultant data statistically analysed prior to fitting to first order and 

second order models. 

Sample preparation for LC-MS analysis required each sample to be centrifuged at 4000 RCF for 30 

minutes and the subsequent extraction of 1 mL of supernatant to a new centrifuge tube by pipette, to which 1 mL 

of MeOH was added by mass to result in a 10 % MeOH w/w. Samples were vortexed prior to decanting the 

solution into 5 mL polypropylene stopperless Luer Lock syringes for filtration through a Corning polypropylene 

housed 15 mm regenerated cellulose syringe filter (0.22 µm). After filtration the prepared samples were stored in 

Agilent Technologies 1 mL polypropylene GC vials with clip on caps at 6 °C until analysis. Prior to 

experimentation, all consumables and equipment used in study were confirmed to be PFAS-free by LC-MS 

analysis of Milli-Q water leachable PFAS fractions over a 120-hour study period. 
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Sorption experiments for each soil were carried out as per equilibrium experiment methodology; 

however, biochar addition was incremented as % w/w for a constant 2.5 g soils sample. Treatments employed in 

experiments were 0, 0.5, 1, 2, 2.5, 3, 4, 5 % w/w. Equilibrium times were applied as determined in the prior 

equilibrium experiments, where the equilibrium time of the slowest sorbing compound were used in mixed mode 

experiments. All experiments were undertaken in triplicate and sample preparation for LCMS analysis was 

undertaken adhering to the sample preparation methodology outlined above. Triplicate experimental sorption 

tubes had their remaining solution volume calculated by difference in mass and where retained for desorption 

experiments.   

In desorption experiments 5 mL of Milli-Q water was added to centrifuge tubes retained from previously 

described sorption experiment and placed on a shaker for their relative equilibrium time as per sorption 

experiments. Samples were prepared for LC-MS analysis as outlined above. Exact volumes of Milli-Q water 

added to each centrifuge tube were determined by mass. Desorption (%) was calculated as the difference between 

experimentally determined solution concentration after reconstitutions and expected solution concentration 

assuming dilution at a steady state as calculated by mass difference of water remaining, known starting 

concentration and mass of water added.  

QAQC was approached through the employment of triplicate blanks, matrix spikes and Laboratory 

Control Samples (LCS) samples through experiments. Blanks consisted of 5 mL of Milli-Q water in a centrifuge 

tube. Matrix spikes were prepared as blanks and spiked with sufficient PFAS stock solution to achieve a 5 µg/L 

PFAS concentration in the 5 mL solution contained in a 15 mL centrifuge tube. LCS where prepared as per blanks, 

with the addition of 2.5 g of 5 % w/w P750 amended soil, for each soil tested.  These samples and pre-spiked 1 

µg/L PFAS samples where included interspersed randomly in LCMS runs and allowed adequate measurement 

and control of PFAS QA/QC by method losses, recoveries, and detection of contamination. 

6.3.6 LCMS analysis 
 

All sample analysis was by direct injection LCMS using an Agilent infinity II liquid chromatograph and 

an Agilent 6495 triple quadrupole mass spectrometer. Briefly, the method employed Agilent EclipsePlusC18, 3.5 

um (4.6x50mm) as a delay column and an Agilent EclipsePlusC18 - RRHD 1.8 um (2.1x50 mm) as the separation 

column. Separation occurred with an oven temperature of 40˚C using the s Hypergrade MeOH and 5mM 

ammonium acetate in Milli-Q water as solvents. Supplementary tables S2 and S3 detail injection programs, 

solvent gradients and relevant instrument parameters. Supplementary table S1 details method performance. Table 

6.1 outlines method MDL, LOQ and QC outcomes for unspiked milli-Q and solids matrix blanks. Agilent 

Technologies Masshunter Package (version 8) was used to process al LCMS data. 

6.3.7 Statistical Analysis 
 

Statistical analysis was undertaken for this study using IBM SPSS version 25. The software allowed the 

analysis and further interpretation of the data after transformation by one-way ANOVA and Tukey´s Test post-

hoc analysis to assess means between and across tested treatment and experimental modes. 
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6.4. Results and Discussion 

All blanks undertaken as QC samples were returned as < MDL or less than LOQ, excepting loamy sand 

blank which contained small amounts of PFOS and PFOA just above the level of quantitation (Table 6.1). 

However, this was not leachable in the 5 % P750 amended loamy sand QC (Table 6.1). The 0.082 and 0.133 µg/L 

respective PFOS and PFOA leachable concentrations were deemed as native soil contamination and it was 

determined that, at most, this would account for 2.6 % of error considering a solution concentration of 5 µg/L in 

experiments. All blanks were below MDL. Analysis of soil geochemical properties revealed that soils were 

chemically different in CEC, TOC, OM and EC, which were found to be higher in the loamy sand soil, while the 

sandy clay loam soil exhibited a higher value for clay (Table 6.2). Both soils were neutral, with respect to soil pH. 

 

 

Table 6.2 Physiochemical parameter laboratory analysis means results for loamy sand and sandy clay loam 

soils used in sorption experiments.  

Parameter Loamy sand Sandy clay loam 

pH (CaCl2) 6.27 ± 0.02 6.23 ± 0.02 

pH Value (Dried at 40˚C) 6.80 ± 001 6.73 ± 0.06 

Electrical Conductivity (S/cm) 728.50 ± 8.25 68.33 ± 0.24 

Moisture Content (%) 3.80 ± 0.11 1.73 ± 0.10 

Exchangeable Calcium (meq/100g)  12.53 ± 0.48 3.53 ± 0.12 

Exchangeable Magnesium (meq/100g) 3.97 ± 0.17 0.87 ± 0.02 

Exchangeable Potassium (meq/100g) 1.30 ± 0.15 0.17 ± 0.02 

Exchangeable Sodium (meq/100g) 0.25 ± 0.03 0.20 ± 0.01 

Cation Exchange Capacity (meq/100g) 18.40 ±0.90 4.77 ± 0.16 

Iron (%) 0.91 ± 0.06 0.64 ± 0.02 

Organic Matter (%) 9.60 ± 0.16 1.50 ± 0.04 

Total Organic Carbon (%) 5.53 ± 0.10 0.87 ± 0.02 

Clay (%) 4.67 ± 0.62 32.00 ± 0.82 

 

 

 

 

 

Table 6.1. Detection limits and QAQC blanks used in experiments  

  PFHxA 

(µg/L) 

PFHxS 

(µg/L) 

PFOA 

(µg/L) 

PFOS 

(µg/L) 

MDL 0.019 0.030 0.025 0.038 

LOQ 0.059 0.094 0.079 0.120 

Blank <MDL <MDL <MDL <MDL 

Loamy sand blank <LOQ <LOQ 0.082 0.133 

Sandy clay loam blank <LOQ <LOQ <LOQ <LOQ 

Loamy sand + 5 % P750 Blank <LOQ <LOQ <LOQ <LOQ 

Sandy clay loam+ 5 % P750 Blank <LOQ <LOQ <LOQ <LOQ 
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6.4.1 Equilibrium Experiments 
 

All tested PFAS congeners had reached equilibrium after 24-hours for both experimental modes, except 

for PFOS in sandy clay loam in both experimental modes, PFHxS loamy sand in mix mode, and PFHXA in sandy 

clay loam in individual mode (Table 6.3). These exceptions had reached equilibrium by the 96th hour in the 

biochar amended soil solutions. In mixtures, equilibrium was faster for PFAS in sandy clay loam, excepting PFOS 

which was quicker in the loamy sand. In individual mode experiments were faster or equal equilibrium times were 

seen for all compounds in the loamy sand. PFOS always had faster sorption in loamy sand, irrespective of mix or 

individual mode. PFOA sorption was quicker in sandy clay loam in mix mode than in individually mode 

experiments, while the opposite was true in loamy sand, where individual mode PFOA sorbed faster. PFHxS was 

soption was always faster in loamy sand than in sandy clay loam, with faster sorption times in individual mode 

loamy sand experiments and slower in individual mode sandy clay loam. PFHxA was sorbed faster in sandy clay 

loam in mix mode, whereas sorption was slower in sandy clay loam for individual compounds. The fastest sorption 

for PFOS was in loamy sand. In contrast, the fastest sorption for PFHxA, PFHxS and PFOA was in sandy clay 

loam mix mode experiments, with equilibrium reached by 0.5 hours. 

Overall equilibrium times ranged 0.5 to 96 hours across experiments, depending on the PFAS congener 

tested and soil type. Sorption times were highly dependent on PFAS-soil type combination, as such statistically 

significant relationships for sorption equilibria between individual or mix mode experiments were not detected 

(p>0.05). PFOS exhibited a shorter equilibrium time in loamy sand than in sandy clay loam in both, mix mode (F: 

39.17; p: 0.001; Fcrit: 7.71) and individual mode (F: 35.01; p: 0.001; Fcrit: 7.71) experiments.  

Modelling revealed that the experimental data could not be fitted to a first order model (supplementary 

table S4). Kinetic behaviour was a good fit for the pseudo-second order model (Table 6.4), in line with the findings 

of (Li, M et al. 2019), in which the sorption of PFHxA, PFHxS, PFOA and PFOS to a powdered activated carbon 

was studied. The highest Qe for PFOS was in loam sand and amended sandy clay loam. The lowest Qe values 

were seen for PFHxA, particularly in the case of PFHxA in sandy clay loam mix mode experiment. In general, 

irrespective of matrix or mixture, Qe followed the order PFHxA, PFOA, PFHxS, PFOS, in increasing Qe value. 

Qe values were similar between individual versus mix mode experiments in loamy sand. Qe had a small but 

significant  difference for PFOS (F: 12.31; p: 0.011; Fcrit: 7.71), PFHxA (F: 9.62; p: 0.001; Fcrit: 7.71), and 

PFHxS (F: 8.81; p: 0.029; Fcrit: 7.71) between mix and individual mode experiments for  sandy clay loam, with 

higher Qe in individual experiments, except for PFOA. This was not the case in loamy sand, where a statistically 

different mean was only seen for PFHxA (F: 13.22; p: 0.03; Fcrit: 7.71) between mix and individual modes.  

K values support equilibrium data with sorption rates reflecting the compound specific equilibrium times 

changes between individual and mixture experiments for loamy sand versus sandy clay loam soils. PFOS K values 

were higher in the loamy sand compared to the than sandy clay loam. No difference was seen in amended loamy 

sand between mix and individual mode experiments for PFOA and PFOS, the converse was true for PHHxS and 

PFHxA. Comparatively large differences in congener specific K values were seen between individual and mix 

mode amended sandy clay loam experiments for all compounds. PFHxS had the highest K value in mixed mode 

sandy clay loam experiments, followed closely by PFOA for mixed mode amended sandy clay loam soils and 

PFOS for both mixed and individual amended loamy sand experiments. PFHxS sorption rates were higher in 

sandy clay loam than in loamy sand and higher for mix mode experiments.  
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PFOA k values were higher for sandy clay loam in mixed experiments but comparatively higher in loamy 

sand for individual experiments. PFHxA K values were here higher in loamy sand for mixed mode experiments 

but higher in sandy clay loam for individual experiments. Each congener was found to have its kinetic behaviour 

impacted by both soil type and experimental mode; however, the extent is dependent on congener. For example, 

PFOS exhibited a very large impact by soil type with very little influence of mode. Comparatively most of the 

congeners tested had K2 impacted by both mode and soil type. PFOA, posed different results between matrices 

in mixture experiment, however, similar kinetic results between matrices in individual experiments. K2 correlated 

well with calculated Eq values, which were also congener specific. 
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Table 6.3 ANOVA analysis of equilibrium data for mixed and individual PFAS experiments using 5 mL of PFAS spiked solution and 2.5 g of soil amended to 

5% w/w P750 biochar. Equilibrium established as 3 consecutive points without statistical difference. Asterisked values required a 96 hours period to reach 

equilibrium.  
 

PFHxA PFHxS PFOA PFOS  
Eq (h) F P Fcrit Eq (h) F P Fcrit Eq (h) F P Fcrit Eq (h) F P Fcrit 

Mix loamy sand 24  0.3 0.633 10.1 48*  11.6 0.042 10.1  8  5.6 0.053 5.8 1  2.4 0.105 3.2 

Mix sandy clay loam 0.5  0.4 0.872 2.8 0.5  0.4 0.866 2.8 0.5  1.3 0.321 2.8 48* 22.6 0.009 7.7 

Ind loamy sand 24  2.5 0.188 7.7 3  3.1 0.091 4.1 1  2.6 0.080 3.1 1  3.1 0.053 3.2 

Ind sandy clay loam 48*  32.9 0.004 7.7 1  1.9 0.168 3.2 24  9.3 0.038 7.7 48* 149.5 0.006 18.5 

Table 6.4 Pseudo second order models for tested soils amended 5% w/w P750 biochar.  
 

PFHxA PFHxS PFOA PFOS  
Qe 

(µg/g) 

K2 

(h) 

R Qe 

(µg/g) 

K2 

(h) 

R Qe 

(µg/g) 

K2 

(h) 

R Qe 

(µg/g) 

K2 

(h) 

R 

Mix loamy sand 0.031 47.918 0.990 0.178 9.137 0.996 0.127 28.412 0.998 0.215 61.846 0.999 

Mix sandy clay loam 0.011 11.352 0.717 0.065 158.513 0.999 0.0329 106.438 0.999 0.094 9.494 0.972 

Ind loamy sand 0.090 6.181 0.987 0.187 1.158 0.934 0.139 17.476 0.995 0.223 61.405 0.999 

Ind sandy clay loam 0.046 45.450 0.923 0.096 35.361 0.999 0.025 12.567 0.935 0.187 1.158 0.680 
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6.4.2 Sorption Experiments 
 

Figure 6.1 explores PFAS removal percentages versus biochar application to tested soils as w/w. The 

origin in the x axis demonstrates PFAS sequestered by control soils. It is clear that in the loamy sand, very little 

further PFAS was adsorbed by the addition of biochar and increasing the application to 5 % resulted in no 

statistically significant increase in mean % removal beyond the initial 0.5 % application.  No statistical difference 

was observed between mixtures and individual experiments over application ranges for loamy sand soils. The 

order of sorption followed the sequence PFHxA << PFHxS̴̴̴̴ ~ PFOA << PFOS.   

 

 

Figure 6.1 Percentage removal of selected PFAS by varying amendments of P750 in a loamy sand. Note: 0 % 

amendment values are representative of the fraction removed by soils. 

 

Figure 6.2 shows removal per biochar application (%) for the sandy clay loam soil. It is evident that 

PFOS has a much greater increase in sorption in the amended samples compared to the control, as shown by the 

slope from 0 % (control) to 0.5 % w/w. This is not so obvious for the remaining compounds. However, a 

statistically significant gradient for PFOS (F: 10.04; p: 0.027; Fcrit: 7.71) between 0.5 % and 4% demonstrates 

that PFAS sorption was still increasing to a measurable level with biochar addition. Similar to loamy sand, there 

is much variation in the data and remaining compounds all preformed similarly. No statistical difference was 

detected between mix and individual mode experiments.  

Comparing PFOS to the other tested PFAS in loamy sand experiments, the steep gradient seen between 

0 and first application level in PFOS experiments demonstrates a greater effect by biochar application upon PFOS 
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than the other tested PFAS. In sandy clay loam the difference in percent sorption between PFHxA, PFHxS and 

PFOA was much less pronounced than in loamy sand experiments. PFHxA, PFOA and PFOS % removal means 

were higher in amended sandy clay loam soils than in loamy sand, even though the degree of sorption was still 

small.  

Typically, laboratory experiment biochar application rates have ranged as low as 0.2 to over 10 % (W/W) 

equating to 7.76 and over 338 tons per hectare, respectively (Denyes et al. 2012; Domene et al. 2015). These 

values are calculated on the basis of a 0.3 m deep arable soil layer and an in -situ bulk density of 1.29 ton per m3 

as outlined in Domene et al. 2015. While Singh et al. 2014 suggests that applications of 5-20 tons per hectare may 

not be agronomically feasible, higher application rates required for biochar immobilisation of PFAS as a 

remediation strategy, where agricultural yield is not focal, are likely to remain more cost effective or have lower 

inherent risk than alternative solutions such as monocell storage, activated carbon, soil washing, landfilling or 

thermal desorption/destruction. As such, the tested application rate of 0 to 5% w/w biochar amendment is 

appropriate, from an economic and feasibility standpoint, to be scaled in the future for practical real-world 

applications. 

Isothermal sorption modelling of the data was found not to be possible due to the high impact of soil 

fraction on initial sorption and the lowest application of biochar reaching maximum measurable removal. This is 

evident in the relatively flat removal curves shown in Figure 6.1 and Figure 6.2. The exception being PFOS in 

sandy clay loam. However, isothermal modelling was not undertaken due to the lack of a point of comparison 

against the other PFAS congeners or similar observations for loamy sand experiments. 

 

 

Figure 6.2 Percentage removal of selected PFAS by varying amendments of P750 in a sandy clay loam. Note: 0 

% amendment values are representative of the fraction removed by soils. 
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Sorbed percentages of each PFAS type were different for both soil types tested, with loamy sand sorbing 

far greater amounts than sandy clay loam for all compounds in unamended soils (Table 6.5 and 6.6). Sorption 

followed, in order of increasing sorption, PFHxA, PFOA, PFHxS and PFOS for loamy sand. These results are 

contrary to sorption results seen in other studies which suggest sorption to carbonaceous materials follows the 

order of increasing chain length with compounds of equal chain length being prioritised by a sulphonate group 

([15] studied this phenomenon in PFOS and PFOA). This suggests the interaction between compound and sorbent 

is impacted directly upon by the physiochemical properties of the soil and associated soil solution, resulting in 

interactions in which functional group is more of an influencing factor than chain length. 

Table 6.5 Percent (%) removal of selected PFAS to loamy sand and 5% w/w P750 biochar amended loamy 

sand. Statistically significant differences in PFAS sorption detected by ANOVA analysis are denoted between 

soil, mix and individual mode biochar amended soils by capital letters (A, B, C). 

  
 

Mix mode  Individual mode 

  Soil  

(%) 

Soil + 5 % 

Biochar (%) 

Biochar 

Effect (%) 

 Soil + 5 % 

Biochar (%) 

Biochar  

Effect (%) 

PFHXA 5.9 ± 1.2A 8.9 ± 4.0A 3.0 ± 5.2  11.9 ± 1.3B 6.0 ± 2.5 

PFHXS 47.9 ± 0.8A 46.2 ± 2.9A -3.7 ± 3.7  49.9 ± 2.9A 2.0 ± 3.7 

PFOA 40.6 ± 1.0A 40.5± 2.7A -0.1 ± 3.7  44.1 ± 1.2A 3.5 ±2.2 

PFOS 77.6 ± 2.5A 88.7 ± 1.9B 11.1 ± 4.5  88.4 ± 1.9B 10.8 ± 4.4 

 

In sorption experiments the highest percent removal was for PFOS, 88.7 ± 1.9 %, with a net biochar 

effect for mix mode loamy sand amended with P750 at 5 % w/w of 11.1 ± 4.45 (Table 6.5). The lowest observed 

sorption was in the mix mode test of PFHxA, where loamy sand amended with P750 at 5 % w/w saw a mere 8.9 

± 4.0 sorbed of which 3.0 ± 5.2 % was a result of biochar application. No statistically significant difference was 

detected between individual and mixed PFAS experiments (P>0.05), suggesting inter-PFAS interactions such as 

competition for active sites or increased co-sorption. The effect of biochar on sorption followed the order PFHxS 

< PFOA < PFHxA < PFOS. However, considered as total sorption (loamy sand and biochar), sorption followed 

the order PFHxA < < PFHxS < PFOA < PFOS, which is closer to the results seen in (Sörengård, Kleja & Ahrens 

2019), where it was noted interaction with sorbent increased 11–15 % per CF2moeity and was 49% higher for the 

perfluorosulfonates than perfluorocarboxylates. Experimental data collected in the present study for individual 

mode experiments saw similar sorption results between PFHxS and PFOA, suggesting chain length and functional 

group may at times result in competing sorption mechanisms. 

Table 6.6 Percent (%) removal of selected PFAS to sandy clay loam and 5% w/w P750 biochar amended sandy 

clay loam. Statistically significant differences in PFAS sorption detected by ANOVA analysis are denoted 

between soil, mix and individual mode biochar amended soils by capital letters (A, B, C). 

  
 

Mix mode  Individual mode 

  Soil  

(%) 

Soil + 5 % 

Biochar (%) 

Biochar 

Effect (%) 

 Soil + 5 % 

Biochar (%) 

Biochar  

Effect (%) 

PFHXA -5.6 ± 0.6A 13.4 ± 5.3B 18.9 ± 5.9  18.2 ± 2.0B 23.8 ± 2.6 

PFHXS 8.9 ± 2.0A 9.6 ± 5.2A 0.7 ± 7.3  14.8 ± 5.1A 5.9 ± 7.1 

PFOA 1.6 ± 2.9A 23.2 ± 1.6B 21.6 ± 4.5  18.8 ± 1.4B 17.2 ± 5.3 

PFOS 0.8 ± 3.4A 66.3 ± 2.3B 65.5 ± 5.7  70.6 ± 1.4B 69.8 ± 4.8 
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Highest removal was for individual PFOS in sandy clay loam with 5% P750 amendment w/w, which 

achieved a total of 70.6 ± 1.4 % removal, with biochar accounting for 69.8 ± 4.8 % of removal (Table 6.6). The 

lowest removal was seen in PFHxS with respects to total and effect of biochar. No statistical difference was seen 

between individual and mixtures tested for each compound. Total sorption followed the order PFHxS < PFHxA 

< PFOA < PFOS for all experiments. Effect of biochar fraction followed the same order in mix mode experiments. 

A similar order was followed in individual experiments, excepting no statistical difference was found between 

PFOA and PFHxA. 

Differences between mix and individual mode experiments were common across both tested soils, 

suggestive of intra-PFAS competition not being a major consideration for PFAS sorption to carbonaceous 

materials in the presence of soil. However, the differences in soil type could suggest competitive sorption and 

fouling by other soil based organic substances (Zhi & Liu 2018). In addition, the effect OM and clay content 

presented on sorption was in line with the finding of Li, Oliver & Kookana (2018), wherein the study of PFAS 

sorption to soil could not be explained by any single soil property but was highly dependent on specific PFAS 

congener and soil geochemical property combinations. Due to the design of this experiment and complexity of 

the matrix, the competition of fouling agents, and effect of clay versus OM fraction could not be disambiguated, 

beyond demonstrating that these had a profound effect on sorption behaviour, as suggested in Li, Oliver & 

Kookana (2018). Likewise, the order of effectiveness for tested congeners was found to be the same between soils. 

However, the magnitude of effectiveness was vastly different between soils, with the lowest effectiveness in 

loamy sand being -3.7 ± 2.7 % and the lowest in sandy clay counterpart being 0.7 ± 7.3 %. Likewise, the highest 

in loam soil was found to be 11.1 ± 4.5 % for PFOS mix mode experiments whereas in sandy clay loam individual 

mode the highest biochar effect was 69.8 ± 4.9 %.  

While total removal was often higher in loamy sand, PFHxA, PFOA and PFOS had a higher sorption 

effect on sorbed fraction in amended sandy clay loam than in amended loamy sand. This suggests that P750 is far 

more effective in the sandy slay as a sorbent, possibly due to competing organic species in the OM fraction of the 

loamy sand, or simply due to the larger fraction available for sorption remaining in solution for sandy slay 

experiments. Overall, the addition of 5 % w/w biochar greatly increased the removal of PFAS from experimental 

soil solutions for PFHxA (F: 28.13; p: 0.012; Fcrit: 7.71), PFOA (F: 22.72; p: 0.001; Fcrit: 7.71) and PFOS (F: 

36.24; p: 0.001; Fcrit: 7.71), in mix mode. Similarly, this behaviour was observed in individual experiments 

between the two soils for PFHxA (F: 12.94; p: 0.013; Fcrit: 7.71), PFOA (F: 33.74; p: 0.001; Fcrit: 7.71) and 

PFOS (F: 29.04; p: 0.001; Fcrit: 7.71). The comparison between effectiveness highlights the need for all soils to 

be assessed for immobilisation on a case by case basis because of soil physicochemical properties holding 

significant influence on biochar sorption efficiency. PFHxS did not display any significant differences in sorption 

efficiency between the two soils for either experimental mode.  

6.4.3 Desorption Experiments 
 

Desorption was found to be higher in the control sandy clay loam than in loamy sand for all compounds. 

All desorbed fractions were in excess of 50 %, excepting PFOS in loamy sand. This suggests that the organic 

matter fraction or divalent metal fraction in loamy sand may be a mechanism driving less reversable sorption 

(Table 6.7). Comparatively, sorption to sandy clay loam soil was highly reversible. PFOS presented the lowest 
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desorbed fraction in the control loamy sand, whereas PFHxS presented the lowest desorption in sandy clay loam. 

The greatest desorption was detected for PFHxA in unamended sandy clay loam and PFOA for unamended loamy 

sand. In both control soils, sulphonates always had lower desorbed fractions than carboxylic acids. Desorption 

fraction increased in the order PFOS, PFHxS, PFHxA, PFOA in loamy sand and PFHxS, PFOS, PFOA, PFHxA 

in sandy clay loam. 

Statistical differences (p< 0.05) were observed in all compounds, experimental modes and soils between 

the means of all amended experiments when compared to controls. This suggests that, in all cases, the addition of 

biochar resulted in reduction of the leachable fraction.In loamy sand, the greatest reduction for P750 amendment 

was seen in PFOA (41.6 ± 2.4 %) for mix mode experiments and PFHxS (37.6 ± 2.6 %) for individual mode 

experiments (Table 6.8). The smallest reduction in desorption was seen in PFHxA (19.3 ± 2.7 %) for mixed mode 

experiments and PFOS (11.1 ± 0.6 %) for individual mode experimental modes. This resulted in, in order of 

increasing desorbed fraction reduction, PFHxA < PFOS < PFHxS < PFOA for mix mode experiments and PFOS 

< PFHxA < PFOA < PFHxS for individual mode. Differences were only seen between individual and mix P750 

effect. Loamy sand P750 desorption effect values were found to be statistically significant for all tested 

compounds excepting PFHxA (F: 1.02; p: 0.37; Fcrit: 7.71) when comparing means between individual and mix 

mode experiments. This suggests that for Loamy sand experiments, desorbed fraction behaviour was very different 

for all tested compounds, excepting PFHxA, based on experimental mode, hinting strongly at inter-PFAS 

interactions. In mix experiments, the desorbed fraction itself, after P750 amendment with P750 followed the order 

PFHxA, PFHxS, PFOA, PFOS, with respects to decreasing desorption in a mixture. However, the same effect 

was not seen in individual mode experiments, where leaching was found to be greater in carboxylic acids than in 

sulphonates similar to the control soil, as opposed to arranged by chain length often encountered in literature (Du 

et al. 2014). 

In sandy clay loam, the greatest reduction by biochar amendment was seen in PFOA (58.8 ± 4.3 %) for 

mix mode experiments and PFHxS (28.2 ± 3.2 %) for individual mode experiments. Comparatively, the smallest 

reductions in desorbed fraction were observed in PFHxS (26.8 ± 4.3 %) for mixed mode and PFHxA (16.8 ± 2.0 

%) for individual mode experiments. Sorption order, in increasing desorption reduction followed PFHxS, PFOS, 

PFHxA, PFOA for mix mode experiments and PFHxA, PFOA, PFOS, PFHxA for individual experiments. 

Similarly, significant differences in means were observed for all PFAS, excepting PFHxS (F: 0.75; p: 0.44; Fcrit: 

7.71), when assessing the effect of experimental mode on P750 effect to desorption in sandy clay loam. Total 

desorbed unamended fraction appeared similar to loamy sand, when amended with mixed experiments, appearing 

to be chain length dominated and individual experiments grouped by functional group. 

Table 6.7 Percentage Desorption for loamy sand soil, control and amended with P750 Biochar at 5 % w/w. 

Statistically significant differences in PFAS sorption detected by ANOVA analysis are denoted between soil, 

mix and individual mode biochar amended soils by capital letters (A, B, C). 

  
 

Mix mode  Individual mode 

  Soil  

(%) 

Soil + 5 % 

Biochar (%) 

Biochar 

Effect (%) 

 Soil + 5 % 

Biochar (%) 

Biochar  

Effect (%) 

PFHXA 63.0 ± 1.6A 43.8 ± 1.1B 19.2 ± 2.7  48.6 ± 1.3B 14.4 ± 2.9 

PFHXS 52.8 ± 1.3A 24.5 ± 0.5B 28.3 ± 1.8  15.2 ± 1.3C 37.6 ± 2.6 

PFOA 66.6 ± 0.6A 25.1 ± 1.8B 41.6 ± 2.4  42.7 ± 1.0C 23.9 ± 1.6 

PFOS 
24.3 ± 0.3A 4.2 ± 0.3B 20.1 ± 0.6 

 
13.3 ± 0.3C 11.0 ± 0.6 
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Table 6.8 Percentage Desorption for sandy clay loam soil, control and amended with P750 Biochar at 5 % w/w. 

Statistically significant differences in PFAS desorption detected by ANOVA analysis are denoted between soil, 

mix and individual mode biochar amended soils by capital letters (A, B, C). 

  
 

Mix mode  Individual mode 

  Soil  

(%) 

Soil + 5 % 

Biochar (%) 

Biochar 

Effect (%) 

 Soil + 5 % 

Biochar (%) 

Biochar  

Effect (%) 

PFHXA 77.9 ± 1.0A 32.5 ± 1.7B 45.4 ± 2.7  61.1 ± 1.0C 16.8 ± 2.0 

PFHXS 54.6 ± 1.7A 27.8 ± 2.6B 26.8 ± 4.3  26.4 ± 1.5B 28.2 ± 3.2 

PFOA 72.7 ± 1.1A 13.9 ± 2.1B 58.8 ± 3.2  46.1 ± 1.8C 26.6 ± 2.9 

PFOS 56.6 ± 0.3A 13.9 ± 0.4B 42.7 ± 0.7  29.2 ± 0.4C 27.4 ± 0.7 

 

Comparing sandy clay loam to loamy sand experiments, the effect of biochar addition was always greater 

in sandy clay loam than in loamy sand with respect to reducing PFAS desorption from soil, irrespective of mix or 

individual experimental modes. The exception to this were PFHxS in mix mode experiments and PFHxA and 

PFOS in individual mode experiments, where desorption reductions were in fact higher in loamy sand than in 

sandy clay loam. Comparing P750 effects in sandy clay loam to loamy sand, grouped by individual or mixed 

mode experiments saw statistically different means of all P750 effects between soil types. The exception to this 

was PFHxA (F: 0.43; p: 0.54; Fcrit: 7.71) and PFOA (F: 1.24; p: 0.32; Fcrit: 7.71) in individual mode experiments, 

and PFHxS (F: 0.28; p: 0.62; Fcrit: 7.71) in mix mode experiments.  

Desorption in all cases was compound specific; however, it was clear that for each congener, matrix type 

and experimental mode played a role in determining sorption behaviour. Lower desorption in loamy sand overall 

suggests that the retention of PFAS is potentially due to higher presence of bridging divalent ions and OM, as 

well as hydrophobic interaction as explored by Milinovic et al (2015), which also observed PFOS to be the least 

reversibly sorbed. The likely effect of electrostatic interactions in addition to more commonly explored 

hydrophobic interactions are mirrored in Oliver et al (2019). Oliver et al (2019) went further to highlight the 

importance of this electrostatic behaviour as a major contributor to changing PFAS mobility based on soil 

conditions, in which significant changes to soil chemistry can result in PFAS mobilisation. This needs to be 

considered when applying sorbents, amongst other characteristics.   

Collectively, the data strongly suggest that a single soil parameter cannot be used to explain sorption 

behaviour across all tested congeners. This is similar to the findings of Li, Oliver & Kookana (2018), wherein 

sorption was seen to be a factor of PFAS congener specific attributes and soil geochemistry. Biochar has been 

demonstrated to be more effective for some compounds than others, with variance based on soil matrix. This 

includes sorption kinetics and magnitude, sorbed fraction and associated reversibility. This suggests that under 

certain circumstances biochars such as P750 could be effective at reducing PFAS migration from soils, Zhi & Liu 

(2018) suggest that engineered biochar could be near as effective as activated carbon, but more cost effective. 

However, soil and sorbent physiochemical compatibilities as well as stability of the environment are important 

considerations as to prevent changes in chemistry which may remobilise PFAS for a given soil type (Oliver et al. 

2019). 
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6.5 Conclusion 

Biochar amendments to two soils (sandy clay loam and loamy sand) resulted in varying effects on 

equilibrium time, sorption and desorption for the mixture and individual PFAS congeners studied. Behaviour was 

namely a factor of congener-soil combination and no single soil parameter could be effectively used to predict 

sorption behaviour of PFAS compounds as extent of sorption was largely a factor of the congener chemical 

properties. Equilibrium times were largely influenced between interaction of specific congeners with the soil 

matrix, though experimental mode had little effect on equilibrium time. Sorption to unamended loam soils was 

far higher for PFAS congeners tested in loamy sand than in sandy clay loam, possibly due to PFAS affinity to 

higher OM fraction or a greater number of cations present for bridging, in line with higher cation exchange 

capacity. 

 Biochar was found to have the highest effect on sorption for the sandy clay loam soil, however the 

sorption was found to be reversable, whereas desorbed fraction in loamy sand was found to be much smaller. 

Amendment with biochar reduced the desorbed fraction of all tested PFAS congeners for both soils and 

experimental modes. Overall, the effect of mixed versus individual experiments was found to be negligible, 

excepting in desorption studies, where mixed mode experiments desorbed far less than those conducted as 

individual mode. This study determined that the efficiency of biochar as an amendment is highly related to soil 

properties, while sorption may be more efficient in clay soils, the high reversibility is suggestive of weak sorption. 

This suggests the free cations and higher OM in loamy sand soils play an important role in the stronger sorption 

of PFAS, and that fouling by NOM is less of a barrier to sorption than expected.  

Ultimately, biochar has the capacity to immobilise PFAS in soil, however the magnitude of 

immobilisation is strongly variable based on conger type, sorbent characteristics and soil chemistry. It is essential 

for adequate immobilisation in the environment that soil geochemistry, sorbent physicochemical qualities and 

PFAS congener type are considered to ensure PFAS are sorbed at the desired magnitude with limited reversibility, 

particularly in circumstances with changing environmental conditions. This is exampled by the biochar P750 a 

greater effect on sorption for sandy clay loam soil compared to loamy sand, however desorption data demonstrated 

comparatively greater reversibility of sorbed fraction in loamy sand soil than sandy clay loam soil. This suggests 

that sorption capacity should be compared with reversibility (desorption) when assessing the efficacy of biochar 

as a PFAS immobilisation technique in soil matrices. 
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Chapter 7 
Conclusions 

 

The ever-growing body of research highlighting PFAS toxicity, mobility and resistance to degradation, has 

increasingly culminated in agreement that PFAS contamination poses a threat to human and environmental health 

globally. This has become a strong driver for further investigation on PFAS management mechanisms. However, 

the current shortage in accessible and cost-effective technologies to adequately remove or destroy PFAS in 

environmental matrices is generating great demand for interim solutions. The disruption of source-receptor 

pathways has been identified as a key PFAS management approach. This has been demonstrated to be achievable 

through several approaches which incorporate sorbents such as activated carbon, membranes and resins to 

immobilise PFAS. However, the application of most technologies to PFAS management can quickly become 

costly and unsustainable due to the breadth of PFAS contamination, which is often at low concentration and spread 

across large areas or volumes of impacted material.   

In consideration of the above, biochar has been considered as a possible sustainable approach to PFAS 

immobilisation in the environment due to biochar being derived from waste biomass materials. Biochars have 

been successfully applied as sorbents for a range of organic and inorganic contaminants in the environment. 

Further investigation revealed that biochars characterised in literature possessed many of the physiochemical 

characteristics that are potentially involved in the sorption of PFAS. These characteristics include high surface 

area, a high degree of aromaticity, and the presence of surface functional groups. These characteristics facilitate 

several hydrophobic and electrostatic interactions between sorbent and PFAS molecules. However, the effect of 

biochar physiochemical characteristics on sorption is largely unknown and required further investigation. 

In support of this, a study was undertaken to determine how biochar characteristics changed with varying 

pyrolysis temperature and feedstock type. It was found that by varying temperature a wide variety of 

physiochemical parameters could be manipulated. Increasing pyrolysis temperature resulted in higher surface 

areas, higher degrees of aromatisation and greater hydrophobicity. Additionally, large differences were observed 

between the two feedstocks tested at the same pyrolysis temperature. This demonstrated that through the variation 

of feedstock type, and pyrolysis temperature, biochar could be engineered with a range of physiochemical 

characteristics. 

To better understand the type of physiochemical characteristic that are of greater benefit to PFAS 

sorption, a kinetic and sorption study was undertaken at environmentally relevant concentrations using a suite of 

biochars created at various pyrolysis temperatures (350, 500 and 750˚C) from 2 different feedstocks (pine and pea 

straw). A specially developed direct aqueous injection liquid chromatography mass spectrometry, associated 

sample preparation method, and serial sorption method was developed to address near ubiquitous background 

PFAS contamination, high number of samples produced by experimental design and the limitations imposed by 
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detection limits when undertaking sorption experiments at environmentally relevant levels. The developed method 

was demonstrated to be adequately sensitive, accurate and robust throughout testing. 

Through the study of kinetic and sorption behaviour it was found all biochars performed poorly for short 

chain PFAS, PFBA and PFBS. Further, low temperature biochars (> 350 ̊ C) sorbed <50 % of PFAS from solution. 

Sorption was found to be fast for most PFAS, with the bulk of sorption occurring over the first hour of 

experiments, with all PFAS reaching equilibrium by 96 hours. Film diffusion was exhibited as the rate determining 

mechanism, however in the case pine biochars, a longer intraparticle diffusion step was exhibited, likely related 

to diffusion into pores. High temperature pine biochar was demonstrated to be the most effective sorbent for 

PFHxA, PFHxS, PFOA and PFOS. In turn, suggesting that high surface area, high aromaticity and hydrophobicity 

are important parameters to consider when aiming to increase sorption capacity for longer chain PFAS 

compounds. Interpretation of isotherms demonstrated complex sorption behaviour consistent with the formation 

of monolayers and micelles for some PFAS compounds. PFAS sorption behaviour was found to be highly 

influenced by PFAS molecular structure, namely functional group type, and chain length, with the former being 

more influential on sorption behaviour for some biochars.  

Desorption was less reversable for higher temperature biochars, with all PFAS desorbing less than 20% 

of sorbed fraction. PFOS was the least reversable PFAS congener, with PFOS desorption being lower than 

detectable limits in individual mode studies. This was not the case in mixed mode experiments, where PFOS was 

found to be leachable. This suggests that sorption behaviour was demonstrated to be impacted by intra- PFAS 

conger interaction, with either positive or negative impacts on sorption and desorption dependant on the specific 

biochar – PFAS congener combination. As such, it was clear that PFAS sorption to any biochar needs to be 

considered on a case by case basis specific to solution concentration, PFAS congeners present, and the 

physiochemical properties of the biochar.  

Further investigation was undertaken to explore the efficacy of PFAS as a sorbent in soils, as a factor of 

the soil environment. Pine biochar produced at 750˚C was selected for this trial as it had performed well as a 

PFAS sorbent in the previously described studies. Soils used in experiments where characterised by their 

contrasting levels of organic matter and clay. It was found that soil type did have a significant impact on biochar 

sorption efficiency, with biochar being more efficient as a sorbent in soils characterised by higher clay than 

organic matter. However, desorption was found to be more reversable in the soil with finer texture than in that 

with higher OM. Individual versus mixed mode experiments in both soil types demonstrated that a mixture of 

PFAS resulted in far less desorption, suggesting intra-PFAS behaviour being reinforcing of irreversible sorption. 

The study demonstrated that matrix had a large effect on PFAS sorption behaviour to biochar and that the 

amendment of soils with biochar needs to be considered on a case by case basis to ensure adequate efficacy.  

The studies undertaken in this work strongly suggest that biochar can potentially be used as a suitable 

and sustainable sorbent for PFAS in water and soil. Further investigation into the reverse engineering of biochar 

over a greater range of temperatures, residence times and feedstock varieties are required to develop biochars 

optimal for PFAS sorption. However, it is key that biochar application to environmental matrices need to be 

tailored for the matrix type, sorption environment type and PFAS congener being targeted. Inadequate 

consideration of these factors may result in poor sorption efficiencies, or high reversibility of sorbed PFAS 

fraction, each potentially posing further risk to human and environmental health. 
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Appendices: 
Appendix B – Supplementary Materials 

 

Table S1 Table demonstrating maximum removals of PFAS in 200 mg mix mode PFAS sorption experiments to 

al biochars over a 48-hour period. 

 

PFBA 

(%) 

PFBS 

(%) 

PFHxA 

(%) 

PFHxS 

(%) 

PFOA 

(%) 

PFOS 

(%) 

S350 20 ± 1 20 ± 3  19 ± 4  22 ± 4 28 ± 4 57 ± 4 

P350 26 ± 1 28 ± 1 28 ± 1 29 ± 1 33 ± 1 49 ± 1 

S500 28 ± 7 34 ±7 32 ± 7 56 ± 5 58 ± 5 94 ± 1 

P500 15 ± 4  23 ± 3 23 ± 3 52 ± 3 58 ± 2 93 ± 1 

S750 26 ± 2 35 ± 2 34 ± 1 67 ± 2 65 ± 2 95 ± 1 

P750 34 ± 5 35 ± 4 46 ± 4 89 ± 1 91 ± 1 99 ± 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

144 
 

Table S2 Relevant LC MS/MS Operational Conditions and Parameters  

Item Parameters 

Sample Injection 10 L (5 L sample, 1 L 13C, 5 L sample) 

Draw speed 400 L min-1  

Ejected at 200 L min-1  

Offset of 0.2 mm 

 
13C Addition 1 L  

Separation Column Agilent EclipsePlusC18 - RRHD 1.8 um (2.1x50 mm)  
Delay Column Agilent EclipsePlusC18, 3.5 um (4.6x50mm) 

Column environment 40˚C 

 

Multi-wash 1 - Needle (10 s – 90 % MeOH)  

2 - Seat Backflush (10 s 50/50 MeOH) 

3 - Needle and Seat Backflush (10 s start conditions) 

Injection programme 1 - Needle wash (5 s)  

2 - Sample draw 

3 - needle wash (5 s),  

4 - 13C draw,  

5 - Needle wash (5 s),  

6 - Sample draw,  

7 - Needle wash (5 s),  

8 – Inject 

Time: 55 seconds 

Solvents Organic: Hypergrade MeOH  

Aqueous: H2O with 5 mM NH4 acetate 

Gradient 0 - 0.5 mins start condition (40 % MeOH) 

0.5 - 3 mins ramp to 100 % MeOH  

3 – 5.5 mins system at 100 % MeOH 

5.5 mins end run 

 

Source conditions Gas temp: 250˚C 

Flow: 11 l/min 

Nebulizer: 25 psi 

Ionisation Negative electrospray ionization 

Sheath Sheath gas 375˚C 

Sheath gas flow 11 L/min 

Capillary Capillary pos 3500V neg   

 

2500V chamber current 0.18 uA 

iFunnel High Pressure RF (negative) 90V 

Low Pressure RF (negative)100V 

 

Detection mode Dynamic Multiple Reaction Monitoring 

 

Total run time: 6.5 mins per sample 
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Table S3 Transitions and retention times for selected 13C and native PFAS used in experiment by LC MS/MS operational conditions and parameters outlined in Table S1 

Compound 

Name 

ISTD? Precursor 

Ion 

Product 

Ion 

Threshol

d 

Ret Time 

(min) 

Delta Ret 

Time 

Fragment

or 

Collision 

Energy 

Cell Accelerator 

Voltage 

Polarity 

PFBA-13C3 TRUE 216 172 10734 2 0.5 380 8 2 Negative 

PFBS FALSE 299 99 3828 2.36 0.97 380 36 2 Negative 

PFBS FALSE 299 83 481 2.36 0.97 380 32 2 Negative 

PFBS FALSE 299 80 8811 2.36 0.97 380 44 2 Negative 

PFBS-13C2 TRUE 302 99 12702 2.28 0.5 380 36 2 Negative 

PFHxA FALSE 313 269 15050 2.93 0.97 380 6 2 Negative 

PFHxA FALSE 313 119 700 2.93 0.97 380 22 2 Negative 

PFHxA-13C2 TRUE 314.9 269.9 5145 2.93 0.88 380 8 2 Negative 

PFHxS FALSE 399 119 623 3.32 1.02 380 44 2 Negative 

PFHxS FALSE 399 99 2879 3.32 1.02 380 44 2 Negative 

PFHxS FALSE 399 80 4771 3.32 1.02 380 48 2 Negative 

PFHxS-1C3 TRUE 402 99 895 2.73 0.5 380 44 2 Negative 

PFOA FALSE 413 368.9 12641 3.55 1.07 380 6 2 Negative 

PFOA FALSE 413 169 2279 3.55 1.07 380 18 2 Negative 

PFOA-13C8 TRUE 421 376 3825 3 0.5 380 6 2 Negative 

PFOS FALSE 498.9 99 2011 3.73 1.12 380 56 2 Negative 

PFOS FALSE 498.9 80 4548 3.73 1.12 380 56 2 Negative 

PFOS - 13C4 TRUE 503 99 12702 3.27 0.5 380 48 2 Negative 

PFBA FALSE 213 169 12702 0.9 1.03 380 6 2 Negative 
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Table S4 First Order experimental rate constants and R2 for each Biochar PFAS-biochar pair studied in individual and mix mode at 5 µg/L.  

Individual Mode 
 

PFHxA  PFHxS  PFOA  PFOS  

Biochar Qe (ug/g) K1 (h) R2 Qe (ug/g) K1 (h) R2 Qe (ug/g) K1 (h) R2 Qe (ug/g) K1 (h) R2 

P500 0.06 3.72 0.93 0.09 2.22 0.94 0.19 2.42 0.96 0.34 3.68 0.98 

S500 0.05 41.83 0.00 0.07 4.81 0.74 0.14 5.31 0.83 0.31 4.83 0.97 

P750 0.09 39.38 0.98 0.18 3.99 0.97 0.31 31.89 0.96 0.37 34.37 0.97 

S750 0.06 25.80 0.96 0.11 3.89 0.99 0.20 5.30 0.99 0.33 5.10 0.99 

     

Mix mode 
 

PFHxA  PFHxS  PFOA  PFOS  

Biochar Qe (ug/g) K1 (h) R2 Qe (ug/g) K1 (h) R2 Qe (ug/g) K1 (h) R2 Qe (ug/g) K1 (h) R2 

P500 0.03 3.23 0.87 0.13 2.06 0.92 0.19 4.53 0.99 0.08 8.41 0.97 

S500 0.02 3.13 0.39 0.17 0.05 0.60 0.18 29.63 0.98 0.08 14.31 0.96 

P750 0.11 2.64 0.86 0.34 5.99 0.96 0.36 5.82 0.99 0.15 5.36 0.99 

S750 0.04 8.22 0.85 0.18 4.61 0.87 0.23 21.31 0.98 0.11 19.17 0.99 
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Table S5 Constants for Intraparticle Diffusion models for each PFAS-biochar pair studied in individual mode in 

5 µg/L PFAS solutions over timepoints ranging 0 - 48 hours. 

 
  Film Diffusion  Intra Particle Diffusion  Equilibrium  

  Biochar K1 (h0.5) C1 R2 K1 (h0.5) C2 R2 K1 (h0.5) C3 R2 

P
F

H
x

A
 

P500 0.04 0.00 1.00 0.00 0.03 0.45 0.01 0.02 0.52 

S500 0.03 0.00 1.00 - - - 0.00 0.01 0.61 

P750 0.11 0.00 1.00 - - - 0.02 0.04 0.79 

S750 0.06 0.00 1.00 - - - 0.00 0.05 0.85 

P
F

H
x

S
 

S500 0.10 0.00 1.00 - - - 0.02 0.03 0.78 

P500 0.11 0.00 1.00 0.00 0.12 0.55 0.01 0.09 0.62 

S750 0.23 0.00 1.00 - - - 0.01 0.14 0.90 

P750 0.46 0.00 1.00 0.00 0.33 0.98 0.03 0.29 0.70 

P
F

O
A

 

S500 0.27 0.00 1.00 - - - 0.00 0.18 0.05 

P500 0.16 0.02 1.00 0.00 0.18 0.54 0.02 0.16 0.88 

S750 0.36 0.00 1.00 - - - 0.00 0.23 0.88 

P750 0.48 0.00 1.00 0.00 0.36 0.98 0.03 0.32 0.99 

P
F

O
S

 

S500 0.12 0.00 1.00 - - - 0.00 0.08 0.14 

P500 0.11 0.00 1.00 - - - 0.00 0.07 0.72 

S750 0.15 0.00 1.00 - - - 0.00 0.11 0.95 

P750 0.20 0.00 1.00 0.00 0.15 0.99 0.01 0.14 0.99 

 

Table S6 Constants for Intraparticle Diffusion models for each PFAS-biochar pair studied in 5 µg/L PFAS mix 

mode experiments, over timepoints ranging 0 - 48 hours. 

 
  Film Diffusion  Intra Particle Diffusion  Equilibrium  

  Biochar K1 (h0.5) C1 R2 K2 (h0.5) C2 R2 K3 (h0.5) C3 R2 

P
F

H
x

A
 

P500 0.04 0.00 1.00 0.01 0.02 0.52 0.00 0.03 0.45 

S500 0.03 0.00 1.00 - - - 0.00 0.01 0.61 

P750 0.11 0.00 1.00 - - - 0.02 0.04 0.79 

S750 0.06 0.00 1.00 - - - 0.00 0.05 0.85 

P
F

H
x

S
 

S500 0.10 0.00 1.00 - - - 0.02 0.03 0.78 

P500 0.11 0.00 1.00 0.01 0.09 0.62 0.00 0.12 0.55 

S750 0.23 0.00 1.00 - - - 0.01 0.14 0.90 

P750 0.46 0.00 1.00 0.03 0.29 0.70 0.00 0.33 0.98 

P
F

O
A

 

S500 0.27 0.00 1.00 - - - 0.00 0.18 0.05 

P500 0.16 0.02 1.00 0.02 0.16 0.88 0.00 0.18 0.54 

S750 0.36 0.00 1.00 - - - 0.00 0.23 0.88 

P750 0.48 0.00 1.00 0.03 0.32 0.99 0.00 0.36 0.98 

P
F

O
S

 

S500 0.12 0.00 1.00 - - - 0.01 0.08 0.14 

P500 0.11 0.00 1.00 - - - 0.01 0.07 0.72 

S750 0.15 0.00 1.00 - - - 0.00 0.11 0.95 

P750 0.20 0.00 1.00 0.01 0.14 0.99 0.00 0.15 0.99 
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Table S7 Isotherm constants for fitted individual mode PFAS experimental data.  

                    
 

PFHxA 

  

  

 PFHxS 

  

  

 PFOA 

  

  

 
 PFOS 

  

  

Freundlich 1/n Kf  - R2  1/n Kf - R2  1/n Kf - R2  1/n Kf - R2 

P500 0.12 0.03 - 0.58  0.36 0.07 - 0.97  1.34 0.07 - 0.96  1.83 0.49 - 0.95 

S500 0.31 0.02 - 0.74  0.24 0.05 - 0.99  0.86 0.07 - 0.97  1.20 0.23 - 0.98 

P750 0.10 0.08 - 0.56  0.71 0.35 - 0.96  1.32 0.48 - 0.98  4.67 21.02 - 0.95 

S750 0.73 0.02 - 0.87  0.73 0.09 - 0.90  1.43 0.04 - 0.98  1.49 0.28 - 0.99 
     

 
    

 
    

 
    

Langmuir qmax  KL -  R2  qmax  KL - R2  qmax  KL - R2  qmax  KL  - R2 

P500 0.05 0.83 - 0.61  0.13 1.73 - 0.98  0.79 0.16 - 0.84  0.26 2.22 - 0.47 

S500 0.05 0.82 - 0.73  0.07 3.61 - 1.00  0.36 0.31 - 0.92  0.26 1.47 - 0.81 

P750 0.19 0.33 - 0.86  0.81 0.73 - 0.97  2.22 0.23 - 0.90  0.32 2.67 - 0.31 

S750 0.08 0.36 - 0.81  0.39 0.34 - 0.92  0.18 1.50 - 0.50  0.24 2.07 - 0.58 
     

 
    

 
    

 
    

Sigmoidal qmax  KL S  R2  qmax  KL S R2  qmax  KL S R2  qmax  KL S R2 

P500 0.04 9.37 10.43 0.59  0.13 1.77 0.00 0.98  1.60 0.15 2.35 0.96  1.85 5.32 15.34 0.96 

S500 0.04 9.35 10.45 0.71  0.07 3.61 0.00 1.00  0.40 0.39 1.22 0.94  0.56 0.95 0.54 0.98 

P750 0.42 0.13 1.31 0.98  0.42 3.21 0.12 0.99  0.93 14.37 12.44 0.99  6.86 3.70 17.41 0.66 

S750 0.10 0.31 1.11 0.86  0.21 4.46 3.50 0.94  0.34 2.32 13.69 0.90  1.38 0.65 1.56 0.99 
     

 
    

 
    

 
    

SIPs KL qmax  n  R2  KL qmax  n R2  KL qmax  n R2  KL qmax  n R2 

P500 0.08 0.07 0.60 0.69  1.06 0.15 1.28 0.98  0.09 0.78 0.55 0.96  14.39 0.37 0.24 0.99 

S500 0.13 0.06 0.56 0.76  1.23 0.10 1.90 0.99  0.11 0.64 0.92 0.96  0.74 0.51 0.65 0.98 

P750 0.05 0.55 0.79 0.99  4.73 0.37 0.69 0.99  1.64 0.77 0.46 0.99  3.85 6.61 0.21 0.95 

S750 0.29 0.10 1.22 0.82  1.23 0.19 0.51 0.94  4.62 0.17 7.98 0.31  0.55 0.79 0.53 0.99 
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BET qmax  KBET Cs   R2  qmax  KBET Cs  R2  qmax  KBET Cs  R2  qmax  KBET Cs  R2 

P500 0.04 9.09 22.55 0.68  0.09 32.48 11.02 0.97  1.12 0.68 11.06 0.96  0.99 0.57 2.56 0.90 

S500 0.04 9.07 22.52 0.76  0.06 28.69 11.24 0.90  0.30 4.63 18.00 0.97  0.66 0.90 3.64 0.98 

P750 0.06 7.13 7.64 0.99  0.32 10.13 3.97 0.97  2.42 3.17 16.36 0.93  3.32 2.22 16.43 0.44 

S750 0.06 1.66 11.68 0.95  0.25 8.81 15.99 0.91  0.38 3.64 17.50 0.91  1.70 2.63 17.54 0.92 
     

 
    

 
    

 
    

Toth Qe
∞  Kth  Th  R2  Qe

∞  Kth  Th R2  Qe
∞  Kth  Th R2  Qe

∞  Kth  Th R2 

P500 0.04 10.00 10.00 0.55  0.15 0.58 0.74 0.98  0.26 14.10 3.31 0.77  0.37 27.39 22.72 0.79 

S500 0.04 10.00 10.00 0.69  0.08 0.30 0.63 1.00  0.19 13.82 3.59 0.84  0.27 23.81 12.66 0.97 

P750 0.83 14.45 0.86 0.97  0.32 0.17 3.08 0.98  0.52 31.28 24.80 0.94  0.62 11.00 7.70 0.44 

S750 0.05 102.56 63.95 0.67  0.38 3.75 1.13 0.92  0.20 13.51 3.52 0.67  0.29 38.83 23.73 0.92 
     

 
    

 
    

 
    

Radke-

Prausnitz 

Krp  krp  p  R2  Krp  krp  p  R2  Krp  krp  p  R2  Krp  krp  p  R2 

P500 0.00 2.03 1.23 N/A  0.00 0.00 1.85 N/A  0.00 0.00 1.84 N/A  0.40 220.46 0.13 0.99 

S500 0.00 4.86 0.04 N/A  0.00 0.00 1.73 N/A  0.00 0.00 2.19 N/A  0.44 0.46 0.73 0.97 

P750 0.00 480.95 4021.50 N/A  0.72 0.60 6718.99 0.97  0.47 3929.35 0.11 1.00  30.06 22.76 0.21 0.94 

S750 0.00 0.23 1.25 N/A  0.00 0.00 1.53 N/A  0.00 0.00 2.06 N/A  0.49 0.66 0.51 0.99 
     

 
    

 
    

 
    

Redlich-

Peterson 

Kr  ar  beta  R2  Kr  ar  beta  R2  Kr  ar  beta  R2  Kr  ar  beta  R2 

P500 0.02 2.15 0.00 0.70  0.20 1.49 1.05 0.98  0.24 1.50 0.00 0.92  0.58 0.80 0.00 0.79 

S500 0.03 1.03 0.54 0.76  0.19 2.23 1.14 1.00  0.18 1.70 0.21 0.97  0.37 0.77 0.00 0.97 

P750 0.09 1.97 0.00 0.99  0.57 0.95 2.36 0.98  0.68 0.53 0.00 0.94  0.45 0.00 0.03 0.44 

S750 0.03 1.32 0.09 0.92  0.10 0.00 6.29 0.98  0.18 1.72 0.00 0.94  0.48 0.93 0.00 0.92 

 

Note: Where units are KF: (ug/g)/(ug/L)1/n, qmax: ug/g, KL: L/ug, b: L/ug, KL: L/ug Cs: ug/L, Qe
∞: ug/g, Kth: (ug/l)Th, Krp: Krp, krp : (ug/g)/(ug/L)(1/p), Kr : L/ug, ar: L/ug 

 



 

150 
 

 

Table S8 Isotherm constants for fitted 5 µg/L mix mode experimental data.  

                    
 

PFHxA 

 

  

 PFHxS 

  

  

 PFOA 

  

  

 PFOS 

  

  

 

Freundlich 1/n Kf  - R2  1/n Kf - R2  1/n Kf - R2  1/n Kf - R2 

P500 1.20 0.00 - 0.65  1.17 0.04 - 0.94  0.32 0.08 - 0.60  1.01 0.14 - 0.88 

S500 0.50 0.01 - 0.35  0.45 0.05 - 0.96  0.42 0.07 - 0.97  1.08 0.13 - 0.94 

P750 0.16 0.03 - 0.95  1.02 0.31 - 0.99  1.79 0.22 - 0.83  6.16 55.48 - 0.91 

S750 0.09 0.02 - 0.94  0.76 0.08 - 0.98  0.67 0.07 - 0.96  1.98 0.37 - 0.99 
     

 
    

 
    

 
    

Langmuir qmax  KL -  R2  qmax  KL - R2  qmax  KL - R2  qmax  KL  - R2 

P500 0.02 9.73 - 0.50  0.09 4.82 - 0.52  0.13 3.83 - 0.54  0.88 0.23 - 0.79 

S500 0.07 0.06 - 0.36  0.13 0.76 - 0.97  0.18 0.49 - 0.98  1.06 0.18 - 0.86 

P750 0.04 9.59 - 0.92  0.35 2.01 - 0.78  1.54 0.22 - 0.91  2.41 0.18 - 0.32 

S750 0.03 0.49 - 0.97  0.38 0.28 - 0.98  0.34 0.23 - 0.97  1.41 0.21 - 0.76 
     

 
    

 
    

 
    

Sigmoidal qmax  KL S  R2  qmax  KL S R2  qmax  KL S R2  qmax  KL S R2 

P500 0.02 9.04 10.71 0.53  0.22 3.17 13.86 0.92  0.16 6.68 11.82 0.71  0.71 3.56 14.04 0.93 

S500 0.01 9.11 10.65 0.34  0.09 15.22 8.83 0.96  0.14 7.08 11.64 0.98  0.75 2.84 14.17 0.98 

P750 0.04 3.92 0.24 0.94  0.74 0.96 0.33 1.00  0.79 8.89 12.53 1.00  6.13 3.46 18.15 0.50 

S750 0.04 0.43 1.12 0.99  0.38 0.28 0.00 0.98  0.22 0.80 1.25 0.98  2.54 2.69 15.83 0.98 
     

 
    

 
    

 
    

SIPs KL qmax  n  R2  KL qmax  n R2  KL qmax  n R2  KL qmax  n R2 

P500 0.14 0.02 0.47 0.59  0.12 0.39 0.70 0.93  0.31 0.15 0.31 0.73  0.29 0.52 0.27 0.97 

S500 0.12 0.02 0.58 0.36  0.63 0.14 1.13 0.97  0.58 0.15 0.66 0.99  0.22 0.58 0.37 0.99 

P750 5.71 0.04 0.16 0.91  1.23 0.56 0.64 0.99  3.85 0.47 0.23 0.95  5.78 10.99 0.16 0.91 

S750 0.22 0.03 0.68 0.99  0.41 0.29 0.89 0.98  0.39 0.21 0.66 0.98  0.27 1.70 0.45 0.99 
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BET qmax  KBET Cs   R2  qmax  KBET Cs  R2  qmax  KBET Cs  R2  qmax  KBET Cs  R2 

P500 0.02 8.49 18.05 0.59  0.25 3.78 16.94 0.92  0.16 81.70 87.45 0.64  0.90 2.63 15.92 0.87 

S500 0.01 8.58 18.37 0.36  0.10 12.71 16.29 0.94  0.13 14.72 22.32 0.96  0.85 3.07 17.80 0.93 

P750 0.26 1.08 25.27 0.27  1.51 3.52 16.32 0.98  3.15 0.95 11.78 0.96  15.84 0.00 0.57 0.88 

S750 0.74 0.63 89.55 0.99  0.23 7.58 15.98 0.98  0.64 1.05 17.97 0.76  1.41 0.61 4.19 0.90 
     

 
    

 
    

 
    

Toth Qe
∞  Kth  Th  R2  Qe

∞  Kth  Th R2  Qe
∞  Kth  Th R2  Qe

∞  Kth  Th R2 

P500 0.02 10.00 10.00 0.50  0.13 11.01 3.12 0.86  0.17 1.12 0.95 0.65  2.64 71.74 1.48 0.88 

S500 0.01 10.00 10.00 0.34  0.13 1.26 0.93 0.97  0.27 1.27 0.56 0.98  0.95 15.28 1.52 0.91 

P750 0.04 5.85 15.65 0.91  0.37 5.41 10.98 0.99  0.56 13.86 4.33 0.94  0.51 10.39 10.48 0.33 

S750 0.09 56.16 1.47 1.00  0.14 12.80 5.43 0.98  1.33 2.54 0.42 0.96  0.34 15.75 12.58 0.81 
     

 
    

 
    

 
    

Radke-

Prausnitz 

Krp  krp  p  R2  Krp  krp  p  R2  Krp  krp  p  R2  Krp  krp  p  R2 

P500 0.05 0.00 3.57 N/A  0.00 2.04 1.16 N/A  0.00 2.02 1.24 N/A  0.15 2.20 1.10 0.85 

S500 0.00 4.86 0.04 N/A  0.00 0.00 2.08 N/A  0.00 4.86 0.04 N/A  0.14 4.86 0.04 0.99 

P750 0.00 0.00 2.19 N/A  0.31 0.00 ND N/A  0.29 ND 3998 0.95  0.41 482.54 4021.50 0.23 

S750 0.00 0.15 1.34 N/A  0.44 0.00 1.11 N/A  0.00 0.12 1.32 N/A  1.51 0.48 0.46 0.98 
     

 
    

 
    

 
    

Redlich-

Peterson 

Kr  ar  beta  R2  Kr  ar  beta  R2  Kr  ar  beta  R2  Kr  ar  beta  R2 

P500 0.01 2.12 0.00 0.63  0.14 1.84 0.00 0.93  0.05 0.00 4.20 0.88  0.33 1.36 0.00 0.88 

S500 0.01 1.03 0.00 0.37  0.14 1.58 0.80 0.97  0.11 0.75 0.88 0.98  0.24 0.74 0.00 0.94 

P750 0.05 0.78 1.15 0.91  0.50 0.62 0.00 0.99  0.47 0.63 0.00 0.96  0.64 0.57 0.00 0.33 

S750 0.01 1.32 0.23 1.00  0.16 0.96 0.48 0.98  0.13 1.01 0.54 0.96  0.52 0.91 0.00 0.81 

 

Note: Where units are KF: (ug/g)/(ug/L)1/n, qmax: ug/g, KL: L/ug, b: L/ug, KL: L/ug Cs: ug/L, Qe
∞: ug/g, Kth: (ug/l)Th, Krp: Krp, krp : (ug/g)/(ug/L)(1/p), Kr : L/ug, ar: L/ug 


