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ABSTRACT OF THE DISSERTATION 

 

Design of regenerative stormwater biofilters  

for long term removal of legacy and emerging pollutants 

 

by 

 

Annesh Borthakur 

Doctor of Philosophy in Civil Engineering 

University of California, Los Angeles, 2022 

Professor Sanjay K. Mohanty, Chair 

 

Stormwater biofilters are low-impact development systems that are typically designed to 

quickly remove stormwater from surfaces for flood control with limited capacity to remove 

dissolved pollutants. Although certain amendments such as biochar, iron filings, and compost are 

added to biofilters to increase removal of pollutants, their pollutant removal capacity is unreliable 

due to various reasons including variable removal capacity of adsorbent media, exhaustion of 

adsorption sites, and environmental conditions. Adsorbed pollutants accumulate in the biofilter 

media and reduce the further removal of pollutants in stormwater. Replacement of exhausted 

biofilter media is cost-prohibitive. An alternate strategy is in-situ regeneration of the biofilters as 

a non-intrusive method to replenish exhausted biofilter media. This dissertation aims to improve 

the understanding of the fate and transport of emerging pollutants such as perfluoroalkyl 

substances (PFAS) and legacy pollutants such as heavy metals and pathogens in subsurface 
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systems and use the improved understanding to develop methods to artificially or naturally 

regenerate the pollutant removal capacity of filter media to limit their exhaustion rate in stormwater 

biofilters. 

The dissertation consists of 5 research chapters. Chapter 2 critically examines the PFAS 

concentrations in suspended particles or colloids in the environment and shows that the suspended 

particles can adsorb and transport significant amounts of PFAS in surface water, subsurface soil, 

and even air. Chapter 3 proves that the fluctuations in groundwater flow can release colloids from 

PFAS-contaminated aquifer soil, which can carry PFAS. Therefore, removing soil colloids from 

groundwater samples through filtration or centrifugation can underestimate the PFAS 

concentration in groundwater. Chapter 4 examines the role of weathering cycles in the transport 

of PFAS in the subsurface and shows that dry-wet and freeze-thaw cycles can increase the release 

of colloids and associated PFAS from the subsurface into the groundwater. Chapter 5 demonstrates 

that in-situ injection of cationic polymers could regenerate exhausted biofilter media and improve 

their ability to remove PFAS from stormwater without clogging the biofilter. Chapter 6 offers a 

more natural method for regenerating the pathogen removal capacity of biofilters by utilizing the 

inherent toxicity of heavy metals to pathogens. Overall, the dissertation improves the 

understanding of the interactions between pollutants, microorganisms, and natural colloids in the 

solid-liquid interfaces and the effect of environmental conditions on these interactions in 

subsurface systems such as stormwater biofilters. The knowledge is useful to design biofilters, 

which are more efficient in removing legacy and emerging pollutants. 
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1. CHAPTER 1: REGENERATIVE STORMWATER TREATMENT 

SYSTEMS – CHALLENGES AND RESEARCH NEEDS 

1.1. Background  

1.1.1. Stormwater and urban water sustainability 

Water scarcity is one of the biggest challenges of this century (Liu et al., 2017). Nearly 

one-fifth of the world’s population lives in water-stressed areas, and one-fourth of the world’s 

population faces water shortages at least one month out of a year (Ma et al., 2020; Saha and Ray, 

2019). Although there is a sufficient amount of fresh water on Earth, it is not frequently available 

where it is needed the most, in urban areas (McDonald et al., 2014). Urban areas are currently 

home to more than half of the world’s population and are projected to increase to 70% by 2050  

(Ejaz and Anpalagan, 2019). This growth indicates that the water scarcity issue in urban areas will 

almost certainly get worse unless alternative water resources such as stormwater are utilized 

(Oppenheimer et al., 2017). However, stormwater often contains many contaminants including 

pathogens, heavy metals, motor oils, nutrients, pesticides, herbicides, polyaromatic hydrocarbons 

(PAHs), and polychlorinated biphenyls (PCBs), and other emerging contaminants including 

antibiotics resistance genes and bacteria (Grebel et al., 2013). As these contaminants are typically 

originated from non-point sources in urban areas, treatment at the source by low-impact 

development systems is generally more cost-effective than the use of traditional wastewater 

treatment systems. An efficient and durable stormwater treatment system can transform 

stormwater, a traditional waste, into an alternative water resource in urban areas, while providing 

other ecosystem functions as well as social benefits of green space in urban areas.  
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1.1.2. Contaminant removal processes in stormwater biofilters 

Stormwater treatment systems (also known as Best Management Practices or BMPs) are 

typically designed to quickly remove stormwater from surfaces for flood control, but they are often 

inadequate to remove many emerging contaminants, such as PFASs (Grebel et al., 2013; LeFevre 

et al., 2015). Among different types of BMPs, biofilters have the lowest footprint  (Karakurt-

Fischer et al., 2020). Biofilters are typically designed by replacing native soil with a mixture of 

sand, soil, and compost, where plants are grown (Figure 1-1). This compact design allows rapid 

infiltration of stormwater into the ground or the stormwater drain. Thus, biofilters can be retrofitted 

at many urban sites, particularly where allocating space for stormwater treatment is challenging. 

Conventional biofilter media has limited contaminant removal capacity. However, previous 

studies showed that adsorbents such as biochars and iron fillings could increase the attachment of 

contaminants (Ochoa-Herrera and Sierra-Alvarez, 2008; Ulrich et al., 2015), promote 

biodegradation by supporting bacterial and fungal biofilms (Lee et al., 2010), and help the biofilter 

media remain saturated so that remobilization of particulate-associated contaminants is minimal 

(Mohanty and Boehm, 2015). Furthermore, by controlling the position of stormwater drain valves 

(or saturated layer), the biofilters can be redesigned to promote reducing conditions in the bottom 

layers (Rippy, 2015). Saturated conditions allow greater diffusion of oxygen in pore water and 

increasing depletion of oxygen by biotic processes. Specific redox conditions can also be achieved 

abiotically by applying a small amount of current via electrodes. These designs could enhance the 

removal of various contaminants whose removal is sensitive to pH and redox conditions (Ololade 

et al., 2016). 
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Figure 1-1: Design of typical biofilter where native soil is replaced with a mixture of sand and compost 

(with plants grown atop) for rapid infiltration of stormwater. Some contaminants are removed due to 

physiochemical filtration, sorption, and biotransformation during intermittent infiltration of contaminated 

stormwater. The removal capacity of biofilters can be improved by adding adsorbents. 

 

1.1.3. Limited and unreliable pollutant removal capacity 

Traditional biofilter media such as sand have a low pollutant removal capacity. To increase 

the capacity, biofilters can be augmented with adsorbents and redesigned for specific hydraulic 

and geochemical control (Grebel et al., 2013). Although many adsorbents have been demonstrated 

to remove contaminants from drinking water (Merino et al., 2016), most of them are not suitable 

for stormwater treatment because of the cost, effect on clogging (or low hydraulic conductivity), 

and their ineffectiveness in the presence of a high concentration of DOC, particulates, and co-

contaminants (Grebel et al., 2013). Although certain adsorbents such as biochar, iron filings, and 

compost remove pollutants from stormwater, their ability to remove pollutants is unreliable due to 

various reasons. Firstly, the pollutant removal capacity of the adsorbents is highly variable 

depending on the production methods and the presence of other adsorbents widely 

(Ghavanloughajar et al., 2021; Valenca et al., 2021). Moreover, even the adsorbents, which can 
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remove large amounts of pollutants, lose their pollutant removal capacity with time due to 

exhaustion of adsorption sites. Recalcitrant pollutants such as perfluoroalkyl substances (PFAS) 

accumulate in the biofilter media and prevent further adsorption of pollutants from stormwater. 

Moreover, adsorbed pathogens can grow in the biofilter media and further accelerate this 

exhaustion of adsorption sites (Borthakur et al., 2022). This is exacerbated by competition from 

other constituents of stormwater. Stormwater matrix is complex due to the presence of a high 

concentration of particulate matter or suspended solids, DOC, dissolved salts, nutrients, and other 

co-contaminants (Grebel et al., 2013). The presence of these co-contaminants in water can 

decrease the adsorption of organic pollutants to soil or sorbent due to competition for attachment 

sites (Wang et al., 2015; Yu et al., 2012).  Since hydrophobic interactions are sensitive to organic 

carbon, the presence of DOC and hydrophobic co-contaminants are expected to compete with 

organic pollutants such as PFAS for attachment sites and decrease their retention. Thus, it is critical 

to design stormwater BMP where the adsorption capacity can be regenerated in situ. 

The exhaustion rate of filter media depends on contaminant removal processes in the 

stormwater biofilter. Contaminant removal in unsaturated stormwater biofilters is complex due to 

the presence of air and variation in typical weather conditions such as wetting, drying, and freeze-

thaw cycles. The complex hydrological and geochemical conditions that a stormwater treatment 

system experiences in nature could affect the removal of contaminants from stormwater. The 

advancement of the wetting front during intermittent flow increases the release of fine particles 

and mobilizes particle-associated contaminants (Mohanty et al., 2015a). The amount of particles 

released due to this process depends on antecedent weather conditions such as drying duration and 

freeze-thaw cycles (Mohanty et al., 2015a, 2015b, 2014, 2013). The same processes could also 

affect the release of contaminants, particularly those that exhibit a high affinity toward soil 
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particles (Ryan and Elimelech, 1996; Xing et al., 2016). Furthermore, the presence of air or air-

water interfaces in subsurface soil could affect the removal and transport of contaminants. Air-

water interface is hydrophobic; thus, it can affect the distribution of hydrophobic contaminants in 

soil pores during wetting and drying events, and consequently affect the removal and transport of 

pollutants in subsurface soil. Thus, the variable removal capacity of adsorbent media, exhaustion 

of adsorption sites, and environmental conditions reduce the reliability of stormwater biofilters. 

1.1.4. Regeneration of stormwater biofilters 

Exhaustion of biofilter media is one of the major reasons for biofilter’s unreliable 

performance. Adsorbed pollutants accumulate in the biofilter media and reduce the further removal 

of pollutants in stormwater. Although the biofilter microbiome can replenish some adsorption sites 

by degrading the pollutants, this process is very slow and impractical for stormwater treatment 

applications, especially in regions of heavy precipitation. Moreover, certain emerging pollutants 

such as PFAS are recalcitrant. Therefore, these recalcitrant pollutants could accumulate in the 

biofilter media and exhaust the adsorption sites. Once exhausted, biofilter media needs to be 

replaced, an operation that is expensive. An alternate strategy is in-situ regeneration of the 

biofilters as a non-intrusive method to replenish exhausted biofilter media. Chemicals can be 

injected into the biofilters that can regenerate or even improve the pollutant removal capacity of 

the biofilter media. For instance, a previous study showed that injecting HOCl into manganese 

oxide-coated sand amended biofilters and replenished their ability to remove organic pollutants 

similar to the virgin geomedia (Charbonnet et al., 2018). Another method will be to inject polymers 

such as Polydiallyldimethylammonium chloride (PDADMAC) into the biofilters. These injected 

polymers can coat the biofilter media and replenish or even increase the pollutant removal capacity 

of the biofilter. Coating PDADMAC onto geomedia significantly improves their ability to remove 
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legacy and emerging pollutants such as heavy metals, PFAS, and pesticides from stormwater (Ray 

et al., 2019), indicating their potential on enhancing the ability of biofilter media to remove 

pollutants from stormwater. However, the in-situ injection of the polymers into biofilters to 

regenerate their pollutant removal capacity has not been investigated. 

1.2. Research gaps 

1.2.1. Analysis of particle role in the transport of PFAS through surface water and air 

Advection of dissolved perfluoroalkyl acids (PFAAs) is currently assumed to be the 

dominant mechanism of transport in surface waters and subsurface (Dauchy et al., 2019b, 2019a; 

Xiao et al., 2012), whereas sorption to soil or sediment is considered the primary retention 

mechanism. Surface runoff also often contains high concentrations of suspended particles, which 

are generated by the erosion of the soil surface or resuspension of sediments (Hatfield and Maher, 

2009; Jia et al., 2014). These particles can bind PFAAs and carry them to surface and subsurface 

environments (Ahrens et al., 2010a; Llorca et al., 2018; T. V. Nguyen et al., 2016). If the suspended 

particles originated from the erosion of impacted lands, they may contain much higher 

concentrations of PFAAs than explained based on the equilibrium adsorption (Y. Q. Liu et al., 

2019; Xiao et al., 2012). These particles can be mixed with suspended particles created in streams 

and rivers due to the turbulence of fast-moving water (Chanson et al., 2011). In addition, dust 

particles in the air can contain significant concentrations of PFAAs as well. However, the relative 

contribution of these particles to the transport of PFAA in the environment has not been adequately 

explored, although their role in enhancing the transport of other organic chemicals such as 

polycyclic aromatic hydrocarbons (Guo et al., 2007), chlorinated solvents (Tanabe and Tatsukawa, 

1983), and heavy metals (Zhang, 1999) has been well established. Although some of the legacy 

pollutants are more hydrophobic than PFAS, thereby increasing their association with suspended 
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particles, the advisory limit for PFAS in water is low parts per trillion, which is an order of 

magnitude lower than the limit for the legacy pollutants. Thus, a relatively low concentration of 

PFAS on particles can lead to an exceedance of the water quality criteria. In general, it is expected 

that PFAAs with a long carbon chain could bind strongly to soil (Higgins and Luthy, 2006a; Yanju 

Liu et al., 2020; Nguyen et al., 2020) due to an increase in hydrophobicity. However, the relevance 

of suspended particles on PFAA distribution in the environment has not been critically analyzed. 

1.2.2. Colloid facilitated transport of PFAS due to fluctuations in groundwater flow 

Nearly 72% of PFAS contaminated drinking water facilities use groundwater as the water 

source, indicating that groundwater is a major source of PFAS contaminated drinking water 

(Guelfo & Adamson, 2018). Groundwater gets contaminated when surface runoff from PFAS 

contamination sources infiltrates into the subsurface to the groundwater. Upon mixing with the 

groundwater, PFAS is transported through the aquifer PFAS moves through the porous media by 

advection, dispersion, or diffusion (Armitage et al., 2009; Brusseau et al., 2019; Wang et al., 2005). 

During transport, PFAS can adsorb onto solids such as soil, sediments, or carbonaceous matter 

such as activated carbon (Campos-Pereira et al., 2020; Higgins and Luthy, 2006b; Johnson et al., 

2007; Mejia-Avendaño et al., 2020; Xiao et al., 2017) by hydrophobic or electrostatic interactions 

due to their surfactant nature (Pereira et al., 2018; Zhang et al., 2014). However, flow rates in 

porous media can fluctuate for various practical and natural reasons. The flow of groundwater 

through soil can fluctuate depending on the precipitation rate, hydraulic gradient, hydraulic 

conductivity, and human, plant, and animal activities (Beretta and Terrenghi, 2017; Gribovszki et 

al., 2010; Suzuki and Higashi, 2001). Flow may be paused for several days during the operation 

of groundwater extraction or treatment through pack-bed reactors. Changes in flow rate or flow 
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interruption may affect the available time for sorption or diffusive transport to occur in the porous 

media (Gellrich et al., 2012a; Høisæter et al., 2019).  

Flow fluctuations or interruptions can also release natural soil colloids from porous media 

(Gao et al., 2004; Schelde et al., 2002a; Zhou et al., 2017), which may contain previously adsorbed 

pollutants (Zhu et al., 2013). Natural soil colloids have been shown to facilitate the transport of 

other hydrophobic pollutants (Ryan and Elimelech, 1996; Xing et al., 2016). The same process 

may occur for PFAS. Colloids were found to carry a significant amount of PFAS in surface waters 

(Ahrens et al., 2010b; Y. Liu et al., 2019; Tung V. Nguyen et al., 2016; Zhao et al., 2016), 

indicating they could do the same in groundwater aquifer. Suspended sediment-associated PFAS 

can exacerbate their toxicity in surface water organisms as well (Yan Liu et al., 2020). However,  

studies on the transport of PFAS typically estimate the dissolved PFAS (Seo et al., 2019), assuming 

the concentration of PFAS associated with colloids is insignificant. Groundwater samples are 

typically filtered or centrifuged to remove all colloids before analyzing for PFAS. This can also 

underestimate the total PFAS concentration in water samples if colloids are present and they carry 

a significant amount of PFAS. Future studies should examine the role of colloids in PFAS 

concentration in pore water after flow interruption. 

1.2.3. The effect of dry-wet and freeze-thaw cycles on the colloid-facilitated transport of PFAS 

Surface runoff carries poly- and perfluoroalkyl substances (PFAS) from PFAS-impacted 

areas such as firefighting training facilities (Baduel et al., 2015), wastewater biosolids 

(Washington et al., 2010), and waste piles with PFAS-containing products (Laitinen et al., 2014; 

Trudel et al., 2008). The runoff exports PFAS to surface waters and infiltrates through subsurface 

soils to groundwater aquifer. During the infiltration of the PFAS-impacted runoff, short-chained 

PFAS can move through the subsurface because of limited adsorption on soil whereas most of the 
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long-chained PFAS can be removed by adsorption to soil and air-water interfaces (Brusseau, 2018; 

Qian et al., 2017; Zhang et al., 2014b). However, under certain conditions, the previously removed 

PFAS can leach into groundwater from impacted subsurface soil (Gellrich et al., 2012b). PFAS 

can be desorbed from impacted subsurface soils by physical, chemical, and biological processes. 

Previously sorbed PFAS can desorb from soil (Milinovic et al., 2015; Xiao et al., 2019) based on 

environmental conditions such as pH, ionic strength, and dissolved organic carbon in pore water 

(Jeon et al., 2011; Pereira et al., 2018; Wang et al., 2012). Furthermore, the transformation of 

precursors can enhance PFAS leaching (Chen et al., 2020). PFAS trapped in the soil matrix can 

diffuse into the flow path (Schaefer et al., 2019). Thus, back diffusion during the pause between 

rainfall events could increase the concentration of PFAS in porewater (Adamson et al., 2020; 

Brusseau, 2020; Carey et al., 2019; Guo et al., 2020). As air-water interfaces retain a significant 

amount of PFAS (Brusseau, 2019, 2018; Lyu et al., 2018), the collapse of the air-water interfaces 

during intermittent infiltration events could also release PFAS. Therefore, the development and 

collapse of air-water interfaces in the subsurface during intermittent rainfall events (dry-wet 

cycles) can leach PFAS from the subsurface soil (Gellrich et al., 2012b).  

Similar to the desorption of dissolved PFAS, colloid-associated PFAS can be released in 

the subsurface by three steps: (1) release or mobilization of colloids from macropore flow walls 

by hydrodynamic fluctuations, or water phase transitions during dry-wet (Majdalani et al., 2007) 

or freeze-thaw cycles (Mohanty et al., 2014); (2) diffusion of released colloids from pore wall to 

bulk liquid via a rate-limiting step (Schelde et al., 2002b); (3) transport of colloids in bulk liquid 

downward via infiltrating water. Colloids have been shown to contain significantly high 

concentrations of PFAS in surface waters (Ahrens et al., 2010a; Chen et al., 2019; T. V. Nguyen 
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et al., 2016) and saturated soil (Borthakur et al., 2021a). Yet, no study to date has quantified the 

colloid-facilitated release of PFAS in impacted subsurface subjected to weathering cycles. 

1.2.4. Using cationic polymers to regenerate PFAS removal capacity of biofilters 

Infiltration-based treatment systems such as stormwater biofilters can be used to remove 

PFAS from stormwater (Spahr et al., 2020). However, conventional bio-filter media such as sand 

and compost have low adsorption capacity for PFAS (Aly et al., 2018; Hale et al., 2017). In this 

case, the filter media can be amended or replaced with adsorbents such as biochar, activated 

carbon, or clay that can adsorb PFAS using hydrophobic, electrostatic, or chemisorption 

interactions (Askeland et al., 2020; Mukhopadhyay et al., 2021; Park et al., 2020). Since biofilter 

media is mostly negatively charged, hydrophobic interactions are the major force driving the 

adsorption of PFAS by the media. However, this reduces the capacity of biofilters to adsorb short-

chain PFAS compounds. Moreover, due to their recalcitrant nature, adsorbed long-chain PFAS 

compounds accumulate in the biofilter which exhausts the adsorption sites and reduces further 

removal of PFAS. Therefore, a method to replenish exhausted PFAS sites in biofilters and also 

improve their ability to remove short-chain PFAS is required. 

To recharge the PFAS removal capacity of biofilters, the surface charge of the filter media 

can be modified in situ. (Lukasik et al., 1999) The electrostatic interactions between PFAS and 

oppositely charged media surfaces can increase the adsorption capacity and result in faster 

adsorption kinetics, thereby potentially improving PFAS removal in high flow conditions.(Li et 

al., 2014a, 2014b). Coating commonly used PFAS adsorbents with cationic polymers such as 

polydiallyldimethylammonium chloride (PDADMAC) could improve their PFAS removal 

capacity (Aly et al., 2019, 2018; Chen Liu et al., 2020; Ramos et al., 2022; Ray et al., 2019). 

Organic polymers can easily adsorb onto clay (Ray et al., 2019), activated carbon (Chen Liu et al., 
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2020; Ramos et al., 2022), and aquifer soil (Aly et al., 2019, 2018) and adsorb PFAS through 

hydrophobic interactions. In addition, being cationic, these polymers can electrostatically adsorb 

PFAS as well, increasing their removal efficiency. Direct injection of PDADMAC into biofilter 

media provides a non-intrusive method of replenishing exhausted PFAS adsorption sites. 

However, being a coagulant, injection of liquid PDADMAC solutions can flocculate suspended 

sediments in stormwater which can clog the biofilters, rendering them unusable. Thus, the effect 

of injecting PDADMAC solution into biofilters to improve their PFAS removal capacity must be 

studied and any unintended consequences due to coagulation of sediments need to be explored. 

Yet, no study to date has explored the possibility of direct injection of cationic polymers into 

stormwater biofilters to create regenerative PFAS-removing biofilters. 

1.2.5. The positive effect of aging of biofilter media on replenishing pathogen removal capacity 

of biofilters has not been studied 

Biofilter media can age naturally due to physical, chemical, and biological processes. 

Physical aging occurs due to temperature fluctuation resulting in the drying of media, which has 

been shown to decrease the overall pathogen removal capacity (Chandrasena et al., 2014b; Fowdar 

et al., 2021; Li et al., 2012; Nabiul Afrooz and Boehm, 2017). In contrast, another study observed 

an improved removal capacity of biochar-amended biofilters after aging under dry-wet cycles due 

to replenished attachment sites (Mohanty and Boehm, 2015). Biological aging occurs due to the 

growth of biofilms (Nabiul Afrooz and Boehm, 2017), which could also decrease pathogen 

removal (Chandrasena et al., 2014a). In contrast, another study observed improved E. coli removal 

over time due to the growth of protozoa, a natural predator of bacteria (Zhang et al., 2011). 

Chemical aging occurs when chemical constituents such as natural organic matter (NOM) in 

stormwater adsorb on media, alter their surface properties, and reduce bacterial removal 
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(Ghavanloughajar et al., 2021; Mohanty and Boehm, 2015). However, previous studies rarely 

account for other co-contaminants such as dissolved metals in the aging of biofilter media.    

Metals are ubiquitous in urban stormwater (Lau et al., 2009; Stein and Tiefenthaler, 2005), 

and they can be attached to amendments (Tirpak et al., 2021). The amount of metal adsorbed on 

amendments can increase with aging, which could affect pathogen removal due to metal toxicity 

(Li et al., 2016). Exposure to heavy metal contaminated stormwater could increase the 

concentration of heavy metals in the media (Al-Ameri et al., 2018; Hermawan et al., 2021). The 

same process could contribute to the positive effect of aging on pathogen removal. However, it is 

not clear whether naturally adsorbed metals in biofilters can sufficiently alter the surface properties 

to have any effect on pathogen removal. As the biofilters are designed to last more than 15-20 

years, the total exposure of metals after a few years could be sufficient to alter the surface 

properties of amendments. However, after installation, biofilters media are typically never 

monitored for their changes in surface properties, or their performance is rarely evaluated beyond 

the first 2 years (Tirpak et al., 2021). Laboratory studies typically examined the exhaustion in 

attachment capacity of amendments with aging (Li et al., 2012). Rarely, the positive effect of aging 

such as increased removal of the pathogen by adsorbed metal is considered. 

1.3. Objectives 

This dissertation examines the role of colloids on the transport of pollutants such as PFAS 

and metals in subsurface and groundwater systems. Using this understanding, methods are 

developed to artificially or naturally regenerate the pollutant removal ability of filter media in 

stormwater biofilters. Chapters 2, 3, and 4 investigate the potential of colloids and other suspended 

particles in transporting PFAS through surface water, groundwater, subsurface soil, and air. 

Chapter 5 studies a way to regenerate exhausted stormwater biofilters and increase their capacity 
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to remove PFAS from stormwater by in-situ injection of cationic polymers such as PDADMAC. 

Chapter 6 examines the role of metals present in stormwater to naturally regenerate the pathogen 

removal capacity of biofilters. Specific goals are described below. 

 

Chapter 2 critically analyzes and reviews how suspended particles are increasing the transport of 

PFAAs, especially long-chain PFAA compounds, in surface water. It also shows that even though 

PFAAs are non-volatile, dust particles can adsorb significant amounts of PFAAs and transport 

them in the air, posing an inhalation risk. The outcomes of Chapter 2 are: 

Borthakur, A., Leonard, J., Koutnik, V.S., Ravi, S., Mohanty, S.K., 2022. Inhalation risks 

of wind-blown dust from biosolid-applied agricultural lands: Are they enriched with 

microplastics and PFAS? Current Opinion in Environmental Science & Health 25, 100309. 

https://doi.org/10.1016/j.coesh.2021.100309  

Borthakur, A., Wang, M., He, M., Ascencio, K., Blotevogel, J., Adamson, D.T., 

Mahendra, S., Mohanty, S.K., 2021. Perfluoroalkyl acids on suspended particles: 

Significant transport pathways in surface runoff, surface waters, and subsurface soils. 

Journal of Hazardous Materials 417, 126159. 

https://doi.org/10.1016/j.jhazmat.2021.126159 

 

Chapter 3 studies the flow of PFAS through groundwater and observed that fluctuations in 

groundwater flow can release colloids from aquifer soil that contain adsorbed PFAS. Thus, 

removing soil colloids from groundwater samples through filtration or centrifugation can 

underestimate the PFAS concentration in groundwater. The outcome of Chapter 3 is: 

https://doi.org/10.1016/j.coesh.2021.100309
https://doi.org/10.1016/j.jhazmat.2021.126159
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Borthakur, A., Cranmer, B.K., Dooley, G.P., Blotevogel, J., Mahendra, S., Mohanty, S.K., 

2021. Release of soil colloids during flow interruption increases the pore-water PFAS 

concentration in saturated soil. Environmental Pollution 117297. 

https://doi.org/10.1016/j.envpol.2021.117297 

 

Chapter 4 studies the leaching of PFAS from subsurface soil under weathering conditions and 

shows that dry-wet and freeze-thaw cycles can increase the release of colloids and associated PFAS 

from the subsurface into the groundwater. The outcome of Chapter 4 is: 

Borthakur, A., Olsen, P., Dooley, G.P., Cranmer, B.K., Rao, U., Hoek, E.M.V., 

Blotevogel, J., Mahendra, S., Mohanty, S.K., 2021. Dry-wet and freeze-thaw cycles 

enhance PFOA leaching from subsurface soils. Journal of Hazardous Materials Letters 2, 

100029. https://doi.org/10.1016/j.hazl.2021.100029 

 

Chapter 5 develops a way to regenerate exhausted biofilter media and improve their ability to 

remove PFAS from stormwater without clogging the biofilter via in-situ injection of PDADMAC 

into the biofilters. The outcome of Chapter 5 is: 

Borthakur, A., Das, T., Zhang, Y., Prehn, S., Libbert, S, Ramos, P., Dooley, G.P., 

Blotevogel, J., Mahendra, S., Mohanty, S.K. Rechargeable stormwater biofilters using 

cationic polymers for PFAS removal. Manuscript Under Preparation. 

 

Chapter 6 develops a way for biofilters to naturally regenerate their pathogen removal capacity 

by utilizing the inherent toxicity of heavy metals toward pathogens. Thus, adsorbents with high 

https://doi.org/10.1016/j.envpol.2021.117297
https://doi.org/10.1016/j.hazl.2021.100029
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heavy metal retention capacity can be used to create these self-regenerating biofilters. The outcome 

of Chapter 6 is: 

Borthakur, A., Chhour, K.L., Gayle, H.L., Prehn, S.R., Stenstrom, M.K., Mohanty, S.K., 

2022. Natural aging of expanded shale, clay, and slate (ESCS) amendment with heavy metals 

in stormwater increases its antibacterial properties: Implications on biofilter design. Journal 

of Hazardous Materials 429, 128309. https://doi.org/10.1016/j.jhazmat.2022.128309 
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Abstract 

Eroded particles from the source zone could transport a high concentration of perfluoroalkyl acids 

(PFAAs) to sediments and water bodies. Yet, the contribution of suspended particles has not been 

systematically reviewed. Analyzing reported studies, we quantitatively demonstrate that 

suspended particles in surface water can contain significantly higher concentrations of PFAAs than 

the sediment below, indicating the source of suspended particles are not the sediment but particles 

eroded and carried from the source zone upstream. The affinity of PFAAs to particles depends on 

the particle composition, including organic carbon fraction and iron or aluminum oxide content. 

In soils, most PFAAs are retained within the top 5 m below the ground surface. The distribution 

of PFAAs in the subsurface varies based on site properties and local weather conditions. The depth 

corresponding to the maximum concentration of PFAA in soil decreases with an increase in soil 

organic carbon or rainfall amount received in the catchment areas. We attribute a greater 

accumulation of PFAAs near the upper layer of the subsurface to an increase in the accumulation 

of particles eroded from source zones upstream receiving heavy rainfall. Precursor transformation 

in the aerobic zone is significantly higher than in the anaerobic zone, thereby making the aerobic 

subsurface zone serve as a long-term source of groundwater pollution. Collectively, these results 

suggest that suspended particles, often an overlooked vector for PFAAs, can be a dominant 

pathway for the transport of PFAAs in environments. 
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2.1. Introduction 

Perfluoroalkyl acids (PFAAs) are the most persistent fraction of per- and polyfluoroalkyl 

substances (PFASs). These chemicals have been released into surface waters from sources 

including fluorochemical industrial sites (Wang et al., 2016, 2013), firefighting training areas 

(Baduel et al., 2015; Dauchy et al., 2019a), airports (de Solla et al., 2012; Filipovic et al., 2015; 

Milley et al., 2018), accidental spill sites (D’Agostino and Mabury, 2014; Dauchy et al., 2017; 

Mejia-Avendano et al., 2017), and poorly managed landfills (Benskin et al., 2012; Hepburn et al., 

2019; Knutsen et al., 2019; Robey et al., 2020).  The runoff near these sources can impact surface 

waters and infiltrate through the subsurface, which leads to impacts to groundwater or drinking 

water wells (Guelfo and Adamson, 2018). Exposure to PFAA-impacted drinking water can lead to 

several adverse health effects including elevated blood pressure (Pitter et al., 2020), lung disease 

(Qin et al., 2017), birth defects (Rokoff et al., 2018),  immunotoxicity (Sunderland et al., 2019) 

and potentially cancer (Nicole, 2013). Therefore, it is critical to determine the factors that control 

the transport and release of PFAAs in the environments. 

Fate and transport of dissolved PFAAs in surface and subsurface environments are well-

established. PFAAs are dissolved into the rainwater or runoff near the source zones and conveyed 

by surface runoff to surface waters. Some of the runoff can infiltrate through subsurface soil and 

reach groundwater (Figure 2-1).  Advection of dissolved PFAAs is currently assumed to be the 

dominant mechanism of transport in surface waters and subsurface (Dauchy et al., 2019b, 2019a; 

Xiao et al., 2012), whereas sorption to soil or sediment is considered the primary retention 

mechanism. Surface runoff also often contains high concentrations of suspended particles, which 

are generated by the erosion of soil surface or resuspension of sediments (Hatfield and Maher, 

2009; Jia et al., 2014). These particles can bind PFAAs and carry them to surface and subsurface 
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environments (Ahrens et al., 2010; Llorca et al., 2018; Nguyen et al., 2016). If the suspended 

particles are originated from the erosion of impacted lands, they may contain much higher 

concentrations of PFAAs than explained based on equilibrium adsorption (Liu et al., 2019; Xiao 

et al., 2012). These particles can be mixed with suspended particles created in streams and rivers 

due to the turbulence of fast-moving water (Chanson et al., 2011). The relative contribution of 

these particles to the transport of PFAA to sediment is unclear. However, most studies reported 

PFAA concentration in surface water samples based on filtered or centrifuged samples (Qiu et al., 

2010; Zhou et al., 2013). These sample processing steps ignore the contribution of PFAAs 

adsorbed on suspended particles, which could introduce significant error in estimating the ‘true’ 

extent of PFAA impacts to and transport in surface water.  

 

Figure 2-1: Potential role of particles on the fate and transport of PFAAs in surface waters and subsurface 

soil. Surface runoff carries PFAAs and eroded particles impacted with PFAAs from the source zones to 

surface waters. Impacted runoff can infiltrate into the subsurface soil where PFAAs can adsorb on soil or 

impacted particles can be deposited in topsoil, which can serve as a long-term source for groundwater 

pollution. 
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The role of suspended particles on PFAA transport is relatively unexplored, although their 

role in enhancing the transport of other organic chemicals such as polycyclic aromatic 

hydrocarbons (Guo et al., 2007), chlorinated solvents (Tanabe and Tatsukawa, 1983), and heavy 

metals (Zhang, 1999) has been well established. These chemicals strongly adsorb on suspended 

particles and move farther than the dissolved chemicals, because dissolved chemicals can be 

removed from the water column due to adsorption to sediment or soil. Consequently, conditions 

that influence the concentration of the suspended particle concentration in water such as high 

rainfall intensity and flow velocity could affect particle-facilitated transport of the highly 

adsorbing pollutants.  Although some of the legacy pollutants are more hydrophobic than PFAS, 

thereby increasing their association with suspended particles, the advisory limit for PFAS in water 

is in low parts per trillion, which is an order of magnitude lower than the limit for the legacy 

pollutants. Thus, a relatively low concentration of PFAS on particles can lead to an exceedance of 

the water quality criteria. In general, it is expected that PFAAs with a long carbon chain could bind 

strongly to soil (Higgins and Luthy, 2006; Liu et al., 2020; Nguyen et al., 2020) due to an increase 

in hydrophobicity (Figure 2-2). However, the relevance of suspended particles on PFAA 

distribution in the environment has not been critically reviewed, although the fate and transport of 

aqueous PFAA in the environment have been reviewed extensively (Ahmed et al., 2020; Ahrens 

and Bundschuh, 2014; Armitage et al., 2009; Banzhaf et al., 2017; Brusseau et al., 2020; Lam et 

al., 2017; Nadal and Domingo, 2014; Prevedouros et al., 2006; Sharifan et al., 2021; Sunderland 

et al., 2019; Vedagiri et al., 2018). 
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Figure 2-2: (a) Water solubility, (b) organic carbon partitioning coefficient and (c) vapor pressure of 

different PFAA compounds and fluorotelomer alcohol precursors. The green line denotes the value of the 

respective properties for trichloroethylene (TCE) as a benchmark. The white open circles indicate the 

individual values of the respective property for each compound while the filled circle indicates the mean 

value of the individual values. 

In this review, we aim to assess the impact of suspended particles on the transport and 

accumulation of PFAAs in surface water and subsurface soil. By analyzing PFAA concentration 

data from surface waters and subsurface soils, we compare the concentration of PFAAs on 

suspended particles and sediment and correlate the concentration distribution at different depths 

in the subsurface with rainfall intensity and soil mineral properties at the sites.  Furthermore, we 

evaluate how the affinity of PFAAs on particles can vary with their composition including organic 

carbon, iron oxide, and aluminum oxide.  

2.2. Data collection and analysis 

We searched the Web of Science database (https://www.webofknowledge.com/) in July 

2020, to collect research articles using keyword combinations: “PFAS” with “properties”, “soil” 

and “water” (Table 2-1). Out of 697 articles found, 249 were selected after analyzing the title and 



33 

 

abstract. To compare the PFAA concentrations in suspended sediments and bed sediments, we 

searched for research articles that had reported PFAA concentrations in both suspended sediments 

and bed sediments in surface waters and at different depths of the subsurface around impacted 

areas. Only studies that reported PFAA concentration at depths greater than at least 25 cm were 

selected, and studies that reported PFAA concentrations only at the surface were excluded. Only 

five studies reported the organic carbon content of the soil, which was used to examine the effects 

of the organic carbon content in the soil. Annual precipitation value was collected based on historic 

precipitation data at all locations to analyze the effect of annual precipitation amount on the 

subsurface depth corresponding to maximum PFAA concentration. To examine the ability of soil 

particles to facilitate the transport of PFOA and PFOS, we analyzed 11 studies and correlated the 

adsorption affinity of both PFAAs with soil mineralogy including the organic carbon, cation 

exchange capacity, iron oxide, and aluminum oxide. It should be noted that the concentration of 

PFAA in soils was based on the studies that measured PFAA concentration in hotspots, and 

background concentrations are not often reported in these studies.  Thus, the conclusion on soil is 

applicable to the hotspots, although particles released from these hotspots could contribute to 

pollution downstream. The list of studies included in the analysis is provided in an online open-

access repository: Figshare (Borthakur et al., 2020). 

  



34 

 

Table 2-1: Criteria used to select studies and synthesize data reported in this study. 

Keyword 

Combination 

 

Total 

search 

results 

 

Selected 

entries 

 

Total 

entries 

used for 

analysisa 

Figure 

for 

which 

data 

used 

Selection criteria 

 

PFAS+Properties 

 

195 30 13 Figure 

2-2 

Papers reporting the solubility of PFAAs 

at 25 ⁰C, the organic-carbon partitioning 

coefficient and the vapor pressure at 25 

⁰C were selected. 

PFAS+Water 

 

784 

 

63 3 Figure 

2-3 

Papers reporting PFAA concentrations in 

bed sediments and suspended sediments 

in surface water samples 

PFAS+Soil  

 

146 105 

 

8 Figure 

2-4 

Papers reporting PFAS concentrations in 

different soil depths were selected 

4 

 

Figure 

2-6 

Papers reporting PFAS concentrations in 

different soil depths along with the 

surface soil organic carbon content or the 

location of the study site were selected 

   11 

 

Figure 

2-8 

Papers reporting Kd for PFAA sorption 

onto soils and sediments. Papers 

reporting Kf and n values for PFAA 

sorption were also selected and the Kd 

values at 10 μg L-1 were determined (Set 

arbitrarily based on (Chen et al., 2012))  

Papers should also characterize soils for 

their organic carbon, Cation exchange 

capacity iron oxide and aluminum oxide 

content 

Note: aThis is the final number of papers used for analysis comprising those selected from Web of Science + 

papers cited in our initial shortlist + new research 
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2.3. Contribution of suspended particles on PFAA transport 

2.3.1. Surface water 

Runoff from source zones typically carries dissolved PFAAs and eroded particles to 

surface waters. Most studies account for the contribution of dissolved PFAAs on surface water 

pollution, even though the eroded particles could very well contain a high concentration of 

pollutants as the soil in the source zone. Our analysis reveals that suspended particles in surface 

water bodies often contain a disproportionally higher concentration of PFAAs than the sediment 

below the water columns, and the suspended particles are enriched with perfluoroalkane sulfonic 

acids (PFSAs) to a greater extent than perfluoroalkyl carboxylic acids (PFCAs) (Figure 2-3), 

possibly due to the higher affinity of PFSAs to suspended sediments than that of PFCAs. The data 

for the Figure 2-3 is shown in Table 2-2. In suspended sediments, Koc values of PFSAs is 5.1-5.8 

times greater than Koc of PFCAs for the same carbon chain length (Ahrens et al., 2010), whereas, 

in sediments, the Koc values of PFSAs are 1.7 times greater than the Koc values of PFCAs (Higgins 

and Luthy, 2006). A higher concentration of PFAAs in suspended particles could be due to many 

different reasons. Suspended particles have a higher specific surface area due to their small size 

which enhances adsorption (Li et al., 2019). In addition, bioaccumulation of PFAAs by algae and 

other organisms can also increase the PFAA concentrations in suspended particles (Ahrens et al., 

2010). Suspended particles may also be precontaminated by PFAA before being carried by runoff 

into surface water sources (Chen et al., 2019; Xiao et al., 2012). However, source appropriation 

based on particle-associated PFAS requires a further environmental forensic approach, which has 

not been explored in detail. The relative concentration of PFAAs in particles or sediment could 

depend on their surface chemistry or mineralogy such as the fraction of organic carbon (Higgins 

and Luthy, 2006; Li et al., 2019, 2018). As organic carbon fraction in sediment and particle could 
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vary widely, this could add uncertainty in estimating the relative concentration of PFAAs in 

sediment and suspended particles. Nevertheless, our result indicates that suspended particles could 

transport a significant amount of PFAAs in surface water and recontaminate sediments. This could 

lower the effectiveness of remediation of impacted sediments in a surface water body and delay 

the cleanup effort of sediment. The concentration of suspended particles in water above sediments 

could depend on the rate at which the suspended particles can agglomerate and deposit on the 

sediments and the rate at which the deposited particles are resuspended by fluid turbulence or shear 

force (Turner and Millward, 2002). The resuspension of particles can increase the concentration 

of PFAS in the water. Thus, the best management method to prevent erosion and trap sediments 

in the source zones could protect surface water and sediment from particles containing PFAAs.  
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Figure 2-3: The ratio of (a) perfluoroalkyl carboxylic acid concentration and (b) perfluoroalkane sulfonic 

acid concentration in suspended particles and bed sediments. Each ratio value is illustrated in white circles 

and the boxes denote the 95% confidence interval for the overall data. Values below the 0 line indicate that 

the PFAA concentration in the sediments is higher than that in the suspended particles. Values above the 0 

line indicate that the PFAA concentration in the suspended particles is higher than that in the sediments. 
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Table 2-2: Ratio of PFAA concentrations in suspended particles (Cparticle) and sediments (Csediments). 

PFAA 
𝑳𝒐𝒈(

𝑪𝒑𝒂𝒓𝒕𝒊𝒄𝒍𝒆

𝑪𝒔𝒆𝒅𝒊𝒎𝒆𝒏𝒕

) 
Reference DOI 

PFHxA 3.26 Huiting Chen, et al. (2019) https://doi.org/10.1016/j.watres.2019.02.009 

PFBA 0.42 Zhao et al. (2016) 10.1016/j.scitotenv.2016.05.221 

PFHxA 2.04 Chen et al. (2015) https://doi.org/10.1016/j.watres.2015.04.032 

PFHxA 0.88 Chen et al. (2015) https://doi.org/10.1016/j.watres.2015.04.032 

PFHpA 3.04 Huiting Chen, et al. (2019) https://doi.org/10.1016/j.watres.2019.02.009 

PFOA 2.82 Huiting Chen, et al. (2019) https://doi.org/10.1016/j.watres.2019.02.009 

PFNA 2.92 Huiting Chen, et al. (2019) https://doi.org/10.1016/j.watres.2019.02.009 

PFDA 2.52 Huiting Chen, et al. (2019) https://doi.org/10.1016/j.watres.2019.02.009 

PFHpA -0.47 Zhao et al. (2016) 10.1016/j.scitotenv.2016.05.221 

PFOA -0.25 Zhao et al. (2016) 10.1016/j.scitotenv.2016.05.221 

PFNA -0.48 Zhao et al. (2016) 10.1016/j.scitotenv.2016.05.221 

PFDA -0.3 Zhao et al. (2016) 10.1016/j.scitotenv.2016.05.221 

PFHpA 1.86 Chen et al. (2015) https://doi.org/10.1016/j.watres.2015.04.032 

PFOA 2.37 Chen et al. (2015) https://doi.org/10.1016/j.watres.2015.04.032 

PFNA 1.71 Chen et al. (2015) https://doi.org/10.1016/j.watres.2015.04.032 

PFDA 1.44 Chen et al. (2015) https://doi.org/10.1016/j.watres.2015.04.032 

PFHpA 0.73 Chen et al. (2015) https://doi.org/10.1016/j.watres.2015.04.032 

PFOA 1.62 Chen et al. (2015) https://doi.org/10.1016/j.watres.2015.04.032 

PFNA 0.44 Chen et al. (2015) https://doi.org/10.1016/j.watres.2015.04.032 

PFDA 1.61 Chen et al. (2015) https://doi.org/10.1016/j.watres.2015.04.032 

PFUnA 2.08 Huiting Chen, et al. (2019) https://doi.org/10.1016/j.watres.2019.02.009 

PFDoA 1.6 Huiting Chen, et al. (2019) https://doi.org/10.1016/j.watres.2019.02.009 

PFTrA 1.57 Huiting Chen, et al. (2019) https://doi.org/10.1016/j.watres.2019.02.009 

PFUdA 0.07 Zhao et al. (2016) 10.1016/j.scitotenv.2016.05.221 

PFDoA -0.03 Zhao et al. (2016) 10.1016/j.scitotenv.2016.05.221 

PFUnA 0.98 Chen et al. (2015) https://doi.org/10.1016/j.watres.2015.04.032 

PFDoA 0.23 Chen et al. (2015) https://doi.org/10.1016/j.watres.2015.04.032 
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PFUnA 1.64 Chen et al. (2015) https://doi.org/10.1016/j.watres.2015.04.032 

PFDoA 1.62 Chen et al. (2015) https://doi.org/10.1016/j.watres.2015.04.032 

PFBS 2.33 Huiting Chen, et al. (2019) https://doi.org/10.1016/j.watres.2019.02.009 

PFBS 0.5 Zhao et al. (2016) 10.1016/j.scitotenv.2016.05.221 

PFBS 0.57 Chen et al. (2015) https://doi.org/10.1016/j.watres.2015.04.032 

PFBS 2.2 Chen et al. (2015) https://doi.org/10.1016/j.watres.2015.04.032 

PFHxS 2.46 Huiting Chen, et al. (2019) https://doi.org/10.1016/j.watres.2019.02.009 

PFHxS 2.56 Chen et al. (2015) https://doi.org/10.1016/j.watres.2015.04.032 

PFHxS 1.3 Chen et al. (2015) https://doi.org/10.1016/j.watres.2015.04.032 

PFOS 2.4 Huiting Chen, et al. (2019) https://doi.org/10.1016/j.watres.2019.02.009 

PFOS -0.13 Zhao et al. (2016) 10.1016/j.scitotenv.2016.05.221 

PFOS 1.7 Chen et al. (2015) https://doi.org/10.1016/j.watres.2015.04.032 

PFOS 2.03 Chen et al. (2015) https://doi.org/10.1016/j.watres.2015.04.032 

2.3.2. Subsurface soil 

The subsurface zone is the unsaturated region connecting surface water and soil to 

groundwater aquifer. Impacted surface runoff passes through the subsurface zone before reaching 

groundwater, so the subsurface zone acts as a natural filter to remove particles in surface runoff 

and adsorb pollutants. However, accumulation of PFAA and PFAA-containing particles in 

subsurface soil and transformation of PFAA precursors in aerobic conditions could make 

subsurface soils serve as a secondary source for PFAAs to groundwater (Weber et al., 2017). A 

recent review (Sharifan et al., 2021) highlights the importance of all relevant processes that affect 

the fate of PFASs in subsurface soil. Briefly, PFAS and their precursors can be removed by 

adsorption to soil minerals, air-water interfaces, and microbial biomass or roots, translocated into 

plants, and degraded or transformed by soil microorganisms. However, it is unknown to what 

extent suspended particles can influence the distribution of PFAAs in the subsurface by these 

processes. 
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To compare the vertical migration of PFAAs in subsurface soils between sites, we 

normalized the concentration at all depths by dividing them by the maximum or peak PFAA 

concentration found at the site. Thus, the location with a relative concentration of 1 represents the 

location corresponding to peak or concentration maxima.  Our analysis reveals that the 

concentration of most PFAAs decreased steadily with increases in depth surveyed (Figure 2-4). 

The data for Figure 2-4 is shown in Table 2-3. Most PFAAs are retained within 5 m below ground 

surface, although concentration varied widely for all types of PFAAs, except PFOS, within the top 

5 m below the ground surface at all sites surveyed.  There was also limited data available beyond 

5 m depth, and the groundwater table locations in most sites were not reported. Our result is similar 

to a previous study that measured PFAS concentration in two cores up to 15 m depth (Nickerson 

et al., 2020). Both cores in that study showed a contrasting concentration profile within the top 5 

m below the ground surface: while concentration increased in one core, it decreased in the other.  

The difference was attributed to high clay content and organic carbon that limit infiltration at the 

site (Nickerson et al., 2020). Beyond the top 5 m, the location of groundwater table, PFAS 

concentrations decreased at both sites. The result indicates that soil heterogeneity such as 

differences in pore size and organic carbon content between different sites could explain the 

inconsistent distribution of PFAAs within the first 5 m soil below ground surface. 
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Figure 2-4: Depth profiles of (a) PFBA, (b) PFHxA, (c) PFOA, (d) PFBS, (e) PFHxS and (f) PFOS in the 

subsurface. Most PFAS are located near the surface indicating subsurface as a long-term reservoir of PFAS. 

 

 

 

Table 2-3: List of references used for soil PFAA concentrations. 

Reference 
Study area PFAA tested DOI 

Bao et al. (2018) Well drilling site exposed 

to 10 years of PFAS 

contamination in Beijing. 

PFBS, PFHxS, PFOS https://doi.org/10.1007/s13213-018-1346-y 

Dauchy et al., 

(2019) 

Firefighting training area 

in France. 

PFBA, PFHxA, PFOA, 

PFBS, PFHxS, PFOS 

https://doi.org/10.1016/j.chemosphere.2018.10.003 

Filipovic et al. 

(2015) 

Air force base in Tullinge 

Riksten, Sweden. 

PFOA https://doi.org/10.1016/j.chemosphere.2014.09.005 

Groffen et al. 

(2019) 

Around a 3M 

fluorochemical plant in 

Antwerp, Belgium. 

PFBA, PFOA, PFOS https://doi.org/10.1016/j.chemosphere.2019.124407 

Hale et al. (2017) Firefighting training 

facility west of Oslo 

airport, Norway. 

PFBA, PFOA https://doi.org/10.1016/j.chemosphere.2016.12.057 

SFT (2009) 4 firefighting training 

facilities. 

PFHxA, PFOA, PFBS, 

PFHxS 

https://evalueringsportalen.no/evaluering/screening-

of-polyfluorinated-organic-compounds-at-four-fire-

training-facilities-in-norway/ta2444.pdf/@@inline 

Washington et al. 

(2010) 

Sludge applied soils. PFHxA, PFOA, 

PFHxS, PFOS 

https://doi.org/10.1021/es1003846 

Xiao et al. (2015) Soil samples along US 

highway 10 from the 

location of a former PFAS 

manufacturing facility to 

City of Big Lake. 

PFOA, PFOS https://doi.org/10.1016/j.watres.2014.09.052 
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Except for PFOS, all other PFAAs showed high variability within the first 5 m below 

ground surface. There could be several reasons for the variability within the top 5 m of subsurface 

soil. First, PFAAs may migrate down the subsurface due to leaching and redistribution of PFAAs 

in the subsurface. Sorbed PFAS compounds can desorb and leach from the soil, which can lead to 

their downward migration through the subsurface (Gellrich et al., 2012). This is supported by the 

fact that the variability in data increases with the decrease in Kd of the compound, as the desorption 

of PFAAs increase with the decrease in Kd of the compound (Milinovic et al., 2015). Because 

PFOS has a high affinity and low desorption coefficient, its concentration profile in the subsurface 

exhibited the lowest variability. However, despite relatively high Kd of PFOA and PFHxS, there 

is significant variability in the concentrations at different depths of the subsurface. Therefore, in 

addition to desorption, the release of suspended particles from the surface soil may also be 

contributing to the downward migration of PFAA compounds, especially those with high Kd 

values. Another cause of an inconsistent location for maximum PFAA concentrations within the 

top 3 m in the subsurface, where conditions are likely more oxic, could be enhanced transformation 

of polyfluorinated precursors by microbial communities (Dasu et al., 2013; Hamid et al., 2020; 

Zhang et al., 2017). Analyzing 20 studies on the biotransformation of PFAA precursors, we 

observed that the PFAA precursor transformation rate by aerobic bacteria is an order of magnitude 

faster than that of anaerobic bacteria (Figure 2-5, Table 2-4, 2-5, 2-6). Biotransformation of 

cationic and zwitterionic precursors, which strongly bind to negatively charged soil, to less 

sorptive anionic PFAAs may enhance PFAS mobility in the subsurface. The implications are that 

precursor transformation and thus downward migration of PFASs in the topsoil may proceed at a 

faster rate. For instance, 6:2 fluorotelomer thioether propionate has been shown to transform into 

stable compounds that do not transform to PFAAs under anaerobic conditions (Yi et al., 2018). 
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The analysis also reveals that biotransformation depends on functional groups on the precursors: 

hydroxyl groups are highly susceptible to enzymic oxidation whereas the urethane group is least 

susceptible, possibly due to the unavailability of urethane oxidizing enzymes in most soil 

microorganisms. Similarly, precursors with an ether group are recalcitrant to microbial cleavage 

(Chen et al., 2018). Our analysis shows no significant difference (p>0.05) between the half-lives 

of non-ionic, anionic, and zwitterionic precursors. Adsorption of cationic and zwitterionic 

precursors to soil minerals could reduce their bioavailability, consequently the likelihood of them 

being transformed to PFAAs (Mejia-Avendano et al., 2020). In particular, cationic and zwitterionic 

precursors are more susceptible to particle-facilitated transport due to their strong affinity to 

suspended particles that have a net negative surface charge (Ahrens et al., 2010; Chen et al., 2015). 

Particle association could also reduce their bioavailability. Therefore, biotransformation of 

cationic and zwitterionic PFAA precursors in the presence of suspended particles should be 

examined. 
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Figure 2-5: (a) Comparison of half-lives of precursors subjected to aerobic and anaerobic biodegradation 

(*p < 0.02) (b) Effects of charge on half-lives of precursors subjected to aerobic biodegradation (c) Effects 

of a functional group on half-lives of precursors subjected to aerobic biotransformation. 
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Table 2-4: Effect of oxygen conditions on transformation of PFAA precursor.  

Condition Compound Half-life 

(Day) 

Reference DOI 

Aerobic 6:2FTOH 1.6 Liu et al. 2010 10.1016/j.chemosphere.2009.10.

044 

Aerobic 6:2FTOH 1.3 Liu et al. 2010 10.1016/j.chemosphere.2009.10.

044 

Aerobic 6:2FTOH 3 Zhang et al. 2017a 10.1016/j.scitotenv.2016.09.214 

Aerobic 6:2FTOH 3 Zhang et al. 2017a 10.1016/j.scitotenv.2016.09.214 

Aerobic 6:2FTOH 1.9 Zhao et al. 2013a 10.1016/j.chemosphere.2012.06.

035 

Aerobic 6:2FTOH 1.5 Zhao et al. 2013b 10.1016/j.chemosphere.2013.02.

032 

Aerobic 6:2FTOH 28 Tseng et al. 2014 10.1021/es4057483 

Aerobic 8:2FTOH 2 Dinglasan et al. 2004 10.1021/es0350177 

Aerobic 8:2FTOH 5 Wang et al. 2005 10.1021/es0506760 

Aerobic 8:2FTOH 2 Dasu et al. 2012 10.1021/es203978g 

Aerobic 8:2FTOH 45 Hamid et al. 2020a 10.1016/j.scitotenv.2020.13654

7 

Aerobic 4:2 FtTAoS 6 Harding-Marjanovic et al. 

2015 

10.1021/acs.est.5b01219 

Aerobic 6:2 FtTAoS 6 Harding-Marjanovic et al. 

2015 

10.1021/acs.est.5b01219 

Aerobic 8:2 FtTAoS 10 Harding-Marjanovic et al. 

2015 

10.1021/acs.est.5b01219 

Aerobic EtFOSE 4 Zhang et al. 2017b 10.1016/j.envpol.2017.05.074 

Aerobic EtFOSE 30 Zhang et al. 2017b 10.1016/j.envpol.2017.05.074 

Aerobic EtFOSE 5.23 Avendano and Liu 2015 10.1016/j.chemosphere.2014.09.

059 

Aerobic EtFOSE 0.71 Rhoads et al. 2008 10.1021/es702866c 

Anaerobic 6:2FTOH 30 Zhang et al. 2013 10.1021/es4000824 

Anaerobic 8:2FTOH 145 Zhang et al. 2013 10.1021/es4000824 

Anaerobic 6:2 FtTAoS 120 Yi et al. 2018 10.1021/acs.estlett.8b00148 

Anaerobic EtFOSE 1860 Lange 2018 10.1002/etc.4014 
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Table 2-5: Effect of functional group on PFAA precursor transformation.  

Functional Group Compound Half-life 

(Day) 

Reference DOI 

-OH Hydroxyl 

Group 

6:2FTOH 1.6 Liu et al. 2010 10.1016/j.chemosphere.2009.10.

044 

-OH Hydroxyl 

Group 

6:2FTOH 1.3 Liu et al. 2010 10.1016/j.chemosphere.2009.10.

044 

-OH Hydroxyl 

Group 

6:2FTOH 3 Zhang et al. 2017a 10.1016/j.scitotenv.2016.09.214 

-OH Hydroxyl 

Group 

6:2FTOH 3 Zhang et al. 2017a 10.1016/j.scitotenv.2016.09.214 

-OH Hydroxyl 

Group 

6:2FTOH 1.9 Zhao et al. 2013a 10.1016/j.chemosphere.2012.06.

035 

-OH Hydroxyl 

Group 

6:2FTOH 1.5 Zhao et al. 2013b 10.1016/j.chemosphere.2013.02.

032 

-OH Hydroxyl 

Group 

8:2FTOH 2 Dinglasan et al. 2004 10.1021/es0350177 

-OH Hydroxyl 

Group 

8:2FTOH 5 Wang et al. 2005 10.1021/es0506760 

-OH Hydroxyl 

Group 

8:2FTOH 2 Dasu et al. 2012 10.1021/es203978g 

-OH Hydroxyl 

Group 

8:2FTOH 45 Hamid et al. 2020a 10.1016/j.scitotenv.2020.136547 

-SO3H Sulfonic 

Acid Group 

6:2 FTSA 56 Chen et al. 2019 10.1360/TB-2019-0126 

-SO3H Sulfonic 

Acid Group 

6:2 FTSA 90 Hamid et al. 2020a 10.1016/j.scitotenv.2020.136547 

-SO3H Sulfonic 

Acid Group 

6:2 FTSA 90 Wang et al. 2011 10.1016/j.chemosphere.2010.11.

003 

-SO3H Sulfonic 

Acid Group 

4:2 FtTAoS 6 Harding-Marjanovic et al. 

2015 

10.1021/acs.est.5b01219 

-SO3H Sulfonic 

Acid Group 

6:2 FtTAoS 6 Harding-Marjanovic et al. 

2015 

10.1021/acs.est.5b01219 

-SO3H Sulfonic 

Acid Group 

8:2 FtTAoS 10 Harding-Marjanovic et al. 

2015 

10.1021/acs.est.5b01219 

-SO2-N- 

Sulfonamide Group 

EtFOSA 

linear 

11.2 Liu et al. 2019 10.1016/j.scitotenv.2018.09.214 

-SO2-N- 

Sulfonamide Group 

EtFOSA 

branch 

80.8 Liu et al. 2019 10.1016/j.scitotenv.2018.09.214 

-SO2-N- 

Sulfonamide Group 

N-EtFOSA 13.9 Avendano and Liu 2015 10.1016/j.chemosphere.2014.09.

059 

-SO2-N- 

Sulfonamide Group 

EtFOSE 4 Zhang et al. 2017b 10.1016/j.envpol.2017.05.074 

-SO2-N- 

Sulfonamide Group 

EtFOSE 30 Zhang et al. 2017b 10.1016/j.envpol.2017.05.074 

-SO2-N- 

Sulfonamide Group 

EtFOSE 5.23 Avendano and Liu 2015 10.1016/j.chemosphere.2014.09.

059 
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-SO2-N- 

Sulfonamide Group 

PFOSNO 15 Chen et al., 2020 10.1021/acs.estlett.0c00543 

-SO2-N- 

Sulfonamide Group 

EtFOSE 0.71 Rhoads et al. 2008 10.1021/es702866c 

-S- Sulfide Group 4:2 FtTAoS 6 Harding-Marjanovic et al. 

2015 

10.1021/acs.est.5b01219 

-S- Sulfide Group 6:2 FtTAoS 6 Harding-Marjanovic et al. 

2015 

10.1021/acs.est.5b01219 

-S- Sulfide Group 8:2 FtTAoS 10 Harding-Marjanovic et al. 

2015 

10.1021/acs.est.5b01219 

Phosphate ester 6:2 diPAP 12 Liu and Liu 2016 10.1016/j.envpol.2016.01.069 

Phosphate ester 6:2 diPAP 60 Lee et al. 2014 10.1021/es403949z 

Phosphate ester 8:2 diPAP 1000 Liu and Liu 2016 10.1016/j.envpol.2016.01.069 

-O-CO-NH- 

Urethane Group 

FTU 90 Dasu and Lee 2016 10.1016/j.chemosphere.2015.11.

021 

-O-CO-NH- 

Urethane Group 

FTU 150 Dasu and Lee 2016 10.1016/j.chemosphere.2015.11.

021 

-O-CO-NH- 

Urethane Group 

HMU 477 Dasu and Lee 2016 10.1016/j.chemosphere.2015.11.

021 

-O-CO-NH- 

Urethane Group 

HMU 666 Dasu and Lee 2016 10.1016/j.chemosphere.2015.11.

021 

-CO-NH- Peptide 

Group 

4:2 FtTAoS 6 Harding-Marjanovic et al. 

2015 

10.1021/acs.est.5b01219 

-CO-NH- Peptide 

Group 

6:2 FtTAoS 6 Harding-Marjanovic et al. 

2015 

10.1021/acs.est.5b01219 

-CO-NH- Peptide 

Group 

8:2 FtTAoS 10 Harding-Marjanovic et al. 

2015 

10.1021/acs.est.5b01219 

-CO-NH- Peptide 

Group 

PFOAAmS 142 Mejia-Avendano et al. 2016 10.1021/acs.est.6b00140 

-CO-NH- Peptide 

Group 

PFOANO 3 Chen et al., 2020 10.1021/acs.estlett.0c00543 

-CO-NH- Peptide 

Group 

PFOANO 7 Chen et al., 2020 10.1021/acs.estlett.0c00543 
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Table 2-6: Effect of charge on PFAA transformation.  

Charge Compound Half-life 

(Day) 

Reference DOI 

Non-ionic 6:2FTOH 1.6 Liu et al. 2010 10.1016/j.chemosphere.2009.10.04

4 

Non-ionic 6:2FTOH 1.3 Liu et al. 2010 10.1016/j.chemosphere.2009.10.04

4 

Non-ionic 6:2FTOH 3 Zhang et al. 2017a 10.1016/j.scitotenv.2016.09.214 

Non-ionic 6:2FTOH 3 Zhang et al. 2017a 10.1016/j.scitotenv.2016.09.214 

Non-ionic 6:2FTOH 1.9 Zhao et al. 2013a 10.1016/j.chemosphere.2012.06.03

5 

Non-ionic 6:2FTOH 1.5 Zhao et al. 2013b 10.1016/j.chemosphere.2013.02.03

2 

Non-ionic 8:2FTOH 2 Dinglasan et al. 2004 10.1021/es0350177 

Non-ionic 8:2FTOH 5 Wang et al. 2005 10.1021/es0506760 

Non-ionic 8:2FTOH 2 Dasu et al. 2012 10.1021/es203978g 

Non-ionic 8:2FTOH 45 Hamid et al. 2020a 10.1016/j.scitotenv.2020.136547 

Non-ionic EtFOSA linear 11.2 Liu et al. 2019 10.1016/j.scitotenv.2018.09.214 

Non-ionic EtFOSA branch 80.8 Liu et al. 2019 10.1016/j.scitotenv.2018.09.214 

Non-ionic N-EtFOSA 13.9 Avendano and Liu 2015 10.1016/j.chemosphere.2014.09.05

9 

Non-ionic EtFOSE 4 Zhang et al. 2017b 10.1016/j.envpol.2017.05.074 

Non-ionic EtFOSE 30 Zhang et al. 2017b 10.1016/j.envpol.2017.05.074 

Non-ionic EtFOSE 5.23 Avendano and Liu 2015 10.1016/j.chemosphere.2014.09.05

9 

Non-ionic EtFOSE 0.71 Rhoads et al. 2008 10.1021/es702866c 

Non-ionic FTU 90 Dasu and Lee 2016 10.1016/j.chemosphere.2015.11.02

1 

Non-ionic FTU 150 Dasu and Lee 2016 10.1016/j.chemosphere.2015.11.02

1 

Non-ionic HMU 477 Dasu and Lee 2016 10.1016/j.chemosphere.2015.11.02

1 

Non-ionic HMU 666 Dasu and Lee 2016 10.1016/j.chemosphere.2015.11.02

1 

Anionic 6:2 FTSA 56 Chen et al. 2019 10.1360/TB-2019-0126 
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Anionic 6:2 FTSA 90 Hamid et al. 2020a 10.1016/j.scitotenv.2020.136547 

Anionic 6:2 FTSA 90 Wang et al. 2011 10.1016/j.chemosphere.2010.11.00

3 

Anionic 4:2 FtTAoS 6 Harding-Marjanovic et al. 

2015 

10.1021/acs.est.5b01219 

Anionic 6:2 FtTAoS 6 Harding-Marjanovic et al. 

2015 

10.1021/acs.est.5b01219 

Anionic 8:2 FtTAoS 10 Harding-Marjanovic et al. 

2015 

10.1021/acs.est.5b01219 

Anionic 6:2 diPAP 12 Liu and Liu 2016 10.1016/j.envpol.2016.01.069 

Anionic 6:2 diPAP 60 Lee et al. 2014 10.1021/es403949z 

Anionic 8:2 diPAP 1000 Liu and Liu 2016 10.1016/j.envpol.2016.01.069 

Cationic PFOAAmS 142 Mejia-Avendano et al. 

2016 

10.1021/acs.est.6b00140 

Zwitterionic PFOANO 3 Chen et al., 2020 10.1021/acs.estlett.0c00543 

Zwitterionic PFOANO 7 Chen et al., 2020 10.1021/acs.estlett.0c00543 

Zwitterionic PFOSNO 15 Chen et al., 2020 10.1021/acs.estlett.0c00543 

 

The subsurface can also adsorb aqueous PFAAs and filter PFAA-impacted particles from 

infiltrating water, and the impacted region can subsequently release the PFAAs over longer 

periods. Moreover, the advancement of air-water interfaces during intermittent rainfall cycles can 

also dislodge particles from the soil trapped at these interfaces (Flury and Aramrak, 2017). In 

particular, natural environmental conditions such as dry-wet and freeze-thaw cycles have been 

shown to accelerate the release of mobile particles in the subsurface (Mohanty et al., 2015, 2014). 

If the particles contain sorbed PFAAs, they can transport the PFAAs as well. Several studies have 

examined the retention mechanisms of aqueous PFAAs in the subsurface soil (Brusseau, 2018; 

Guelfo and Higgins, 2013; Silva et al., 2019), but they rarely included particle-mediated transport 

and release. Aqueous PFAAs in infiltrating water have been shown to adsorb on pore walls, 

infiltrate into the soil matrix, or accumulate at air-water interfaces (Brusseau, 2019; Lyu et al., 

2018; Meng et al., 2014). Thus, the relative contribution of these processes on PFAS retention 

could vary with several factors: (a) soil organic carbon that affects adsorption on pore walls, (b) 
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the pore-size distribution that affects infiltration rate through the subsurface, and (c) the relative 

saturation of the soil that affects total air-water interface areas available for PFAA retention. Thus, 

these factors are expected to affect the soil depth corresponding to maximum PFAA concentration. 

Analyzing the vertical distribution of PFOA and PFOS in subsurface soils within 4 m from 

ground surface reported in five studies (Table 2-7), we found that depth corresponding to their 

concentration maxima increases with decreases in the organic carbon content of soil (Figure 2-6a). 

The result indicates that organic carbon is an important factor that can affect peak depth. Thus, 

particles eroded from organic-rich soil could facilitate the transport of PFAAs in water and 

subsurface, similar to how they enhance the transport of other organic pollutants (Grolimund et 

al., 1996).  It should be noted that other soil properties such as hydraulic conductivity, soil chemical 

heterogeneity, air-water interface, and protein, iron oxide, and manganese oxide content may also 

contribute to variable PFAA transport in subsurface soil (Gellrich et al., 2012; Guelfo et al., 2020; 

Hoisaeter et al., 2019; Longstaffe et al., 2012; Lyu et al., 2018; Ololade et al., 2016). A previous 

study (Anderson et al., 2019) observed an increase in PFAA sorption onto the soil with an increase 

in organic carbon content and decreasing clay content. Moreover, they also observed an increase 

in PFAA transport with the degree of flushing. Future studies can similarly try to correlate the 

transport of PFAAs through the subsurface with different soil and environmental parameters. 
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Figure 2-6: Change in the depth of maximum PFAA concentrations in the subsurface with (a) soil organic 

carbon content (%) and (b) annual precipitation (cm year-1). Note a difference in the y-axis range.  
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Table 2-7: Effect of organic carbon content on the soil surface on the depth of maximum PFAA 

concentration.  

PFAA Surface 

organic carbon 

(%) 

Peak depth 

(cm) 

Reference DOI 

PFOA 3.2 60 Xiao et al (2015) https://doi.org/10.1016/j.watres.2014.09.052  

PFOA 3.2 82.5 Xiao et al (2015) https://doi.org/10.1016/j.watres.2014.09.052  

PFOA 1.47 15 Groffen et al. (2019) https://doi.org/10.1016/j.chemosphere.2019.124407  

PFOA 31.3 40 SFT (2009) https://evalueringsportalen.no/evaluering/screening-

of-polyfluorinated-organic-compounds-at-four-fire-

training-facilities-in-norway/ta2444.pdf/@@inline  

PFOA 0.8 72.5 SFT (2009) https://evalueringsportalen.no/evaluering/screening-

of-polyfluorinated-organic-compounds-at-four-fire-

training-facilities-in-norway/ta2444.pdf/@@inline  

PFOA 12.3 2 SFT (2009) https://evalueringsportalen.no/evaluering/screening-

of-polyfluorinated-organic-compounds-at-four-fire-

training-facilities-in-norway/ta2444.pdf/@@inline  

PFOA 10 2.5 SFT (2009) https://evalueringsportalen.no/evaluering/screening-

of-polyfluorinated-organic-compounds-at-four-fire-

training-facilities-in-norway/ta2444.pdf/@@inline  

PFOA 0.72 50 Hale et al. (2017) https://doi.org/10.1016/j.chemosphere.2016.12.057  

PFOS 3.2 60 Xiao et al (2015) https://doi.org/10.1016/j.watres.2014.09.052 

PFOS 3.2 82.5 Xiao et al (2015) https://doi.org/10.1016/j.watres.2014.09.052  

PFOS 1.47 77.5 Groffen et al. (2019) https://doi.org/10.1016/j.chemosphere.2019.124407  

PFOS 1.48 20 Bao et al (2018) https://doi.org/10.1007/s13213-018-1346-y  

PFOS 31.3 20 SFT (2009) https://evalueringsportalen.no/evaluering/screening-

of-polyfluorinated-organic-compounds-at-four-fire-

training-facilities-in-norway/ta2444.pdf/@@inline  

PFOS 0.8 40 SFT (2009) https://evalueringsportalen.no/evaluering/screening-

of-polyfluorinated-organic-compounds-at-four-fire-

training-facilities-in-norway/ta2444.pdf/@@inline  

PFOS 12.3 2 SFT (2009) https://evalueringsportalen.no/evaluering/screening-

of-polyfluorinated-organic-compounds-at-four-fire-

training-facilities-in-norway/ta2444.pdf/@@inline  

PFOS 10 2.5 SFT (2009) https://evalueringsportalen.no/evaluering/screening-

of-polyfluorinated-organic-compounds-at-four-fire-

training-facilities-in-norway/ta2444.pdf/@@inline  

 

  

https://doi.org/10.1016/j.watres.2014.09.052
https://doi.org/10.1016/j.watres.2014.09.052
https://doi.org/10.1016/j.chemosphere.2019.124407
https://evalueringsportalen.no/evaluering/screening-of-polyfluorinated-organic-compounds-at-four-fire-training-facilities-in-norway/ta2444.pdf/@@inline
https://evalueringsportalen.no/evaluering/screening-of-polyfluorinated-organic-compounds-at-four-fire-training-facilities-in-norway/ta2444.pdf/@@inline
https://evalueringsportalen.no/evaluering/screening-of-polyfluorinated-organic-compounds-at-four-fire-training-facilities-in-norway/ta2444.pdf/@@inline
https://evalueringsportalen.no/evaluering/screening-of-polyfluorinated-organic-compounds-at-four-fire-training-facilities-in-norway/ta2444.pdf/@@inline
https://evalueringsportalen.no/evaluering/screening-of-polyfluorinated-organic-compounds-at-four-fire-training-facilities-in-norway/ta2444.pdf/@@inline
https://evalueringsportalen.no/evaluering/screening-of-polyfluorinated-organic-compounds-at-four-fire-training-facilities-in-norway/ta2444.pdf/@@inline
https://evalueringsportalen.no/evaluering/screening-of-polyfluorinated-organic-compounds-at-four-fire-training-facilities-in-norway/ta2444.pdf/@@inline
https://evalueringsportalen.no/evaluering/screening-of-polyfluorinated-organic-compounds-at-four-fire-training-facilities-in-norway/ta2444.pdf/@@inline
https://evalueringsportalen.no/evaluering/screening-of-polyfluorinated-organic-compounds-at-four-fire-training-facilities-in-norway/ta2444.pdf/@@inline
https://evalueringsportalen.no/evaluering/screening-of-polyfluorinated-organic-compounds-at-four-fire-training-facilities-in-norway/ta2444.pdf/@@inline
https://evalueringsportalen.no/evaluering/screening-of-polyfluorinated-organic-compounds-at-four-fire-training-facilities-in-norway/ta2444.pdf/@@inline
https://evalueringsportalen.no/evaluering/screening-of-polyfluorinated-organic-compounds-at-four-fire-training-facilities-in-norway/ta2444.pdf/@@inline
https://doi.org/10.1016/j.chemosphere.2016.12.057
https://doi.org/10.1016/j.watres.2014.09.052
https://doi.org/10.1016/j.watres.2014.09.052
https://doi.org/10.1016/j.chemosphere.2019.124407
https://doi.org/10.1007/s13213-018-1346-y
https://evalueringsportalen.no/evaluering/screening-of-polyfluorinated-organic-compounds-at-four-fire-training-facilities-in-norway/ta2444.pdf/@@inline
https://evalueringsportalen.no/evaluering/screening-of-polyfluorinated-organic-compounds-at-four-fire-training-facilities-in-norway/ta2444.pdf/@@inline
https://evalueringsportalen.no/evaluering/screening-of-polyfluorinated-organic-compounds-at-four-fire-training-facilities-in-norway/ta2444.pdf/@@inline
https://evalueringsportalen.no/evaluering/screening-of-polyfluorinated-organic-compounds-at-four-fire-training-facilities-in-norway/ta2444.pdf/@@inline
https://evalueringsportalen.no/evaluering/screening-of-polyfluorinated-organic-compounds-at-four-fire-training-facilities-in-norway/ta2444.pdf/@@inline
https://evalueringsportalen.no/evaluering/screening-of-polyfluorinated-organic-compounds-at-four-fire-training-facilities-in-norway/ta2444.pdf/@@inline
https://evalueringsportalen.no/evaluering/screening-of-polyfluorinated-organic-compounds-at-four-fire-training-facilities-in-norway/ta2444.pdf/@@inline
https://evalueringsportalen.no/evaluering/screening-of-polyfluorinated-organic-compounds-at-four-fire-training-facilities-in-norway/ta2444.pdf/@@inline
https://evalueringsportalen.no/evaluering/screening-of-polyfluorinated-organic-compounds-at-four-fire-training-facilities-in-norway/ta2444.pdf/@@inline
https://evalueringsportalen.no/evaluering/screening-of-polyfluorinated-organic-compounds-at-four-fire-training-facilities-in-norway/ta2444.pdf/@@inline
https://evalueringsportalen.no/evaluering/screening-of-polyfluorinated-organic-compounds-at-four-fire-training-facilities-in-norway/ta2444.pdf/@@inline
https://evalueringsportalen.no/evaluering/screening-of-polyfluorinated-organic-compounds-at-four-fire-training-facilities-in-norway/ta2444.pdf/@@inline
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Table 2-8. Effect of precipitation rate on the depth of maximum PFAA concentration. 

PFAA Precipitation (cm/yr) Peak depth 

(cm) 

Reference doi 

PFOA

A 

137.6 5 Washington 

(2010) 

https://doi.org/10.1021/es1003846  

PFOA 137.6 48.5 Washington 

(2010) 

https://doi.org/10.1021/es1003846  

PFOA 137.6 5 Washington 

(2010) 

https://doi.org/10.1021/es1003846  

PFOA 82.8 32.5 Xiao et al (2015) https://doi.org/10.1016/j.watres.2014.09.0

52 

PFOA 82.8 30 Xiao et al (2015) https://doi.org/10.1016/j.watres.2014.09.0

52 

PFOA 82.8 60 Xiao et al (2015) https://doi.org/10.1016/j.watres.2014.09.0

52 

PFOA 82.8 83.5 Xiao et al (2015) https://doi.org/10.1016/j.watres.2014.09.0

52 

PFOA 82.8 82.5 Xiao et al (2015) https://doi.org/10.1016/j.watres.2014.09.0

52 

PFOA 77.8 15 Groffen et al. 

(2019) 

https://doi.org/10.1016/j.chemosphere.201

9.124407 

PFOA 56.5 150 Filipovic et al 

(2015) 

https://doi.org/10.1016/j.chemosphere.201

4.09.005 

PFOA 56.5 200 Filipovic et al 

(2015) 

https://doi.org/10.1016/j.chemosphere.201

4.09.005 

PFOA 56.5 400 Filipovic et al 

(2015) 

https://doi.org/10.1016/j.chemosphere.201

4.09.005 

PFOS 137.6 5 Washington 

(2010) 

https://doi.org/10.1021/es1003846  

PFOS 137.6 5 Washington 

(2010) 

https://doi.org/10.1021/es1003846  

PFOS 137.6 5 Washington 

(2010) 

https://doi.org/10.1021/es1003846  

PFOS 82.8 25 Xiao et al (2015) https://doi.org/10.1016/j.watres.2014.09.0

52 

PFOS 82.8 30 Xiao et al (2015) https://doi.org/10.1016/j.watres.2014.09.0

52 

PFOS 82.8 60 Xiao et al (2015) https://doi.org/10.1016/j.watres.2014.09.0

52 

PFOS 82.8 68.5 Xiao et al (2015) https://doi.org/10.1016/j.watres.2014.09.0

52 

https://doi.org/10.1021/es1003846
https://doi.org/10.1021/es1003846
https://doi.org/10.1021/es1003846
https://doi.org/10.1016/j.watres.2014.09.052
https://doi.org/10.1016/j.watres.2014.09.052
https://doi.org/10.1016/j.watres.2014.09.052
https://doi.org/10.1016/j.watres.2014.09.052
https://doi.org/10.1016/j.watres.2014.09.052
https://doi.org/10.1016/j.watres.2014.09.052
https://doi.org/10.1016/j.watres.2014.09.052
https://doi.org/10.1016/j.watres.2014.09.052
https://doi.org/10.1016/j.watres.2014.09.052
https://doi.org/10.1016/j.watres.2014.09.052
https://doi.org/10.1016/j.chemosphere.2019.124407
https://doi.org/10.1016/j.chemosphere.2019.124407
https://doi.org/10.1016/j.chemosphere.2014.09.005
https://doi.org/10.1016/j.chemosphere.2014.09.005
https://doi.org/10.1016/j.chemosphere.2014.09.005
https://doi.org/10.1016/j.chemosphere.2014.09.005
https://doi.org/10.1016/j.chemosphere.2014.09.005
https://doi.org/10.1016/j.chemosphere.2014.09.005
https://doi.org/10.1021/es1003846
https://doi.org/10.1021/es1003846
https://doi.org/10.1021/es1003846
https://doi.org/10.1016/j.watres.2014.09.052
https://doi.org/10.1016/j.watres.2014.09.052
https://doi.org/10.1016/j.watres.2014.09.052
https://doi.org/10.1016/j.watres.2014.09.052
https://doi.org/10.1016/j.watres.2014.09.052
https://doi.org/10.1016/j.watres.2014.09.052
https://doi.org/10.1016/j.watres.2014.09.052
https://doi.org/10.1016/j.watres.2014.09.052
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PFOS 82.8 82.5 Xiao et al (2015) https://doi.org/10.1016/j.watres.2014.09.0

52 

PFOS 77.8 77.5 Groffen et al. 

(2019) 

https://doi.org/10.1016/j.chemosphere.201

9.124407 

PFOS 55.7 20 Bao et al (2018) https://doi.org/10.1007/s13213-018-1346-

y  

PFOS 56.5 25 Filipovic et al 

(2015) 

https://doi.org/10.1016/j.chemosphere.201

4.09.005 

PFOS 56.5 250 Filipovic et al 

(2015) 

https://doi.org/10.1016/j.chemosphere.201

4.09.005 

PFOS 56.5 200 Filipovic et al 

(2015) 

https://doi.org/10.1016/j.chemosphere.201

4.09.005 

 

Generally, it is expected that an increase in precipitation in an area could increase the 

amount of water flushed through subsurface soil, which could increase the desorption of PFAS  

from subsurface soil to groundwater (Anderson et al., 2019). For instance, subsurface leaching of 

PFAS during intermittent infiltration of water was shown to increase with flow rate (Gellrich et 

al., 2012; Hoisaeter et al., 2019). Thus, the concentration maxima of PFAS compounds should 

move to deeper layers in subsurface soil with an increased precipitation rate. However, our analysis 

reveals that the depth corresponding to PFAA concentration maxima decreased with an increase 

in annual precipitation received at the sites assessed (Figure 2-6b, Table 2-8). In other words, 

PFAAs are accumulated near the surface in areas receiving high annual precipitation. We 

attributed the cause of this trend to an increase in erosion in the source zone by high rainfall and a 

corresponding increase in loading of impacted particles to the area surveyed. Consequently, areas 

receiving high rainfall amounts can deposit more impacted particles downstream, most of which 

are filtered out in topsoil (Tondera et al., 2013). Thus, erosion control measures should be 

implemented in the source zone, and green infrastructures should be used to capture impacted 

particles.  It should be noted that the soil types, not only the precipitation amount, determine the 

https://doi.org/10.1016/j.watres.2014.09.052
https://doi.org/10.1016/j.watres.2014.09.052
https://doi.org/10.1016/j.chemosphere.2019.124407
https://doi.org/10.1016/j.chemosphere.2019.124407
https://doi.org/10.1007/s13213-018-1346-y
https://doi.org/10.1007/s13213-018-1346-y
https://doi.org/10.1016/j.chemosphere.2014.09.005
https://doi.org/10.1016/j.chemosphere.2014.09.005
https://doi.org/10.1016/j.chemosphere.2014.09.005
https://doi.org/10.1016/j.chemosphere.2014.09.005
https://doi.org/10.1016/j.chemosphere.2014.09.005
https://doi.org/10.1016/j.chemosphere.2014.09.005
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amount of runoff that infiltrates into the ground. However, hydraulic conductivity data was not 

provided in the assessed studies to confirm this hypothesis. Another possibility of the high 

accumulation of PFAAs near the surface compared to deeper soil in wet climates is that deeper 

soils in wetter climates remain submerged most of the time, thereby developing anoxic conditions. 

In contrast, near-surface soil could drain and become oxic. Thus, the biotransformation rate of 

precursors at the deeper depths will be lower in wetter climates than drier climates. Thus, further 

study should examine the effect of climate conditions on precursor transformation in subsurface 

soils.  

2.3.3. Air 

As most PFAS are non-volatile, with an exception of volatile precursors, PFAS 

concentration in the air could be dominated by PFAS associated with dust or microplastics. 

Analyzing 8 studies that measured the PFAS concentration in dust samples from indoor 

environments, we show that a significant fraction of total PFAS measured in the air are associated 

with dust, aerosol, and other particulate matter, and the long-chained PFAS are enriched in the 

dust (Figure 2-7 a). Our analysis also reveals that an increase in PFAS chain length increases their 

association with dust. Increased affinity of long-chained PFAS with solid surfaces explained this 

observation (Chaemfa et al., 2010). The PFAS concentrations observed in these studies are 

comparable to other legacy organic pollutants typically found in the dust (Figure 2-7 b): polycyclic 

aromatic hydrocarbons (PAH), polybrominated diphenyl ethers (PBDE), and polychlorinated 

biphenyls (PCBs) (Basaran and Yılmaz Civan, 2021; Simonetti et al., 2020). The analysis indicates 

that PFAS has a similar potential of aerial transport as other organic pollutants, even though PFAS 

exposure via inhalation did not receive a similar level of attention as other organic pollutants.   
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Figure 2-7: PFAS concentrations in dust emitted from land-based on 8 studies (Supplementary Material). 

The dashed lines refer to concentrations of ΣPCB, Anthracene and BDE-17 reported in the literature 

(Basaran and Yılmaz Civan, 2021; Simonetti et al., 2020). 
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Table 2-9: Data for PFCA concentration in air dust. 
Compound PFAS Value(ng/g) Author doi 

3-4 carbon PFBA 28.8 (Besis et al., 

2019) 

https://doi.org/10.1016/j.ecoenv.2019.10955

9 

3-4 carbon PFBA 13.1 (Eriksson et al., 

2015) 

https://doi.org/10.1021/acs.est.5b00679 

3-4 carbon PFBA 2.16 (Eriksson et al., 

2015) 

https://doi.org/10.1021/acs.est.5b00679 

3-4 carbon PFBA 8.37 (Eriksson et al., 

2015) 

https://doi.org/10.1021/acs.est.5b00679 

3-4 carbon PFBA 12.9 (Eriksson et al., 

2015) 

https://doi.org/10.1021/acs.est.5b00679 

3-4 carbon PFBA 1.17 (Eriksson et al., 

2015) 

https://doi.org/10.1021/acs.est.5b00679 

3-4 carbon PFPeA 2.4 (Karaskova et al., 

2016) 

https://doi.org/10.1016/j.envint.2016.05.031 

3-4 carbon PFPeA 4.5 (Karaskova et al., 

2016) 

https://doi.org/10.1016/j.envint.2016.05.031 

3-4 carbon PFPeA 5.4 (Karaskova et al., 

2016) 

https://doi.org/10.1016/j.envint.2016.05.031 

3-4 carbon PFPeA 1.51 (Besis et al., 

2019) 

https://doi.org/10.1016/j.ecoenv.2019.10955

9 

3-4 carbon PFPeA 7.05 (Eriksson et al., 

2015) 

https://doi.org/10.1021/acs.est.5b00679 

3-4 carbon PFPeA 1.5 (Eriksson et al., 

2015) 

https://doi.org/10.1021/acs.est.5b00679 

3-4 carbon PFPeA 2.24 (Eriksson et al., 

2015) 

https://doi.org/10.1021/acs.est.5b00679 

3-4 carbon PFPeA 3.9 (Haug et al., 

2011) 

https://doi.org/10.1021/es103456h 

3-4 carbon PFPeA 5.07 (Eriksson et al., 

2015) 

https://doi.org/10.1021/acs.est.5b00679 

3-4 carbon PFPeA 0.67 (Eriksson et al., 

2015) 

https://doi.org/10.1021/acs.est.5b00679 

3-4 carbon PFPeA 8.94 (Knobeloch et al., 

2012) 

https://doi.org/10.1016/j.chemosphere.2012.

03.082 

5-6 carbon PFHxA 12.8 (Karaskova et al., 

2016) 

https://doi.org/10.1016/j.envint.2016.05.031 

5-6 carbon PFHxA 14.5 (Karaskova et al., 

2016) 

https://doi.org/10.1016/j.envint.2016.05.031 

5-6 carbon PFHxA 20.9 (Karaskova et al., 

2016) 

https://doi.org/10.1016/j.envint.2016.05.031 

5-6 carbon PFHxA 11.1 (Besis et al., 

2019) 

https://doi.org/10.1016/j.ecoenv.2019.10955

9 

5-6 carbon PFHxA 17.7 (Eriksson et al., 

2015) 

https://doi.org/10.1021/acs.est.5b00679 

5-6 carbon PFHxA 6.24 (Eriksson et al., 

2015) 

https://doi.org/10.1021/acs.est.5b00679 

5-6 carbon PFHxA 17.5 (Eriksson et al., 

2015) 

https://doi.org/10.1021/acs.est.5b00679 
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5-6 carbon PFHxA 33 (Haug et al., 

2011) 

https://doi.org/10.1021/es103456h 

5-6 carbon PFHxA 31.8 (Eriksson et al., 

2015) 

https://doi.org/10.1021/acs.est.5b00679 

5-6 carbon PFHxA 3.16 (Eriksson et al., 

2015) 

https://doi.org/10.1021/acs.est.5b00679 

5-6 carbon PFHpA 3.1 (Karaskova et al., 

2016) 

https://doi.org/10.1016/j.envint.2016.05.031 

5-6 carbon PFHpA 7.1 (Karaskova et al., 

2016) 

https://doi.org/10.1016/j.envint.2016.05.031 

5-6 carbon PFHpA 11.8 (Karaskova et al., 

2016) 

https://doi.org/10.1016/j.envint.2016.05.031 

5-6 carbon PFHpA 12.6 (Besis et al., 

2019) 

https://doi.org/10.1016/j.ecoenv.2019.10955

9 

5-6 carbon PFHpA 16.58 (ao et al., 2019) https://doi.org/10.1016/j.envpol.2019.07.041 

5-6 carbon PFHpA 11.4 (Eriksson et al., 

2015) 

https://doi.org/10.1021/acs.est.5b00679 

5-6 carbon PFHpA 4.63 (Eriksson et al., 

2015) 

https://doi.org/10.1021/acs.est.5b00679 

5-6 carbon PFHpA 5.71 (Eriksson et al., 

2015) 

https://doi.org/10.1021/acs.est.5b00679 

5-6 carbon PFHpA 10 (Haug et al., 

2011) 

https://doi.org/10.1021/es103456h 

5-6 carbon PFHpA 6.73 (Eriksson et al., 

2015) 

https://doi.org/10.1021/acs.est.5b00679 

5-6 carbon PFHpA 1.76 (Eriksson et al., 

2015) 

https://doi.org/10.1021/acs.est.5b00679 

7-9 carbon PFOA 8.9 (Karaskova et al., 

2016) 

https://doi.org/10.1016/j.envint.2016.05.031 

7-9 carbon PFOA 17.7 (Karaskova et al., 

2016) 

https://doi.org/10.1016/j.envint.2016.05.031 

7-9 carbon PFOA 38.6 (Karaskova et al., 

2016) 

https://doi.org/10.1016/j.envint.2016.05.031 

7-9 carbon PFOA 80 (Besis et al., 

2019) 

https://doi.org/10.1016/j.ecoenv.2019.10955

9 

7-9 carbon PFOA 4.7 (Harrad et al., 

2019) 

https://doi.org/10.1021/acs.est.9b04604 

7-9 carbon PFOA 3.2 (Harrad et al., 

2019) 

https://doi.org/10.1021/acs.est.9b04604 

7-9 carbon PFOA 23 (Harrad et al., 

2019) 

https://doi.org/10.1021/acs.est.9b04604 

7-9 carbon PFOA 2.2 (Harrad et al., 

2019) 

https://doi.org/10.1021/acs.est.9b04604 

7-9 carbon PFOA 75.49 (ao et al., 2019) https://doi.org/10.1016/j.envpol.2019.07.041 

7-9 carbon PFOA 55.6 (Eriksson et al., 

2015) 

https://doi.org/10.1021/acs.est.5b00679 

7-9 carbon PFOA 26.7 (Eriksson et al., 

2015) 

https://doi.org/10.1021/acs.est.5b00679 

7-9 carbon PFOA 29.1 (Eriksson et al., 

2015) 

https://doi.org/10.1021/acs.est.5b00679 

7-9 carbon PFOA 20 (Haug et al., 

2011) 

https://doi.org/10.1021/es103456h 
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7-9 carbon PFOA 48 (Eriksson et al., 

2015) 

https://doi.org/10.1021/acs.est.5b00679 

7-9 carbon PFOA 13.9 (Eriksson et al., 

2015) 

https://doi.org/10.1021/acs.est.5b00679 

7-9 carbon PFOA 70.9 (Knobeloch et al., 

2012) 

https://doi.org/10.1016/j.chemosphere.2012.

03.082 

7-9 carbon PFDA 5.2 (Karaskova et al., 

2016) 

https://doi.org/10.1016/j.envint.2016.05.031 

7-9 carbon PFDA 8.5 (Karaskova et al., 

2016) 

https://doi.org/10.1016/j.envint.2016.05.031 

7-9 carbon PFDA 6.9 (Karaskova et al., 

2016) 

https://doi.org/10.1016/j.envint.2016.05.031 

7-9 carbon PFDA 3.41 (Besis et al., 

2019) 

https://doi.org/10.1016/j.ecoenv.2019.10955

9 

7-9 carbon PFDA 9.15 (Eriksson et al., 

2015) 

https://doi.org/10.1021/acs.est.5b00679 

7-9 carbon PFDA 6.24 (Eriksson et al., 

2015) 

https://doi.org/10.1021/acs.est.5b00679 

7-9 carbon PFDA 5.64 (Eriksson et al., 

2015) 

https://doi.org/10.1021/acs.est.5b00679 

7-9 carbon PFDA 4.1 (Haug et al., 

2011) 

https://doi.org/10.1021/es103456h 

7-9 carbon PFDA 16.8 (Eriksson et al., 

2015) 

https://doi.org/10.1021/acs.est.5b00679 

7-9 carbon PFDA 15.9 (Eriksson et al., 

2015) 

https://doi.org/10.1021/acs.est.5b00679 

7-9 carbon PFNA 3 (Karaskova et al., 

2016) 

https://doi.org/10.1016/j.envint.2016.05.031 

7-9 carbon PFNA 19.4 (Karaskova et al., 

2016) 

https://doi.org/10.1016/j.envint.2016.05.031 

7-9 carbon PFNA 10.9 (Karaskova et al., 

2016) 

https://doi.org/10.1016/j.envint.2016.05.031 

7-9 carbon PFNA 2.52 (Besis et al., 

2019) 

https://doi.org/10.1016/j.ecoenv.2019.10955

9 

7-9 carbon PFNA 0.52 (Harrad et al., 

2019) 

https://doi.org/10.1021/acs.est.9b04604 

7-9 carbon PFNA 0.55 (Harrad et al., 

2019) 

https://doi.org/10.1021/acs.est.9b04604 

7-9 carbon PFNA 8.6 (Harrad et al., 

2019) 

https://doi.org/10.1021/acs.est.9b04604 

7-9 carbon PFNA 27.01 (ao et al., 2019) https://doi.org/10.1016/j.envpol.2019.07.041 

7-9 carbon PFNA 58.6 (Eriksson et al., 

2015) 

https://doi.org/10.1021/acs.est.5b00679 

7-9 carbon PFNA 5.28 (Eriksson et al., 

2015) 

https://doi.org/10.1021/acs.est.5b00679 

7-9 carbon PFNA 3.48 (Eriksson et al., 

2015) 

https://doi.org/10.1021/acs.est.5b00679 

7-9 carbon PFNA 29 (Haug et al., 

2011) 

https://doi.org/10.1021/es103456h 

7-9 carbon PFNA 76.6 (Eriksson et al., 

2015) 

https://doi.org/10.1021/acs.est.5b00679 
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7-9 carbon PFNA 9.92 (Eriksson et al., 

2015) 

https://doi.org/10.1021/acs.est.5b00679 

7-9 carbon PFNA 24.44 (Knobeloch et al., 

2012) 

https://doi.org/10.1016/j.chemosphere.2012.

03.082 

10-13 

carbon 

PFUnDA 4.3 (Karaskova et al., 

2016) 

https://doi.org/10.1016/j.envint.2016.05.031 

10-13 

carbon 

PFUnDA 8.7 (Karaskova et al., 

2016) 

https://doi.org/10.1016/j.envint.2016.05.031 

10-13 

carbon 

PFUnDA 3.6 (Karaskova et al., 

2016) 

https://doi.org/10.1016/j.envint.2016.05.031 

10-13 

carbon 

PFUnDA 1.5 (Besis et al., 

2019) 

https://doi.org/10.1016/j.ecoenv.2019.10955

9 

10-13 

carbon 

PFUnDA 20.8 (Eriksson et al., 

2015) 

https://doi.org/10.1021/acs.est.5b00679 

10-13 

carbon 

PFUnDA 2.92 (Eriksson et al., 

2015) 

https://doi.org/10.1021/acs.est.5b00679 

10-13 

carbon 

PFUnDA 1.88 (Eriksson et al., 

2015) 

https://doi.org/10.1021/acs.est.5b00679 

10-13 

carbon 

PFUnDA 23.5 (Eriksson et al., 

2015) 

https://doi.org/10.1021/acs.est.5b00679 

10-13 

carbon 

PFUnDA 6.02 (Eriksson et al., 

2015) 

https://doi.org/10.1021/acs.est.5b00679 

10-13 

carbon 

PFDoA/PFDo

DA 

2.5 (Karaskova et al., 

2016) 

https://doi.org/10.1016/j.envint.2016.05.031 

10-13 

carbon 

PFDoA/PFDo

DA 

6.3 (Karaskova et al., 

2016) 

https://doi.org/10.1016/j.envint.2016.05.031 

10-13 

carbon 

PFDoA/PFDo

DA 

2 (Karaskova et al., 

2016) 

https://doi.org/10.1016/j.envint.2016.05.031 

10-13 

carbon 

PFDoA/PFDo

DA 

4.92 (Besis et al., 

2019) 

https://doi.org/10.1016/j.ecoenv.2019.10955

9 

10-13 

carbon 

PFDoA/PFDo

DA 

5.45 (Eriksson et al., 

2015) 

https://doi.org/10.1021/acs.est.5b00679 

10-13 

carbon 

PFDoA/PFDo

DA 

3.98 (Eriksson et al., 

2015) 

https://doi.org/10.1021/acs.est.5b00679 

10-13 

carbon 

PFDoA/PFDo

DA 

4.2 (Eriksson et al., 

2015) 

https://doi.org/10.1021/acs.est.5b00679 

10-13 

carbon 

PFDoA/PFDo

DA 

22 (Haug et al., 

2011) 

https://doi.org/10.1021/es103456h 

10-13 

carbon 

PFDoA/PFDo

DA 

5.42 (Eriksson et al., 

2015) 

https://doi.org/10.1021/acs.est.5b00679 

10-13 

carbon 

PFDoA/PFDo

DA 

9.7 (Eriksson et al., 

2015) 

https://doi.org/10.1021/acs.est.5b00679 

10-13 

carbon 

PFTrDA 3.5 (Karaskova et al., 

2016) 

https://doi.org/10.1016/j.envint.2016.05.031 

10-13 

carbon 

PFTrDA 8.2 (Karaskova et al., 

2016) 

https://doi.org/10.1016/j.envint.2016.05.031 

10-13 

carbon 

PFTrDA 1.8 (Karaskova et al., 

2016) 

https://doi.org/10.1016/j.envint.2016.05.031 

10-13 

carbon 

PFTrDA 2.3 (Eriksson et al., 

2015) 

https://doi.org/10.1021/acs.est.5b00679 

10-13 

carbon 

PFTrDA 1.29 (Eriksson et al., 

2015) 

https://doi.org/10.1021/acs.est.5b00679 
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10-13 

carbon 

PFTrDA 0.99 (Eriksson et al., 

2015) 

https://doi.org/10.1021/acs.est.5b00679 

10-13 

carbon 

PFTrDA 8.8 (Haug et al., 

2011) 

https://doi.org/10.1021/es103456h 

10-13 

carbon 

PFTrDA 8.3 (Eriksson et al., 

2015) 

https://doi.org/10.1021/acs.est.5b00679 

10-13 

carbon 

PFTrDA 2.33 (Eriksson et al., 

2015) 

https://doi.org/10.1021/acs.est.5b00679 

10-13 

carbon 

PFTeDA 3.6 (Karaskova et al., 

2016) 

https://doi.org/10.1016/j.envint.2016.05.031 

10-13 

carbon 

PFTeDA 4.8 (Karaskova et al., 

2016) 

https://doi.org/10.1016/j.envint.2016.05.031 

10-13 

carbon 

PFTeDA 1.4 (Karaskova et al., 

2016) 

https://doi.org/10.1016/j.envint.2016.05.031 

10-13 

carbon 

PFTeDA 5.3 (Haug et al., 

2011) 

https://doi.org/10.1021/es103456h 

7-9 carbon PFOA 4.8 (Xu et al., 2020) https://doi.org/10.1016/j.envres.2020.11024

3 

7-9 carbon PFDA 1.2 (Xu et al., 2020) https://doi.org/10.1016/j.envres.2020.11024

3 

10-13 

carbon 

PFUdA 1.2 (Xu et al., 2020) https://doi.org/10.1016/j.envres.2020.11024

3 

10-13 

carbon 

PFDoA 0.67 (Xu et al., 2020) https://doi.org/10.1016/j.envres.2020.11024

3 

10-13 

carbon 

PFTeDA 0.24 (Xu et al., 2020) https://doi.org/10.1016/j.envres.2020.11024

3 
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Table 2-10: Data for PFSA concentrations in dust. 

PFAS Value (ng/g) Author doi 

PFBS 3.6 (Karaskova et al., 2016) https://doi.org/10.1016/j.envint.2016.05.031 

PFBS 1.6 (Karaskova et al., 2016) https://doi.org/10.1016/j.envint.2016.05.031 

PFBS 1.4 (Karaskova et al., 2016) https://doi.org/10.1016/j.envint.2016.05.031 

PFBS 22.9 (Besis et al., 2019) https://doi.org/10.1016/j.ecoenv.2019.109559 

PFBS 17 (Harrad et al., 2019) https://doi.org/10.1021/acs.est.9b04604 

PFBS 12 (Harrad et al., 2019) https://doi.org/10.1021/acs.est.9b04604 

PFBS 19 (Harrad et al., 2019) https://doi.org/10.1021/acs.est.9b04604 

PFBS 17 (Harrad et al., 2019) https://doi.org/10.1021/acs.est.9b04604 

PFBS 131.57 (ao et al., 2019) https://doi.org/10.1016/j.envpol.2019.07.041 

PFBS 1.3 (Haug et al., 2011) https://doi.org/10.1021/es103456h 

PFBS 4.03 (Knobeloch et al., 2012) https://doi.org/10.1016/j.chemosphere.2012.03.082 

PFHxS 2.8 (Karaskova et al., 2016) https://doi.org/10.1016/j.envint.2016.05.031 

PFHxS 3.1 (Karaskova et al., 2016) https://doi.org/10.1016/j.envint.2016.05.031 

PFHxS 13.8 (Karaskova et al., 2016) https://doi.org/10.1016/j.envint.2016.05.031 

PFHxS 2.06 (Besis et al., 2019) https://doi.org/10.1016/j.ecoenv.2019.109559 

PFHxS 1.4 (Harrad et al., 2019) https://doi.org/10.1021/acs.est.9b04604 

PFHxS 6.2 (Harrad et al., 2019) https://doi.org/10.1021/acs.est.9b04604 

PFHxS 2.7 (Harrad et al., 2019) https://doi.org/10.1021/acs.est.9b04604 

PFHxS 5.1 (Harrad et al., 2019) https://doi.org/10.1021/acs.est.9b04604 

PFHxS 491.07 (ao et al., 2019) https://doi.org/10.1016/j.envpol.2019.07.041 

PFHxS 51 (Eriksson et al., 2015) https://doi.org/10.1021/acs.est.5b00679 

PFHxS 2.54 (Eriksson et al., 2015) https://doi.org/10.1021/acs.est.5b00679 

PFHxS 65.2 (Eriksson et al., 2015) https://doi.org/10.1021/acs.est.5b00679 

PFHxS 8.4 (Haug et al., 2011) https://doi.org/10.1021/es103456h 

PFHxS 0.65 (Eriksson et al., 2015) https://doi.org/10.1021/acs.est.5b00679 

PFHxS 0.39 (Eriksson et al., 2015) https://doi.org/10.1021/acs.est.5b00679 

PFHxS 123.36 (Knobeloch et al., 2012) https://doi.org/10.1016/j.chemosphere.2012.03.082 
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PFOS 20.7 (Karaskova et al., 2016) https://doi.org/10.1016/j.envint.2016.05.031 

PFOS 10.8 (Karaskova et al., 2016) https://doi.org/10.1016/j.envint.2016.05.031 

PFOS 42.4 (Karaskova et al., 2016) https://doi.org/10.1016/j.envint.2016.05.031 

PFOS 23.5 (Besis et al., 2019) https://doi.org/10.1016/j.ecoenv.2019.109559 

PFOS 6 (Harrad et al., 2019) https://doi.org/10.1021/acs.est.9b04604 

PFOS 7.6 (Harrad et al., 2019) https://doi.org/10.1021/acs.est.9b04604 

PFOS 91 (Harrad et al., 2019) https://doi.org/10.1021/acs.est.9b04604 

PFOS 3.1 (Harrad et al., 2019) https://doi.org/10.1021/acs.est.9b04604 

PFOS 15.13 (ao et al., 2019) https://doi.org/10.1016/j.envpol.2019.07.041 

PFOS 87.3 (Eriksson et al., 2015) https://doi.org/10.1021/acs.est.5b00679 

PFOS 27.3 (Eriksson et al., 2015) https://doi.org/10.1021/acs.est.5b00679 

PFOS 42.2 (Eriksson et al., 2015) https://doi.org/10.1021/acs.est.5b00679 

PFOS 11 (Haug et al., 2011) https://doi.org/10.1021/es103456h 

PFOS 9.83 (Eriksson et al., 2015) https://doi.org/10.1021/acs.est.5b00679 

PFOS 4.93 (Eriksson et al., 2015) https://doi.org/10.1021/acs.est.5b00679 

PFOS 168.23 (Knobeloch et al., 2012) https://doi.org/10.1016/j.chemosphere.2012.03.082 

PFBS 18 (Xu et al., 2020) https://doi.org/10.1016/j.envres.2020.110243 

PFHxS 0.68 (Xu et al., 2020) https://doi.org/10.1016/j.envres.2020.110243 

PFOS 4.2 (Xu et al., 2020) https://doi.org/10.1016/j.envres.2020.110243 
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2.3.4. The relative importance of particle mineralogy on PFAA affinity 

All suspended particles may not facilitate the transport of PFAAs similarly. In general, 

suspended particles that exhibit a high affinity to chemicals are responsible for particle-facilitated 

transport in the subsurface (DeNovio et al., 2004).  The compositional properties of particles can 

affect the affinity of PFAAs to suspended particles (Li et al., 2018). Analyzing 6 studies (Li et al., 

2019; Mejia-Avendano et al., 2020; Miao et al., 2017; Milinovic et al., 2015; Nguyen et al., 2020; 

Wei et al., 2017) where sorption of PFAAs to soils and the soil properties were reported, we found 

that the dominant compositional properties affecting PFAA sorption include organic carbon (OC), 

iron oxide, and aluminum oxides (Figure 2-8). However, it should be noted that the correlation is 

weak, potentially because of the interactive effect between these minerals. For instance, organic 

carbon can coat iron oxides and block sorption sites (Borggaard et al., 1990). Nevertheless, studies 

using specific soil minerals validated our finding. For instance, several studies show that  PFAAs 

may sorb onto metal oxides such as iron and aluminum oxides including hematite, goethite, and 

boehmite (Gao and Chorover, 2012; Tang et al., 2010; Wang et al., 2012; Zhao et al., 2014) 

particularly because many iron oxides, may have a net positive surface charge around neutral pH 

(Hsia et al., 1994). It should be noted that some other iron oxides such as magnetite can be 

negatively charged in neutral pH conditions (Aredes et al., 2013; Carlson and Kawatra, 2013). 

Thus, specific iron oxide types and soil pH should be determined to examine their role in the 

adsorption of PFAAs. Adsorption of dissolved organic carbon (DOC) on these mineral oxides can 

also reduce their affinity to PFAAs (Wang et al., 2015). In all cases, PFOS adsorption is higher 

than PFOA adsorption for the same mineralogical properties, indicating PFOS are more likely to 

be transported in association with particles, compared with PFOA. 
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Figure 2-8. Correlation of soil partitioning constant (Kd) of PFOA and PFOS with soil properties including 

(a) organic carbon, (b) iron oxide content, and (c) aluminum oxide content. The dashed lines indicate a 

linear correlation. Data source in Table 2-11, Table 2-12 and Table 2-13.  
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Table 2-11: Soil-water partitioning coefficients (Kd) of PFOA and PFOS with organic carbon content. 

Source Kd (L/kg) Organic carbon 

(%) 

Reference doi 

PFOA 2.3 0.52 Chen et al (2013) https://doi.org/10.1080/19443994.2013.792145 

PFOA 3.1 2.1 Chen et al (2013) https://doi.org/10.1080/19443994.2013.792145 

PFOA 3.5 2.5 Chen et al (2013) https://doi.org/10.1080/19443994.2013.792145 

PFOA 5.1 5.2 Chen et al (2013) https://doi.org/10.1080/19443994.2013.792145 

PFOA 16.1 16 Chen et al (2013) https://doi.org/10.1080/19443994.2013.792145 

PFOA 16.1 3.28 Li et al (2019) https://doi.org/10.1016/j.scitotenv.2018.08.209 

PFOA 10.9 0.52 Li et al (2019) https://doi.org/10.1016/j.ecoenv.2017.01.022 

PFOA 4.8 0.258 Li et al (2019) https://doi.org/10.1016/j.scitotenv.2018.08.209 

PFOA 11.7 0.928 Li et al (2019) https://doi.org/10.1016/j.scitotenv.2018.08.209 

PFOA 15.1 2.48 Li et al (2019) https://doi.org/10.1016/j.scitotenv.2018.08.209 

PFOA 9.6 0.993 Li et al (2019) https://doi.org/10.1016/j.scitotenv.2018.08.209 

PFOA 3.2 0.02 Milinovic et al 

(2015) 

https://doi.org/10.1016/j.scitotenv.2014.12.017 

PFOA 2.5 0.16 Milinovic et al 

(2015) 

https://doi.org/10.1016/j.scitotenv.2014.12.017 

PFOA 3.2 0.39 Milinovic et al 

(2015) 

https://doi.org/10.1016/j.scitotenv.2014.12.017 

PFOA 2.5 0.77 Milinovic et al 

(2015) 

https://doi.org/10.1016/j.scitotenv.2014.12.017 

PFOA 7.0 0.94 Milinovic et al 

(2015) 

https://doi.org/10.1016/j.scitotenv.2014.12.017 

PFOA 40.0 3.9 Milinovic et al 

(2015) 

https://doi.org/10.1016/j.scitotenv.2014.12.017 

PFOA 3.4 3.4 Mejia-Avendaño et 

al (2020) 

https://doi.org/10.1021/acs.est.9b04989 

PFOA 3.0 1.7 Mejia-Avendaño et 

al (2020) 

https://doi.org/10.1021/acs.est.9b04989 

PFOA 6.9 2.9 Mejia-Avendaño et 

al (2020) 

https://doi.org/10.1021/acs.est.9b04989 

PFOA 17.9 7.3 Mejia-Avendaño et 

al (2020) 

https://doi.org/10.1021/acs.est.9b04989 

PFOA 0.6 1.8 Mejia-Avendaño et 

al (2020) 

https://doi.org/10.1021/acs.est.9b04989 

PFOA 2.6 5.76 Maio et al (2017) https://doi.org/10.1016/j.ecoenv.2017.01.022 

PFOA 4.8 5.06 Maio et al (2017) https://doi.org/10.1016/j.ecoenv.2017.01.022 

PFOA 18.9 4.8 Maio et al (2017) https://doi.org/10.1016/j.ecoenv.2017.01.022 

PFOA 5.5 3.61 Maio et al (2017) https://doi.org/10.1016/j.ecoenv.2017.01.022 
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PFOA 7.0 3.02 Maio et al (2017) https://doi.org/10.1016/j.ecoenv.2017.01.022 

PFOA 7.0 2.47 Maio et al (2017) https://doi.org/10.1016/j.ecoenv.2017.01.022 

PFOA 6.4 1.7 Maio et al (2017) https://doi.org/10.1016/j.ecoenv.2017.01.022 

PFOA 4.8 1.48 Maio et al (2017) https://doi.org/10.1016/j.ecoenv.2017.01.022 

PFOA 2.3 1.05 Maio et al (2017) https://doi.org/10.1016/j.ecoenv.2017.01.022 

PFOA 1.4 0.52 Maio et al (2017) https://doi.org/10.1016/j.ecoenv.2017.01.022 

PFOA 8.3 0.1 Xiao et al (2019) https://doi.org/10.1021/acs.est.9b05379 

PFOA 15.3 1.2 Xiao et al (2019) https://doi.org/10.1021/acs.est.9b05379 

PFOA 4.0 0.1 Xiao et al (2019) https://doi.org/10.1021/acs.est.9b05379 

PFOA 9.7 0.9 Xiao et al (2019) https://doi.org/10.1021/acs.est.9b05379 

PFOA 5.4 5.3 Xiao et al (2019) https://doi.org/10.1021/acs.est.9b05379 

PFOA 0.6 1.7 Guelfo et al (2013) https://doi.org/10.1021/es3048043 

PFOA 3.0 4.5 Guelfo et al (2013) https://doi.org/10.1021/es3048043 

PFOA 0.7 0.8 Guelfo et al (2013) https://doi.org/10.1021/es3048043 

PFOS 7.3 0.52 Chen et al (2013) https://doi.org/10.1080/19443994.2013.792145 

PFOS 14.2 2.1 Chen et al (2013) https://doi.org/10.1080/19443994.2013.792145 

PFOS 16.1 2.5 Chen et al (2013) https://doi.org/10.1080/19443994.2013.792145 

PFOS 40.3 5.2 Chen et al (2013) https://doi.org/10.1080/19443994.2013.792145 

PFOS 115.0 16 Chen et al (2013) https://doi.org/10.1080/19443994.2013.792145 

PFOS 85.6 3.28 Li et al (2019) https://doi.org/10.1016/j.scitotenv.2018.08.209 

PFOS 37.3 0.52 Li et al (2019) https://doi.org/10.1016/j.scitotenv.2018.08.209 

PFOS 36.6 0.258 Li et al (2019) https://doi.org/10.1016/j.scitotenv.2018.08.209 

PFOS 55.7 0.928 Li et al (2019) https://doi.org/10.1016/j.scitotenv.2018.08.209 

PFOS 75.8 2.48 Li et al (2019) https://doi.org/10.1016/j.scitotenv.2018.08.209 

PFOS 49.9 0.993 Li et al (2019) https://doi.org/10.1016/j.scitotenv.2018.08.209 

PFOS 38.0 1.43 Chen et al (2012) https://doi.org/10.1016/j.marpolbul.2012.03.012 

PFOS 25.7 0.99 Chen et al (2012) https://doi.org/10.1016/j.marpolbul.2012.03.012 

PFOS 25.1 0.81 Chen et al (2012) https://doi.org/10.1016/j.marpolbul.2012.03.012 

PFOS 20.0 0.75 Chen et al (2012) https://doi.org/10.1016/j.marpolbul.2012.03.012 
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PFOS 15.8 0.42 Chen et al (2012) https://doi.org/10.1016/j.marpolbul.2012.03.012 

PFOS 17.0 0.02 Milinovic et al 

(2015) 

https://doi.org/10.1016/j.scitotenv.2014.12.017 

PFOS 32.6 0.16 Milinovic et al 

(2015) 

https://doi.org/10.1016/j.scitotenv.2014.12.017 

PFOS 48.5 0.39 Milinovic et al 

(2015) 

https://doi.org/10.1016/j.scitotenv.2014.12.017 

PFOS 86.0 0.77 Milinovic et al 

(2015) 

https://doi.org/10.1016/j.scitotenv.2014.12.017 

PFOS 124.7 0.94 Milinovic et al 

(2015) 

https://doi.org/10.1016/j.scitotenv.2014.12.017 

PFOS 309.0 3.9 Milinovic et al 

(2015) 

https://doi.org/10.1016/j.scitotenv.2014.12.017 

PFOS 14.8 3.4 Mejia-Avendaño et 

al (2020) 

https://doi.org/10.1021/acs.est.9b04989 

PFOS 13.1 1.7 Mejia-Avendaño et 

al (2020) 

https://doi.org/10.1021/acs.est.9b04989 

PFOS 14.7 2.9 Mejia-Avendaño et 

al (2020) 

https://doi.org/10.1021/acs.est.9b04989 

PFOS 58.7 7.3 Mejia-Avendaño et 

al (2020) 

https://doi.org/10.1021/acs.est.9b04989 

PFOS 9.6 1.8 Mejia-Avendaño et 

al (2020) 

https://doi.org/10.1021/acs.est.9b04989 

PFOS 2.5 1.27 Wei et al (2017) https://doi.org/10.1016/j.ecoenv.2017.03.040 

PFOS 9.8 2.25 Wei et al (2017) https://doi.org/10.1016/j.ecoenv.2017.03.040 

PFOS 1.0 0.87 Wei et al (2017) https://doi.org/10.1016/j.ecoenv.2017.03.040 

PFOS 0.2 0.99 Wei et al (2017) https://doi.org/10.1016/j.ecoenv.2017.03.040 

PFOS 200.2 2.71 Wei et al (2017) https://doi.org/10.1016/j.ecoenv.2017.03.040 

PFOS 27.1 1.46 Wei et al (2017) https://doi.org/10.1016/j.ecoenv.2017.03.040 

PFOS 4.0 1.7 Guelfo et al (2013) https://doi.org/10.1021/es3048043 

PFOS 28.2 4.5 Guelfo et al (2013) https://doi.org/10.1021/es3048043 

PFOS 4.7 0.8 Guelfo et al (2013) https://doi.org/10.1021/es3048043 

PFOA 1.0 0.7 Nguyen et al (2020) https://doi.org/10.1021/acs.est.0c05705 

PFOA 0.7 0.37 Nguyen et al (2020) https://doi.org/10.1021/acs.est.0c05705 

PFOA 0.8 0.08 Nguyen et al (2020) https://doi.org/10.1021/acs.est.0c05705 

PFOA 0.6 0.25 Nguyen et al (2020) https://doi.org/10.1021/acs.est.0c05705 

PFOA 0.7 2.23 Nguyen et al (2020) https://doi.org/10.1021/acs.est.0c05705 

PFOA 2.8 4.9 Nguyen et al (2020) https://doi.org/10.1021/acs.est.0c05705 

PFOA 1.4 0.13 Nguyen et al (2020) https://doi.org/10.1021/acs.est.0c05705 

PFOA 0.5 0.4 Nguyen et al (2020) https://doi.org/10.1021/acs.est.0c05705 
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PFOA 1.2 1.19 Nguyen et al (2020) https://doi.org/10.1021/acs.est.0c05705 

PFOA 0.9 0.17 Nguyen et al (2020) https://doi.org/10.1021/acs.est.0c05705 

PFOS 5.9 0.7 Nguyen et al (2020) https://doi.org/10.1021/acs.est.0c05705 

PFOS 3.5 0.37 Nguyen et al (2020) https://doi.org/10.1021/acs.est.0c05705 

PFOS 3.2 0.08 Nguyen et al (2020) https://doi.org/10.1021/acs.est.0c05705 

PFOS 4.2 0.25 Nguyen et al (2020) https://doi.org/10.1021/acs.est.0c05705 

PFOS 3.7 2.23 Nguyen et al (2020) https://doi.org/10.1021/acs.est.0c05705 

PFOS 34.3 4.9 Nguyen et al (2020) https://doi.org/10.1021/acs.est.0c05705 

PFOS 3.5 0.13 Nguyen et al (2020) https://doi.org/10.1021/acs.est.0c05705 

PFOS 3.2 0.4 Nguyen et al (2020) https://doi.org/10.1021/acs.est.0c05705 

PFOS 8.8 1.19 Nguyen et al (2020) https://doi.org/10.1021/acs.est.0c05705 

PFOS 5.7 0.17 Nguyen et al (2020) https://doi.org/10.1021/acs.est.0c05705 
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Table 2-12: Soil-water partitioning coefficients (Kd) of PFOA and PFOS with iron oxide content. 
PFAA Kd (L/kg) Iron oxide 

content (mg/g) 

Reference DOI 

PFOS 85.6 9.21 Li et al (2019) https://doi.org/10.1016/j.scitotenv.2018.08.209 

PFOS 37.3 4.25 Li et al (2019) https://doi.org/10.1016/j.scitotenv.2018.08.209 

PFOS 36.6 1.51 Li et al (2019) https://doi.org/10.1016/j.scitotenv.2018.08.209 

PFOS 55.7 6.69 Li et al (2019) https://doi.org/10.1016/j.scitotenv.2018.08.209 

PFOS 75.8 5.68 Li et al (2019) https://doi.org/10.1016/j.scitotenv.2018.08.209 

PFOS 49.9 2.95 Li et al (2019) https://doi.org/10.1016/j.scitotenv.2018.08.209 

PFOS 2.5 49.58 Wei et al (2017) https://doi.org/10.1016/j.ecoenv.2017.03.040 

PFOS 9.8 8.44 Wei et al (2017) https://doi.org/10.1016/j.ecoenv.2017.03.040 

PFOS 1.0 9.57 Wei et al (2017) https://doi.org/10.1016/j.ecoenv.2017.03.040 

PFOS 0.2 18.35 Wei et al (2017) https://doi.org/10.1016/j.ecoenv.2017.03.040 

PFOS 200.2 80.66 Wei et al (2017) https://doi.org/10.1016/j.ecoenv.2017.03.040 

PFOS 27.1 62.6 Wei et al (2017) https://doi.org/10.1016/j.ecoenv.2017.03.040 

PFOA 16.1 9.21 Li et al (2019) https://doi.org/10.1016/j.scitotenv.2018.08.209 

PFOA 10.9 4.25 Li et al (2019) https://doi.org/10.1016/j.scitotenv.2018.08.209 

PFOA 4.8 1.51 Li et al (2019) https://doi.org/10.1016/j.scitotenv.2018.08.209 

PFOA 11.7 6.69 Li et al (2019) https://doi.org/10.1016/j.scitotenv.2018.08.209 

PFOA 15.1 5.68 Li et al (2019) https://doi.org/10.1016/j.scitotenv.2018.08.209 

PFOA 9.6 2.95 Li et al (2019) https://doi.org/10.1016/j.scitotenv.2018.08.209 

PFOA 1.5 43.4 Miao et al (2017) https://doi.org/10.1016/j.ecoenv.2017.01.022 

PFOA 1.3 53.3 Miao et al (2017) https://doi.org/10.1016/j.ecoenv.2017.01.022 

PFOA 1.2 37.5 Miao et al (2017) https://doi.org/10.1016/j.ecoenv.2017.01.022 

PFOA 1.2 25.5 Miao et al (2017) https://doi.org/10.1016/j.ecoenv.2017.01.022 

PFOA 0.9 26.7 Miao et al (2017) https://doi.org/10.1016/j.ecoenv.2017.01.022 

PFOA 0.9 55.9 Miao et al (2017) https://doi.org/10.1016/j.ecoenv.2017.01.022 

PFOA 0.8 64.5 Miao et al (2017) https://doi.org/10.1016/j.ecoenv.2017.01.022 

PFOA 0.7 44.5 Miao et al (2017) https://doi.org/10.1016/j.ecoenv.2017.01.022 

PFOA 0.6 83.1 Miao et al (2017) https://doi.org/10.1016/j.ecoenv.2017.01.022 

PFOA 0.5 32.1 Miao et al (2017) https://doi.org/10.1016/j.ecoenv.2017.01.022 
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Table 2-13: Soil-water partitioning coefficients (Kd) of PFOA and PFOS with aluminum oxide content. 

PFAA Kd (L/kg) Aluminum oxide 

content (mg/g) 

Reference DOI 

PFOA 16.1 22.3 Li et al (2019) https://doi.org/10.1016/j.scitotenv.2018.08.209 

PFOA 10.9 4.49 Li et al (2019) https://doi.org/10.1016/j.scitotenv.2018.08.209 

PFOA 4.8 1.01 Li et al (2019) https://doi.org/10.1016/j.scitotenv.2018.08.209 

PFOA 11.7 14.7 Li et al (2019) https://doi.org/10.1016/j.scitotenv.2018.08.209 

PFOA 15.1 9.78 Li et al (2019) https://doi.org/10.1016/j.scitotenv.2018.08.209 

PFOA 9.6 0.634 Li et al (2019) https://doi.org/10.1016/j.scitotenv.2018.08.209 

PFOS 85.6 22.3 Li et al (2019) https://doi.org/10.1016/j.scitotenv.2018.08.209 

PFOS 37.3 4.49 Li et al (2019) https://doi.org/10.1016/j.scitotenv.2018.08.209 

PFOS 36.6 1.01 Li et al (2019) https://doi.org/10.1016/j.scitotenv.2018.08.209 

PFOS 55.7 14.7 Li et al (2019) https://doi.org/10.1016/j.scitotenv.2018.08.209 

PFOS 75.8 9.78 Li et al (2019) https://doi.org/10.1016/j.scitotenv.2018.08.209 

PFOS 49.9 0.634 Li et al (2019) https://doi.org/10.1016/j.scitotenv.2018.08.209 

PFOS 2.5 6.26 Wei et al (2017) https://doi.org/10.1016/j.ecoenv.2017.03.040 

PFOS 9.8 2.19 Wei et al (2017) https://doi.org/10.1016/j.ecoenv.2017.03.040 

PFOS 1.0 0.75 Wei et al (2017) https://doi.org/10.1016/j.ecoenv.2017.03.040 

PFOS 0.2 0.69 Wei et al (2017) https://doi.org/10.1016/j.ecoenv.2017.03.040 

PFOS 200.2 17.75 Wei et al (2017) https://doi.org/10.1016/j.ecoenv.2017.03.040 

PFOS 27.1 3.78 Wei et al (2017) https://doi.org/10.1016/j.ecoenv.2017.03.040 
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2.4. Recommendations for future studies 

Improvement of sampling and analysis protocol to account for particle-associated 

PFAAs. Sample collection methods such as core sampling can introduce particles in the pore water 

due to disturbance. Furthermore, flow perturbation can release particles near sampling well. Most 

studies filter or centrifuge samples before analysis (Qiu et al., 2010; Zhou et al., 2013). These steps 

remove particles and could potentially lower the measured PFAA concentration in the water 

samples. The results of this study demonstrate the importance of using appropriate soil and 

groundwater characterization methods to quantify PFAA, particularly those that retain the PFAA 

mass associated with small particles that might be lost using conventional field and lab protocols. 

To quantify the particle-associated concentration of PFAA, PFAA is first desorbed from suspended 

particles using appropriate solvents (Higgins and Luthy, 2006; Houtz et al., 2013). However, the 

recovery of adsorbed PFAS from solids varies widely based on the solvent type and extraction 

protocol (Zhang et al., 2010). The detection limit and sensitivity of the analytical method used to 

identify unknown PFAAs and precursors on particles could affect the estimation of particle-

associated PFAS (Coggan et al., 2019). 

PFAA contaminated suspended sediments in surface runoff: Surface runoff on PFAA 

contaminated sites can erode particles from the soil which can contain PFAA. High concentrations 

of PFAA were observed on suspended particles in surface runoff (Xiao et al., 2012), but their 

concentration is difficult to quantify as the sorbed PFAA resist desorption for analysis (Nguyen et 

al., 2016). Our analysis showed that this transport of PFAA contaminated suspended particles 

could be responsible for the increase in surface PFAA concentrations with precipitation rate 

(Figure 2-6b). Therefore, surface runoff carrying these contaminated suspended particles can cause 

recontamination of sediments in surface water sources, creating secondary hotspots in the process. 
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Thus, the transport of PFAA associated with suspended particles must be considered by modeling 

and impact assessment studies. 

Transport of cationic and zwitterionic PFAS. Cationic and zwitterionic PFAS have 

positive charges, whereas most natural soil particles have a net negative charge. Thus, these PFAS 

can strongly bind with soil particles compared with PFAAs. Consequently, particles could affect 

the transport of cationic and zwitterionic PFAS to a greater extent than the anionic PFAS. 

However, limited studies have examined the transport of cationic and zwitterionic PFAS (Barzen-

Hanson et al., 2017; Mejia-Avendano et al., 2020; Nickerson et al., 2021; Xiao et al., 2019), and 

none of these studies considered particle-mediated transport. 

Effect of weathering cycles on the release of particle-associated PFAAs in the 

subsurface. Subsurface soils naturally experience dry-wet and freeze-thaw cycles, which can 

accelerate the mobilization of particles and particle-associated pollutants (Mohanty et al., 2014). 

However, the contribution of these transient weather conditions on the leaching of PFAA from 

subsurface soil has not been evaluated. PFAAs can also bind to air-water interfaces (Brusseau, 

2019), where the hydrophobic tail sticks into the air phase (Meng et al., 2014). However, the air-

water interface is dynamic and collapses during rewetting. Perturbation of air-water interfaces 

during dry-wet and freeze-thaw cycles could release PFAA attached to air-water interfaces. The 

same processes release soil particulates (Mohanty et al., 2015, 2014). Future studies should 

evaluate the role of the environmentally relevant conditions on PFAS transport and distribution in 

soil. 

Effect of the air-water interface on the transport of suspended particle-associated 

PFAA: The air-water interface can retain significant amounts of PFAAs and has been found to be 

the major retention mechanism of PFAAs in the subsurface (Brusseau, 2018). However, the 
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suspended particles have a high affinity to the air-water interface as well (Flury and Aramrak, 

2017). Therefore, the air-water interface can also retain PFAA which is adsorbed to suspended 

sediments. On the other hand, the air-water interface can also leach sorbed PFAAs from the soil 

when the subsurface is exposed to intermittent rainfall, increasing its mobility through the 

subsurface to the groundwater (Gellrich et al., 2012). In such cases, the release of suspended 

particles by the air-water interface can also enhance the mobility of the associated PFAAs. PFAAs 

sorbed to the colloids can then be transported to the groundwater. Therefore, the effect of the air-

water interface in the transport of PFAAs and particle-associated PFAAs through the subsurface 

needs further study. 

2.5. Conclusions 

Risk assessment studies often overlook the transport of PFAAs in association with 

suspended particles eroded from the source zones. Analyzing 43 studies, we reveal a significant 

role of suspended particles on the transport of PFAAs in surface waters, subsurface soils and air. 

Suspended particles in surface waters often contain 1-3 orders of magnitude higher PFAA 

concentration than bed sediments, indicating the source of suspended parties in surface water may 

not be the sediments but eroded particles from source zones upstream. The concentration of PFAAs 

in subsurface soil is typically high within the top 5 m below ground surface, but the concentration 

decreased thereafter rapidly, indicating subsurface soil could serve as a secondary source for long-

term release of PFAAs into groundwater. The subsurface soil depth corresponding to the 

concentration maxima decreases rapidly with increases in soil organic carbon content. Thus, 

organic-rich suspended sediment could facilitate the transport of PFAAs. Surprisingly, the depth 

corresponding to the concentration maxima is lower in areas receiving higher rainfall intensity. 

We attribute this result to an increase in erosion of soil from the source zone during high-intensity 
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rainfall, which could increase the loading of suspended particles and their deposition in the 

subsurface zone near the ground surface. Analyzing the mineralogy of soils in the reported studies, 

we found that increase in organic carbon and iron or aluminum oxides content in particles could 

enhance PFAA adsorption on particles and consequently their ability to serve as a PFAA vector in 

environments. Collectively, the results indicate that suspended particles, which are often ignored 

in previous assessment studies, can be a significant pathway for the transport of PFAAs in the 

environment. Therefore, future studies should measure particle associated PFAAs in the samples 

instead of just measuring the aqueous concentration of PFAAs.  
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Abstract 

Groundwater flow through aquifer soils or packed bed systems can fluctuate for various 

reasons, which could affect the concentration of natural colloids and per- and polyfluoroalkyl 

substances (PFAS) in the pore water. In such cases, PFAS concentration could either decrease due 

to matrix diffusion of PFAS or increase by the detachment of colloids carrying PFAS. Yet, the 

effect of flow fluctuation on PFAS transport or release in porous media has not been examined. 

To examine the relative importance of either process, we interrupted the flow during an injection 

of groundwater spiked with perfluorobutanoic acid (PFBA), perfluorooctanoic acid (PFOA), and 

bromide as conservative tracer through clay-rich soil, so that diffusive transport would be 

prominent during flow interruption.  After flow interruption, the PFAS concentration did not 

decrease indicating an insignificant contribution of matrix diffusion. The concentration increased, 

potentially due to enhanced release of colloid-associated PFAS. Analysis of samples before and 

after flow interruption by particle size analysis and SEM confirmed an increase in soil colloid 

concentration after the flow interruption. XRD analysis of soil and the colloids proved that PFAS 

were associated with specific sites of the colloids. Due to a higher affinity of PFOA to soil colloids, 

the total PFOA concentration in the effluent samples increased more than PFBA after the flow 

interruption process. The results indicate that colloids may have a disproportionally higher role in 

the transport of PFAS in conditions that release colloids from porous media. Fluctuations in 

groundwater flow can increase this colloid facilitated mobility of PFAS. 
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3.1. Introduction 

Per- and polyfluoroalkyl substances (PFAS), due to their recalcitrant nature and high 

mobility, have been detected in various drinking water sources in concentrations ranging from 0.32 

ng L-1 to as high as 7000 ng L-1 (Domingo and Nadal 2019, Guelfo and Adamson 2018, Sharma et 

al. 2016). Exposure to PFAS in drinking water can cause adverse health effects such as birth 

defects (Xu et al. 2019), liver toxicity (Zhang et al. 2016), immunotoxicity (DeWitt et al. 2019), 

and cancer (Grandjean and Clapp 2015). Due to the health risks associated with PFAS exposure, 

several agencies around the world set up very low advisory limits for PFAS concentrations in 

drinking water (Domingo and Nadal 2019). The US EPA has set an advisory limit of 70 ng L-1 for 

PFOA and PFOS concentrations in drinking water. Similarly, China has set health advisories of 

85 ng L-1 for PFOA and 47 ng L-1 for PFOS. Swedish EPA recommends a drinking water guideline 

of 90 ng L-1 for Σ11PFASes (PFBA, PFPeA, PFHxA, PFHpA, PFOA, PFNA, PFDA, PFBS, 

PFHxS, PFOS, and 6:2 FTSA) while the Danish EPA recommends 100 ng L-1 for Σ12PFASes. The 

Italian National Health Institute (ISS) established the following maximum PFAS concentrations 

in drinking water: PFOS ≤ 30 ng L-1, PFOA ≤ 500 ng L-1, other PFAS ≤ 500 ng L-1. The majority 

of PFAS impacted drinking water systems in the U.S. use groundwater as the primary water source 

(Guelfo and Adamson 2018). Furthermore, the transport of PFAS through porous media is also 

relevant for their treatment in packed activated carbon reactors (Brusseau 2020, Du et al. 2014). 

Thus, it is critical to understand the processes that transport PFAS through porous media that 

simulate aquifer soil or packed bed reactors. 

Numerous studies used flow-through column experiments to examine PFAS transport 

processes (Dalahmeh et al. 2019, Lyu et al. 2018, McCleaf et al. 2017, McKenzie et al. 2015, Van 

Glubt and Brusseau 2021, Van Glubt et al. 2021). PFAS moves through the porous media by 
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advection, dispersion, or diffusion (Armitage et al. 2009, Brusseau et al. 2019, Wang et al. 2005). 

During transport, PFAS can adsorb onto solids such as soil, sediments, or carbonaceous matter 

such as activated carbon (Campos-Pereira et al. 2020, Higgins and Luthy 2006, Johnson et al. 

2007, Mejia-Avendano et al. 2020, Xiao et al. 2017) by hydrophobic or electrostatic interactions 

due to their surfactant nature (Pereira et al. 2018, Zhang et al. 2014). Thus, the extent of removal 

depends on soil organic carbon (Johnson et al. 2007, Liu and Lee 2005, Qian et al. 2017), 

proteinaceous matter(Longstaffe et al. 2012), clay fraction (Zhao et al. 2014), and iron and 

aluminum oxide content (Wei et al. 2017, Zhao et al. 2014), groundwater pH and ionic strength 

(Ahrens et al. 2009, Tang et al. 2010). Additionally, removal can vary with PFAS properties such 

as carbon chain length (Guelfo and Higgins 2013, Milinovic et al. 2015) and functional groups 

including the charge and Lewis acid/base behavior (Ahrens et al. 2011, Pereira et al. 2018).  

Perfluorobutanoic acid (PFBA) and perfluorooctanoic acid (PFOA) are anionic PFAS compounds 

with a carboxylic acid functional group with a different number of carbon atoms (4 for PFBA and 

8 for PFOA) in their structure. Due to the higher hydrophobicity of PFOA than PFBA, the affinity 

of PFOA to soils and sediments is greater than PFAS (Milinovic et al. 2015, Pereira et al. 2018). 

For the same reason, PFBA is more soluble in water (Gagliano et al. 2020) and has a higher 

diffusivity (Schaefer et al. 2019) compared to PFOA. Due to this, surface water samples mostly 

find PFBA in dissolved state and PFOA adsorbed to sediments and suspended sediments (Ahrens 

et al. 2010). 

Flow rates in porous media can fluctuate for various practical and natural reasons. The flow 

of groundwater through soil can fluctuate depending on the precipitation rate, hydraulic gradient, 

hydraulic conductivity, and human, plant, and animal activities (Beretta and Terrenghi 2017, 

Gribovszki et al. 2010, Suzuki and Higashi 2001). Flow may be paused for several days during the 
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operation of groundwater extraction or treatment through pack-bed reactors. Changes in flow rate 

or flow interruption may affect the available time for sorption or diffusive transport to occur in the 

porous media (Gellrich et al. 2012, Hoisaeter et al. 2019). Diffusive transport is particularly critical 

in systems containing micropores, where the role of advective transport is minimal. Diffusive 

transport becomes prominent in the absence of advection, which occurs when the flow is 

completely stopped (Brusseau et al. 1997, Brusseau et al. 1989). Yet, most column studies on 

PFAS transport used a constant flow rate assuming equilibrium conditions in the porous media 

(Guelfo et al. 2020, Lyu et al. 2019). 

Flow fluctuations or interruptions can release natural soil colloids from porous media (Gao 

et al. 2004, Schelde et al. 2002, Zhou et al. 2017), which may contain previously adsorbed 

pollutants (Zhu et al. 2014). Natural soil colloids have been shown to facilitate the transport of 

other hydrophobic pollutants (Ryan and Elimelech 1996, Xing et al. 2016). The same process may 

occur for PFAS. Colloids were found to carry a significant amount of PFAS in surface waters 

(Ahrens et al. 2010, Liu et al. 2019, Nguyen et al. 2016, Zhao et al. 2016), indicating they could 

do the same in groundwater aquifer. Suspended sediment-associated PFAS can exacerbate their 

toxicity in surface water organisms as well (Liu et al. 2020). However,  studies on the transport of 

PFAS typically estimate the dissolved PFAS (Seo et al. 2019), assuming the concentration of 

PFAS associated with colloids is insignificant. Groundwater samples are typically filtered or 

centrifuged to remove all colloids before analyzing for PFAS. This can also underestimate the total 

PFAS concentration in water samples if colloids are present and they carry a significant amount 

of PFAS.  

This study aims to examine the effect of fluctuations in flow rate on the distribution of 

dissolved and colloid-associated PFAS in water samples. We hypothesized that flow perturbation 
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could increase PFAS concentrations in pore water by increasing the release of soil colloids 

containing PFAS. To test this hypothesis, we injected PFAS-impacted groundwater through 

columns packed with soil, interrupted the flow as an extreme case scenario, and measured the 

change in the concentration of colloids and PFAS (dissolved and colloid) in the pore water as a 

result of flow perturbation. The effect of matrix diffusion on PFAS transport was evaluated by 

using bromide as a conservative tracer in the injected solution. Our results could improve the 

understanding of PFAS transport in porous media in systems where colloids may be present due 

to changes in flow dynamics in the system. 

3.2. Experimental methods 

3.2.1. Soil and groundwater  

Soil and groundwater were collected upgradient of a firefighting training facility and 

characterized for residual PFAS. Triplicate soil and groundwater samples were analysed for the 

pH and electrical conductivity of the groundwater and the pH, total organic carbon and cation 

exchange capacity of the soil. Duplicate soil samples were analysed for the anion exchange 

capacity and pH of the soil. The groundwater was analysed for cation and anion concentrations 

using Ion exchange chromatography (ICE) and Inductively Coupled Plasma-Optical Emission 

Spectrometry (ICP-OES). The organic carbon content in the groundwater was measured using a 

total organic carbon analyser (Shimadzu TOC-LCSN). The properties and the residual PFAS 

concentrations in the soil and groundwater are given in Table 3-1. The soil was dried at 104 ⁰C for 

24 h and sieved through a 2-mm sieve to remove gravel-size aggregate or grains before packing. 

Stock solutions of 2 g L-1 PFBA (99% purity, Acros Organics) and 1 g L-1 PFOA (96% purity, 

Acros Organics) was prepared in a 7:3 solution of methanol and ultrapure water.  Groundwater 

was spiked with the stock solutions to prepare PFAS-impacted groundwater containing 200 µg L-



91 

 

1 PFOA and 200 µg L-1 PFBA. This PFOA concentration was at least three orders of magnitude 

higher than any residual concentration detected in soil or groundwater (Table 3-1), which is 

essential to quantify the contribution of matrix diffusion or colloid-associated transport on PFAS 

concentration in pore water. Although the soil around firefighting training facilities should have 

PFBA, no PFBA was detected in the soil and groundwater samples. This is possibly due to the 

high mobility and low affinity of PFBA to soil (Eschauzier et al. 2013). Therefore, most PFBA 

was probably removed from the site by runoff. Potassium bromide (KBr > 99% purity, Alfa Aesar) 

was added to the solution to achieve a 20 mg L-1 final concentration of bromide, a conservative 

tracer. The final concentration of methanol in the PFAS impacted groundwater was 0.025% v/v.  
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Table 3-1: Groundwater and soil characteristics. 

Parameters Groundwater Soil  

pH  7.1 ± 0.01 7.3 ± 0.01a  

Electrical Conductivity (μS cm-1) 423.3 ± 0.5  

Fluoride (mg L-1) 3.3  

Nitrate (mg L-1) 4  

Chloride (mg L-1) 55.5  

Sulfate (mg L-1) 19.7  

Calcium (mg L-1) 82.7  

Magnesium (mg L-1) 1.85  

Total Organic Carbonb 0.006 0.8 ± 0.0 

Background PFBA concentrationc n.d n.d 

Background PFOA concentrationc 0.108 0.881 

Anion Exchange Capacity (cmol/kg)  2.8 ± 0.5 

Cation Exchange Capacity (cmol/kg)  13.6 ± 0.6 

Quartzd (%)  90.2 

K-Feldspard (%)  2.3 

Calcited (%)  6.3 

Illite and Micad (%)  1.2 

Bulk Density (g/cm3)  1.2 ± 0.03 

Porosity (%)  38.2 ± 2.3 

a Measured in 0.01 M CaCl2 
b Total organic carbon content is mg L-1 for groundwater and the percentage of the total dry weight of soil. 
c PFAS concentration is in μg L-1 for groundwater and μg kg-1 in soil.  
d Measured using XRD. 
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3.2.2. Effect of flow interruption on PFAS concentration in the effluent 

The dry packing method mentioned elsewhere was used for packing the columns in this 

study (Mohanty et al. 2014a). The soil was packed into duplicate polypropylene columns (2.54 cm 

ID, 30.5 cm length) to simulate aquifer soil (Figure 3-1). The bulk density was estimated by 

dividing the weight of packed soil with the volume of the column. The soil columns were saturated 

by injecting synthetic groundwater at 0.61 cm h-1 from the bottom of the soil columns for 24 hours 

and collecting the effluent from the top of the columns. The pore volume (PV) was estimated by 

subtracting the dry column mass from the saturated soil column mass (Table 3-1).  

 

Figure 3-1: Experimental setup: PFAS-impacted groundwater (1) was injected through the bottom of the 

soil columns (3) using a peristaltic pump (2). The effluent was collected from the top (4). 
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First, PFAS-free groundwater without bromide was injected into the packed columns at 

0.61 cm h-1 for at least 48 hours to achieve an equilibrium in pore water chemistry (pH and ionic 

strength) between the soil and groundwater. Then, about 16.2 PV groundwater spiked with PFAS 

and bromide was injected at 0.61 cm h-1 through the bottom end of columns before the flow was 

stopped for six days. The 6-day duration was used to evaluate if the diffusion of PFAS into the soil 

matrix would decrease their concentration in pore water. After the flow interruption, an additional 

16.4 PV of the PFAS impacted groundwater was injected for 12 days at the same flux rate of 0.61 

cm h-1. Then, 6.9 PV of PFAS-free groundwater was injected for five days to remove PFAS from 

pore water. This groundwater has bromide concentrations below the detection limit (<1 ppb). To 

examine the contribution of any PFOA and PFBA precursor that may have been originally present 

in the soil, a control experiment was conducted by injecting PFAS-free groundwater through new 

columns. The flow regime in control columns was similar, and the effluent was monitored for 

PFAS that may leach out of soil due to precursor transformation during flow interruption. The 

maximum concentration of PFOA and PFBA in the effluent in the control columns was reported 

in Table 3-2. 

Table 3-2: Maximum PFAS concentrations in effluent water from control columns in which PFAS-free 

water was injected. 

PFAS Compound Concentration (µg/L) 

PFBA n.d. 

PFOA 0.47 ± 0.09 
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3.2.3. Water sample analysis 

To determine the dissolved PFAS concentration in the pore water, effluent samples were 

centrifuged at 20,817 g for 15 min to settle any soil colloids greater than 0.04 µm in size. The 

centrifugation method, as opposed to filtration, was used to eliminate the change in concentration 

of PFAS due to adsorption on filter materials (Lath et al. 2019). 0.5 mL of the supernatant was 

mixed with 0.5 mL methanol. To measure the total PFAS concentration, the sample was mixed 

with methanol in a 1:1 ratio to desorb the colloid-associated PFAS. The colloids were then 

removed by centrifugation and the supernatant was analyzed for PFAS. Colloid-associated PFAS 

concentration was estimated by subtracting dissolved PFAS concentration from the total PFAS 

concentration. By taking the difference between the non-centrifuged and centrifuged samples, the 

losses of PFAS due to storage or handling were eliminated as both the samples were exposed to 

similar conditions. Before analysis, 50 μg L-1 MPFBA and MPFOA internal standards (13C4-PFBA 

and 13C4-PFOA, Wellington Laboratories) were added to the samples to account for PFAS losses 

due to adsorption to the vial walls, sample processing before chemical analysis, and analytical 

variability. The samples were aliquoted into 200-μL polypropylene vials and analyzed for PFAS 

using liquid chromatography paired with triple quadrupole mass spectrometry (LC/QqQ-MS). The 

instrument used for PFAS analysis was an Agilent 1290 UPLC coupled to an Agilent 6460 triple 

quadrupole mass spectrometer, which was equipped with an electrospray ionization (ESI) source 

using Agilent Jet Stream Technology (Agilent, Santa Clara, CA). Analytes were separated on an 

Agilent Poroshell C18 column (2.1 mm x 100 mm, 2.7 μm particle size) at 40 °C. A sample volume 

of 15 μL was injected into a binary mixture of 5 mM ammonium acetate in water (A) and 5 mM 

ammonium acetate in methanol (B) at a flow rate of 0.4 mL/min. The gradient used was 20% B 

for 1 minute, increasing to 45% B at 2 min, and finally increased to 100% B at 5 min. The 



96 

 

ionization source conditions used were as follows: negative polarity, nebulizer of 15 psi, the gas 

flow of 4 L/min at 230°C, sheath gas flow of 12 L/min at 350 °C, nozzle voltage of 500 V, and 

capillary voltage at 3500 V.  Analytes were identified by comparison of retention times with 

analytical standards, individual MRM mass transitions, and with MS/MS ion ratios. MRM 

transitions were 213 > 169 m/z for PFBA, 217 > 172 m/z for M4PFBA, 413 > 169 and 369 m/z for 

PFOA, and 417 > 372 and 170 m/z for M4PFOA. Peaks matching retention within 5% and with 

ion ratios at 20% of the standard ratio were considered acceptable for identification. The data 

collection and processing were performed by using Agilent MassHunter Quantitative software (v 

B.07.01). Quantitation was performed with linear regression using calibration curves from 0.05-

250 ng/mL for PFBA, and 0.01-250 ng/mL for PFOA.  

Several steps were taken to minimize system-related interferences or background. An 

Agilent Eclipse Plus C18 column (4.6 mm x 50 mm, 5 μm particle size) was installed immediately 

after the binary pump and before the injection port to perform as a delay column. The mobile phase 

degasser was bypassed allowing the mobile phase to enter the binary pump directly and avoiding 

contact with plastic filters. All plastic tubing in the LC-MS/MS system was replaced with PEEK 

tubing and plastic frits were replaced with stainless steel. All sample vials were polypropylene 

with polypropylene caps. Five injections of pure methanol were made before sample analysis to 

determine if any system background analyte levels were present.  With these system changes, 

background levels for each analyte were not detected in blank samples. 

Although EPA and ISO (BSI 2009, Shoemaker et al. 2008) recommend polypropylene 

containers for collecting and storing PFAS, Lath et al. (2019) observed considerable PFAS 

sorption by polypropylene containers. This vial sorption could underestimate the total PFAS 

concentration in the samples. To account for any such losses, 20 μg L-1 solutions of each PFAS 
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compound (PFBA and PFOA) were prepared in 50% methanol solution and stored in the 

polypropylene vials. The PFAS concentrations in the solutions were measured after 48 hours 

which is the average time between sampling and analysis. In this period, PFBA and PFOA 

concentrations decreased by only 0.3% and 1.0%, respectively. Thus, decreases in PFAS 

concentration due to vial sorption were considered negligible. 

3.2.4. Data analysis 

The area under the breakthrough curve before the flow was interrupted was calculated to 

determine the total amount of PFAS that exited the columns before the flow interruption. This 

amount was subtracted from the total amount of PFAS injected into the columns to determine the 

total amount of PFAS retained by the soil before the flow interruption. The increase in PFAS 

concentration due to flow interruption was quantified using the following equation:  

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑐ℎ𝑎𝑛𝑔𝑒 (%) =  
𝐶𝑓−𝐶𝑖

𝐶𝑖
× 100 

where 𝐶𝑓 = maximum increase in PFAS concentration after flow interruption and 𝐶𝑖 = mean PFAS 

concentration in BTC plateau before flow interruption. 

3.2.5. Colloid characterization 

The turbidity of the effluent samples, an indicator of the presence of colloids, was measured 

by measuring the absorbance at 890 nm using a UV-vis spectrophotometer (Mohanty et al. 2014b, 

Sadar 2004). The size distribution of the colloids in the effluent samples was measured using an 

Accusizer AD Optical Particle Sizer which counts particles of size greater than 0.83 µm at 0.01 

µm resolution using the Single Particle Optical Sensing (SPOS) technique. Morphology and 

elemental composition of the colloids were measured using a Scanning Electron Microscope with 

Energy Dispersive X-ray Analysis (SEM-EDS). The mineral composition of the bulk soil (grain 
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sizes less than 2 mm) as well as the colloid fraction (grain sizes 4 μm and less) was characterized 

using X-ray diffractometry. Details of the characterization methods are provided in the 

Supplementary Material. 

3.2.6. X-ray diffraction analysis 

Sample Preparation. The samples were cleaned of any obvious foreign matter and 

disaggregated using a mortar and pestle. A portion of the sample was taken and pulverized in a 

McCrone micronizing mill. The powder was dried, disaggregated and packed. This sample was 

used for the XRD analysis of the bulk soil (bulk soil samples). 

In addition, a portion of the pulverized samples was dispersed in distilled water using a 

sonic probe. The samples were centrifuged to extract the particles of size less than 4 µm (<4 µm 

samples). The <4 µm samples were deposited on nylon membrane filters using vacuum filtration. 

XRD analysis of these <4 µm samples was done to determine the mineral composition of the clay 

fraction of the soil and the soil colloids that were released. 

XRD analysis. XRD analysis of the samples was performed using a Seimens D500 

automated powder diffractometer with a copper X-ray emitting source (40 kV, 30mA) and a 

scintillation X-ray detector. The bulk soil samples were analyzed over a range of 5 to 60 degrees 

2θ at the rate of 1 degree per minute. The <4 µm samples were analyzed over a range of 2 to 36 

degrees at a scan rate of 1 degree per minute. Additionally, air-dried <4µm samples were analyzed 

first. Then the samples were exposed to ethylene glycol vapor for 12 hours and were reanalyzed. 

The XRD patterns from the air-dried and ethylene glycol were compared and analyzed to 

determine the different types of clay minerals present in the soil. 
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3.2.7. SEM analysis of colloids 

Glass Petri dishes were washed and cleaned with deionized water and ethanol to remove 

all particulate matter from them. 0.5 mL effluent samples were added to these Petri dishes and the 

dishes were covered with aluminum foil. The dishes were then dried overnight in a vacuum oven 

and the dried colloids were extracted from the dishes using carbon tape. The carbon tapes were 

coated with Platinum and the morphology and elemental characteristics of the colloids on the 

carbon tape were analyzed using SEM-EDS (Zeiss Supra 40VP). 

3.3. Results 

3.3.1. Retardation of PFAS in soil depended on PFAS type and soil constituents 

The retardation of PFAS compounds through the soil depended on the PFAS type (Figure 

3-2). The concentration of bromide, a conservative tracer, reached half the injected bromide 

concentration (C/C0 = 0.5) after injecting 57 mL of PFAS impacted groundwater, indicating that 

the pore volume of the soil columns was 57 mL. The breakthrough curve of PFBA was almost 

similar to bromide, its concentration reached the injected PFBA concentration after the injection 

of about 2.16 PV of PFAS impacted groundwater. On the other hand, the transport of PFOA was 

more retarded by the soil. The PFOA concentration equaled the injected concentration after around 

5 PV of PFAS impacted groundwater was injected into the soil columns.  
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Figure 3-2: Breakthrough curves and increase in the concentration of (a) PFBA and (b) PFOA following 

flow interruption in soil columns. The white circles denote bromide concentration, grey circles denote 

PFAS concentrations in test columns where PFAS-impacted groundwater was injected through the columns 

and the white squares denote the PFAS concentrations in control columns where PFAS-free groundwater 

was injected through the columns. The dashed line denotes when the flow was interrupted for 6 days. 
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Mass balance analysis (Table 3-3) showed that the soil retained 5.9 ± 0.3% of the total 

injected PFBA and 9.1 ± 2.3% of the total injected PFOA before the flow was interrupted. During 

injection of PFAS-free groundwater, PFBA was flushed out from the soil relatively quickly 

compared with PFOA. PFBA concentration reached 1% of the injected concentration (C0) after 

pumping with 1.5 PV of PFAS-free groundwater, whereas PFOA concentration reached 0.3% of 

C0 after flushing with 5.8 PV of PFAS-free groundwater.  

 

Table 3-3: Mass balance analysis of breakthrough curves. 

PFAS Compound Transported (%)a Retained (%)b Increase in concentration 

after flow interruption (%)c 

PFBA 94.1 ± 0.3 5.9 ± 0.3 29.9 ± 2.3 

PFOA 90.9 ± 2.3 9.1 ± 2.3 84.5 ± 6.4 

a Transport percentage was estimated by dividing the area under the breakthrough curve before flow interruption 

by the total amount injected. b Retained percentage was estimated by dividing the difference between the total 

amount injected before flow interruption and the area under the breakthrough curve before flow interruption by 

the total amount injected before flow interruption. c Concentration increased due to flow interruption was 

measured by this equation: 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑐ℎ𝑎𝑛𝑔𝑒 (%) =  
𝐶𝑓−𝐶𝑖

𝐶𝑖
× 100 where 𝐶𝑓 = Maximum increase in 

PFAS concentration after flow interruption and 𝐶𝑖  = mean PFAS concentration in BTC plateau before flow 

interruption. 

  



102 

 

3.3.2. Flow perturbation increased colloid concentration in pore water 

Size analysis of the particles confirmed the presence of soil colloids of size less than 2 μm 

in samples collected after flow interruption (Figure 3-3). SEM data further confirmed an increase 

in the number of particles in the effluent samples after the flow interruption and showed the 

morphology of the colloids. 

 
Figure 3-3: (a) Size distribution of the colloids in the effluent samples before flow interruption. (b) SEM 

image of the effluent sample before flow interruption showing the colloids in white against the black carbon 

tape background. (c) The size distribution of the colloids in the effluent samples after flow interruption. (d) 

SEM image of the effluent sample after flow interruption. The green line at the bottom left of the SEM 

image corresponds to a length of 20 μm. The colloids are marked with a white arrow in the image. 
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EDS analysis of the colloids revealed the presence of calcium, oxygen, silicon, magnesium, 

potassium, and sodium in the colloids (Figure 3-4). The turbidity concentration was near the 

detection limit indicating turbidity measurement is not sensitive to detect the colloids.  

 

Figure 3-4: (a) SEM image of the colloid used for EDS analysis. The green line at the bottom right denotes 

a length of 200 nm. (b) EDS analysis of a point on the colloid surface marked as 1 in (a). (c) EDS analysis 

of a point outside the colloid surface marked as 2 in (a). 
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XRD analysis of the colloids revealed that calcite (CaCO3), illite, and mica were the main 

minerals of the colloids, while silica (SiO2) was the primary mineral in the bulk soil (Figure 3-5). 

It should be noted that XRD results provide a qualitative analysis of the difference in the 

mineralogy of colloids and soils that could partially explain the enrichment of PFAS on colloids. 

 
 

 
Figure 3-5: XRD analysis of (a) the bulk soil and (b) the colloid fraction of the soil. 

3.3.3. Colloids contributed a significant fraction of PFAS released during or after flow 

interruption 

We quantified the contribution of colloids on PFOA and PFBA concentration in the 

samples collected after flow interruption, by extracting absorbed PFOA and PFBA from colloids 

using methanol solution and analyzing the solution using liquid chromatography paired with triple 

quadrupole mass spectrometry (LC/QqQ-MS). The PFAS concentration in the effluent samples 

increased sharply after the flow interruption (Figure 3-2). The increase in PFOA concentration was 

more than that of the PFBA concentration. PFOA concentration increased by 84.5 ± 6.4%, whereas 

the concentration of PFBA increased by 29.9 ± 2.3% after the flow interruption (Figure 3-6). This 
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observation was contrary to that observed in an earlier study (Guelfo et al. 2020), where rate-

limited sorption or matrix diffusion led to a decrease in PFAS concentration during flow 

interruption. Since PFAS-free groundwater was injected into the control columns, the 

concentration of PFAS in the columns did not increase during the injection period.  We 

hypothesized that colloids released during flow interruption are the cause of the increase in PFAS 

concentration. This hypothesis is confirmed by our observation that removing the soil colloids by 

centrifugation reduced the PFAS concentration in the effluent samples. PFOA concentration 

decreased more than PFBA due to the removal of the soil colloids: PFOA concentration decreased 

by 46.9 ± 14.2% while PFBA decreased by 17.5 ± 10.8%. 

 

Figure 3-6: (a) Percentage increase in PFAS concentration due to flow interruption. (b) Distribution of 

PFAS in the dissolved and particulate phase in the effluent samples after flow interruption.  
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3.4. Discussion 

3.4.1. The limited adsorption capacity of soil for PFAS 

The low retardation of the PFAS compounds in the soil indicates that the soil had a low 

adsorption capacity for PFAS. This low sorption could be due to the absence of soil constituents 

with high PFAS affinity (Table 3-1). The organic carbon content of the soil was very low and the 

primary mineral in the soil was silica, which does not adsorb PFAS (Lv et al. 2018). However, 

despite the low sorption capacity of the soil, mass balance analysis showed that some amount of 

PFAS was retained by the soil in the injection phase. The soil retained more PFOA than PFBA 

due to increased hydrophobic interactions of PFOA to the organic carbon in the soil with an 

increase in the carbon chain length. This is in agreement with earlier studies (Higgins and Luthy 

2006, Pereira et al. 2018), which observed higher adsorption of PFAS to soil with an increase in 

the carbon chain length. Collectively, the results implied that the soil had limited capacity to retard 

PFAS plume and that removal of the source of PFAS would quickly restore the groundwater 

quality for PFBA and PFOA provided the soil does not contain any PFAS precursors.  

3.4.2. Increase in PFAS concentration in pore water after flow interruption 

A lack of change in bromide concentration during flow interruption (Figure 3-2) indicates 

that the pore water concentration in the matrix was similar to pore water concentration in the 

macropores or flow paths (Brusseau et al. 1997). The lack of a concentration gradient limits the 

diffusive transport of solutes from macropore to matrix. Matrix diffusion during breakthrough 

plateau had been shown to decrease the PFAS concentration in another study due to rate-limited 

sorption (Guelfo et al. 2020). In contrast, PFAS concentrations increased after flow interruption 

(Figure 3-2) indicating that processes other than matrix diffusion are responsible. We surmised 

that colloids released after flow interruption may have increased the pore water concentration of 
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PFAS. The increase in colloid concentration during flow interruption was confirmed by particle 

size analysis and SEM images of colloids (Figure 3-3). XRD results provided evidence of colloid 

minerals that could adsorb PFAS (Figure 3-5). Removal of colloids from samples also decreased 

total PFAS concentrations (Figure 3-6), thereby confirming the role of colloids on overall PFAS 

concentration in the effluent samples. Guelfo et al. (2020) had removed all suspended particulate 

matter from the effluent samples prior to analysis, due to which the colloid facilitated an increase 

in PFAS concentration could not be observed.  

Although the soil had some background PFOA concentration, the control columns where 

PFAS-free groundwater was injected did not show any increase in PFOA concentration after the 

flow interruption (Figure 3-2). No increase in PFAS concentration in the control columns indicates 

that precursor transformation is not the cause of the increase in PFAS concentration upon flow 

interruption. The pH and redox potential did not change as a result of a flow interruption, based 

on control columns without PFAS where the flow regime was similar to the treatment columns 

with PFAS. Therefore, the transformation rate of precursors was not affected. Therefore, the 

contribution of precursors was ruled out in our study.  

3.4.3. Mechanism of PFAS release by colloids during flow interruption 

Our results show that soil colloids enriched with PFAS elevated the pore water PFAS 

concentrations above the influent concentration, despite the relatively low sorption capacity of the 

soil (Figure 3-2). Colloid facilitated transport has been observed to increase transport of several 

other pollutants such as heavy metals (Grolimund et al. 1996, Ma et al. 2018) and organic 

pollutants (Benhabib et al. 2017, Yang et al. 2017). We primarily attribute this enhanced PFAS 

adsorption by colloids to the smaller size of the colloids which increases their surface area. An 

increase in surface area increases the sorption of PFAS onto soil particles (Li et al. 2019). 
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Suspended particles can carry more PFAS concentrations than benthic sediments by a factor of 

>100, indicating stronger sorption (Chen et al. 2019). In addition, XRD analysis of the colloids 

showed that colloids have distinct mineralogical properties such as enrichment of calcite, illite, 

and mica, which could make them preferentially adsorb PFAS compared to bulk soil, which is 

enriched with silica.  A previous study showed that calcite can adsorb PFAS from the water, while 

quartz does not adsorb PFAS (Lv et al. 2018). Although the adsorption of PFAS by illite has not 

been studied, montmorillonite, which has a similar clay structure as illite, can adsorb anionic PFAS 

compounds such as PFOA and perfluorooctane sulfonic acid (PFOS) (Zhang et al. 2014, Zhao et 

al. 2014). Sorption of perfluorocarboxylic acids (PFCAs) such as PFOA onto clays is 

predominantly through hydrophobic and electrostatic interactions. However, the sulfonic acid 

group on perfluoroalkane sulfonic acids (PFSAs) can also chemically interact with the oxide layers 

on clay minerals (Zhao et al. 2014). Thus, PFSAs such as PFOS are more likely to adsorb onto 

montmorillonite (and possibly illite) clay surface and be transported by clay colloids. 

The relative importance of colloids on facilitating the transport of PFAS could depend on 

the PFAS type. In particular, the contribution of colloids was more apparent for PFOA than PFBA 

due to the higher affinity of PFOA to the soil particles. However, PFBA, due to its small size and 

high diffusivity (Schaefer et al. 2019), can occupy the water in the micropores of soil and sediments 

(Codling et al. 2018). Release of the colloids can also release these PFBA compounds, increasing 

their concentrations in the effluent samples, even though they are not associated with the colloids. 

Nevertheless, our results collectively show that colloid-facilitated transport or release could be a 

significant pathway for the distribution of PFAS, especially long-chained PFAS, where the 

transport of long-chained PFAS is otherwise limited due to their strong affinity to soil containing 

a high amount of organic carbon (Higgins and Luthy 2006, Lyu et al. 2019, Pereira et al. 2018).  
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We provide a conceptual diagram (Figure 3-7) to show the potential mechanisms of PFAS 

release during flow interruption. PFAS can be transported by advection in macropores or flow 

paths, and some of the PFAS can diffuse into the soil matrix. The macropore walls typically enrich 

with PFAS due to adsorption. The macropore walls can also contain a high concentration of soil 

colloids that can be detached due to flow shear. Resuming flow after flow interruption perturbs the 

colloids attached to the macropore wall (Grolimund et al. 1996, Mohanty et al. 2014b) and releases 

them into flow paths. The flow of groundwater through soil can fluctuate based on several 

environmental factors (Gribovszki et al. 2010). Recharge of the groundwater by both natural 

(Suzuki and Higashi 2001) and artificial surface water infiltration (Alam et al. 2021) can increase 

the flow of groundwater at the recharge sites, pumping of water in the collection well (Beretta and 

Terrenghi 2017) can also increase the flow near vicinity of the well. Flow fluctuation at both 

conditions can increase colloid concentration and associated PFAS. Some of the colloids may carry 

a high concentration of PFAS owing to the high surface area. We speculate that the colloids are 

released from the soil through two mechanisms. The hydrodynamic shear force exerted by the 

water when the flow was restarted could release colloids from the bulk soil (Ryan and Elimelech 

1996, Ryan and Gschwend 1994). In addition, colloids could also diffuse from the soil matrix 

during the period of flow interruption (Schelde et al. 2002). Moreover, PFAS-impacted 

groundwater is predominantly treated by passing through packed beds or columns containing 

adsorbent material. Our findings imply that fluctuation or interruptions of flow in these systems 

could release PFAS that was adsorbed by the adsorbents into the water. Overall, pore water may 

contain both dissolved PFAS and colloid-associated PFAS. Thus, removal of colloids from water 

samples before analysis of PFAS can underestimate the total PFAS concentration in the samples. 
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Figure 3-7. Conceptual figure depicting PFAS transport through porous media. Flow interruption can 

release colloids enriched with PFAS into flow paths and elevate PFAS concentration in water samples. 

3.5. Conclusions  

The mechanism of PFAS transport was examined when the flow regime is disrupted in 

porous media such as groundwater wells or packed filter media. The results show that particles 

released during flow interruption could significantly increase PFAS concentration in the pore 

water. Following flow interruption, the increases in PFOA concentrations were higher than that of 

PFBA, potentially due to higher affinity via the long carbon chain of PFOA than PFBA. XRD 

analysis reveals that colloids have different mineralogical enrichment (such as calcite) than the 

bulk soil from where they are mobilized, and these minerals may have a higher affinity to PFAS. 

This is particularly significant because the bulk soil used in this study had a low adsorption 

capacity. Despite its low capacity, the soil colloids contained enough PFAS to increase the PFAS 

concentration in pore water significantly. The result could be more pronounced if the soil had a 

higher adsorption capacity. We showed that the removal of colloids significantly decreased PFAS 

concentration, indicating studies that had not accounted for colloids might have underestimated 

PFAS concentration in the samples. Thus, PFAS should be desorbed from colloids before analysis 
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to estimate the true concentration of PFAS in eluted water, particularly in specific conditions where 

colloid concentration may be high. Thus, the presence of soil colloids carrying PFAS may lead to 

exceedances in PFAS concentrations beyond the health advisory limit set by the U.S. 

Environmental Protection Agency. Accounting PFAS on soil colloids may likely reveal a more 

accurate assessment of impaired groundwater wells.  
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Abstract 

Subsurface soil naturally experiences dry-wet and freeze-thaw cycles, which could affect 

the leaching of previously adsorbed pollutants. A slow release of poly- and perfluoroalkyl 

substances (PFAS) from impacted subsurface soil may serve as a long-term diffuse source of PFAS 

to groundwater. Yet, the extent to which these weathering conditions may affect the subsurface 

release of PFAS is unknown. We subjected columns packed with soil pre-adsorbed with 

perfluorooctanoic acid (PFOA) to dry-wet and freeze-thaw cycles and observed a spike in PFOA 

concentration in leachate following each weathering treatment compared to no weathering 

treatment. Weathering conditions released a high concentration of soil colloids, which were 

confirmed by particle-size distribution analysis, SEM-EDS, and XRD. Fractionation of PFOA in 

the water sample reveals that up to 36% of leached PFOA was associated with soil colloids. Thus, 

previous studies that did not account for colloids may underestimate the leaching of PFAS from 

the soil. Overall, the results indicate that natural weathering conditions can enhance subsurface 

leaching of colloids and colloid-associated PFOA. Therefore, current conceptual site models to 

quantify the leaching of PFAS from source zones should account for weathering and the 

contribution of colloids. 
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4.1. Introduction 

Surface runoff carries poly- and perfluoroalkyl substances (PFAS) from PFAS-impacted 

areas such as firefighting training facilities (Baduel et al., 2015), wastewater biosolids 

(Washington et al., 2010), and waste piles with PFAS-containing products (Laitinen et al., 2014; 

Trudel et al., 2008). The runoff exports PFAS to surface waters and infiltrates through subsurface 

soils to groundwater aquifer. During the infiltration of the PFAS-impacted runoff, short-chained 

PFAS can move through subsurface because of limited adsorption on soil whereas most of the 

long-chained PFAS can be removed by adsorption to soil and air-water interfaces (Brusseau, 2018; 

Qian et al., 2017; Zhang et al., 2014). However, under certain conditions, the previously removed 

PFAS can leach into groundwater from impacted subsurface soil (Gellrich et al., 2012). These 

conditions include infiltration of uncontaminated runoff that promote desorption, alteration of pH, 

presence of dissolved organic carbon in infiltrating water, or release of soil particles containing 

adsorbed pollutants (Borthakur et al., 2021a; Gellrich et al., 2012; Jeon et al., 2011; Kabiri et al., 

2021). Additionally, long chain PFAS can displace short chain PFAS and leach them from the soil 

(Gellrich et al., 2012; Xiao et al., 2011). Thus, subsurface can serve as a diffused source for 

pollution of groundwater (Alam et al., 2021). Removal of PFAS from groundwater can be 

expensive and ineffective based on the treatment technologies (Crone et al., 2019; Merino et al., 

2016). Exposure to PFAS-impacted drinking water has been linked to several adverse health 

effects including liver disorder (Zhang et al., 2016), cardiovascular diseases (Huang et al., 2018) 

and cancer (Grandjean and Clapp, 2015; Yeung et al., 2013). Thus, it is critical to identify the 

conditions that could enhance the leaching of PFAS from the PFAS-impacted subsurface soil. 

PFAS can be desorbed from impacted subsurface soils by physical, chemical, and 

biological processes. Previously sorbed PFAS can desorb from soil (Milinovic et al., 2015; Xiao 
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et al., 2019) based on environmental conditions such as pH, ionic strength, and dissolved organic 

carbon in pore water (Jeon et al., 2011; Pereira et al., 2018; Wang et al., 2012). Furthermore, the 

transformation of precursors can enhance PFAS leaching (Chen et al., 2020). PFAS trapped in the 

soil matrix can diffuse into the flow path (Schaefer et al., 2019). Thus, back diffusion during the 

pause between rainfall events could increase the concentration of PFAS in porewater (Adamson 

et al., 2020; Brusseau, 2020; Carey et al., 2019; Guo et al., 2020). As air-water interfaces retain a 

significant amount of PFAS (Brusseau, 2019, 2018; Lyu et al., 2018), the collapse of the air-water 

interfaces during intermittent infiltration events could also release PFAS. Therefore, development 

and collapse of air-water interfaces in the subsurface during intermittent rainfall events (dry-wet 

cycles) can leach PFAS from the subsurface soil (Gellrich et al., 2012).  

Similar to desorption of dissolved PFAS, colloid-associated PFAS can be released in the 

subsurface by three steps: (1) release or mobilization of colloids from macropore flow walls by 

hydrodynamic fluctuations, or water phase transitions during dry-wet (Majdalani et al., 2007) or 

freeze-thaw cycles (Mohanty et al., 2014); (2) diffusion of released colloids from pore wall to bulk 

liquid via a rate-limiting step (Schelde et al., 2002); (3) transport of colloids in bulk liquid 

downward via infiltrating water. Colloids have been shown to contain significantly high 

concentrations of PFAS in surface waters (Ahrens et al., 2010; Borthakur et al., 2021b; Chen et 

al., 2019) and saturated soil (Borthakur et al., 2021a). Yet, no study to date has quantified the 

colloid-facilitated release of PFAS in impacted subsurface subjected to weathering cycles. Most 

column studies on leaching have examined the leaching of pollutants during injection of water 

through packed columns to simulate rainfall (Ding et al., 2010; Gellrich et al., 2012; Wang and 

Alva, 1996), ignoring the effect of antecedent weather conditions 
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We aim to examine the effect of dry-wet and freeze-thaw cycles on the release of PFAS 

from impacted subsurface soil. We hypothesized that these weathering cycles would increase the 

release of PFAS from subsurface soils due to the release of soil colloids enriched with PFAS. To 

test the hypothesis, we injected perfluorooctanoic acid (PFOA) as a model PFAS through packed 

soil columns to adsorb PFOA on soil and subjected the columns to multiple cycles of weathering 

treatments. Analyzing leachate for colloid concentration, dissolved PFOA, and colloid-bound 

PFOA, we quantified and distinguished the role of colloids on PFOA release from weathered 

subsurface soils.  

4.2. Materials and Methods 

4.2.1. Soil and groundwater 

Soil and groundwater were collected from an unimpacted area upgradient of a fire-fighting 

training facility. The soil and groundwater characteristics are provided in Table 3-1. The soil was 

dried in an oven at 110 C for 24 h and sieved to remove particles greater than 2 mm to minimize 

preferential flow in the packed columns. To prepare PFOA-impacted groundwater, we spiked 

concentrated PFOA (96% purity, Acros Organics) and potassium bromide (KBr > 99% purity, 

Alfa Aesar) stock solution into groundwater to achieve a final concentration of 200 µg L-1 PFOA 

and 20 mg L-1 Br. Bromide was used as a conservative tracer to compare the transport or retardation 

of PFOA, to determine the pore volume of columns based on 50% breakthrough time, and to 

evaluate the diffusion of solute from or into the matrix (Mohanty et al., 2016). 

Duplicate polypropylene columns were packed with the soil using a method described 

elsewhere (Borthakur et al., 2021a). The packed columns were saturated by injecting synthetic 

groundwater (6 mM NaCl) without PFOA through the bottom of the columns. The pH and ionic 
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strength of the synthetic groundwater were adjusted to match the pH (7.1 ± 0.01) and ionic strength 

of the collected groundwater.  

4.2.2. Column experiments 

To establish flow and chemical equilibrium before injection of PFOA, the synthetic 

groundwater was injected from bottom through soil columns at 0.61 cm h-1 for at least 48 hours 

until no change in pH and ionic strength of effluents was observed. The effluent PFOA 

concentration was measured to determine background PFOA concentration in the soil, which was 

determined to be negligible compared to the PFOA concentration in the contaminated 

groundwater. To uniformly contaminate packed soil with PFOA, the groundwater spiked with 200 

µg L-1 PFOA and 20 mg L-1 Br- was injected from the bottom of the soil columns at 0.61 cm h-1 

for 25 days in total, followed by injection of PFOA-free groundwater for 5 days to flush out PFOA 

from pore water. Injection of contaminated water from bottom ensured saturated flow with limited 

opportunity for preferential flow (Kung, 1990) and uniform contamination of all columns for 

comparison of leaching between control (no dry-wet or freeze-thaw treatment) and treatment. This 

injection phase was conducted for 25 days to ensure soil is saturated with PFOA and PFOA had 

diffused into the soil matrix. Diffusion into the soil, particularly if it contains a high amount of 

clays, may take a long time (Brusseau, 2020).  

After contamination phase, leaching phase was initiated by inverting the columns and 

draining the pore water by gravity. Then uncontaminated groundwater was injected from the top 

to simulate the leaching phase. Inversion of columns ensured that the flow direction during 

contamination and leaching phases remained same. To compare the effect of weathering treatments 

on PFOA release from soil columns pre-adsorbed with PFOA, the soil columns were subjected to 

weathering treatments. Duplicate soil columns were subjected to intermittent infiltration events, 
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where columns were first subjected to a cycle of treatment lasting 45 h followed by injection of 

PFOA-free groundwater at 6.1 cm h-1 for 4 h. The columns were first subjected to a total of 3 

cycles of drying treatment followed by 3 cycles of freeze-thaw treatments. To simulate drying 

treatment, the columns were first drained by gravity while keeping them at room temperature (~23 

C) for 45 h. During each freeze-thaw treatment cycle, soil columns were kept at -15 ⁰C for 24 

hours and then at 22 ⁰C for 21 hours. During the 4-h injection period following each treatment, 

soil columns were injected with PFOA-free groundwater from the top of the columns and effluent 

samples were collected from the bottom of columns every 30 minutes and analyzed to estimate 

dissolved and colloid-associated PFOA. The volume of water drained by gravity during drying or 

freeze-thaw treatment was insignificant, so no samples were collected after the injection period. 

To examine the release of PFOA without weathering treatment, soil columns previously injected 

with PFOA were flushed with PFOA-free groundwater for 24 h into without any intermediate 

drying or freeze-thaw treatments. 

4.2.3. Water sample analysis and quality control 

The dissolved PFOA concentration was determined by removing the colloids by 

centrifuging the samples at 20817 RCF (g-force) for 15 minutes. 0.5 mL supernatant was removed 

and added to 0.5 mL methanol and the mixture was analyzed for PFOA. To measure the total 

PFOA concentration, the PFOA adsorbed to the colloids was first desorbed by mixing the sample 

with an equal volume of methanol. The colloids were then removed by centrifugation and the 

sample was analyzed. Before analysis, 50 μg L-1 of 13C4-PFOA internal standard (Wellington 

Laboratories) was added to all the samples to account for PFOA loss due to adsorption to the vial 

walls, sample processing before chemical analysis, and analytical variability. The samples were 

then aliquoted into 200 mL polypropylene vials and analyzed using an Agilent 1290 liquid 
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chromatography paired with an Agilent 6460 Triple Quadrupole Mass Spectrometer (LC/QqQ-

MS) equipped with a Poroshell 120 EC-C18, 2.1x100 mm, 2.7 μm column plus C18 guard and 

delay columns (details in Section 3.2.3). The detection limit of the method is 0.01 µg L-1. The 

concentration of PFOA adsorbed to the colloids was determined by estimating the difference 

between the total PFOA concentration and the dissolved PFOA concentration. The total 

concentration was measured by first desorbing PFOA from colloids in 50% methanol solution, 

removing colloids by centrifuging samples, and analyzing supernatant for dissolved and desorbed 

PFOA.  The recovery of PFOA adsorbed to colloids was estimated using 50% methanol solution 

following a method described elsewhere (Xiao et al., 2020). Although 50% methanol is not 

sufficient to desorb all PFOA from colloids, we used the same solution for both recovery and 

samples, so that they can be analyzed. The details of the recovery steps were described in the 

Supplementary Materials. The recovery of PFOA from the soil in 50% methanol was found to be 

75.5 ± 5.9 %. Thus, colloid associated PFOA concentration estimated in our experiment is 

underestimated. 

PFOA can adsorb from the solution onto the walls of the polypropylene vials (vial sorption) 

which can lead to underestimation of the total PFOA concentration in the effluent samples (Lath 

et al., 2019). To account for any such losses, 20 μg L-1 PFOA solution was prepared in a 1:1 

methanol: water solution and stored in the polypropylene vials. The PFOA concentrations in the 

solutions were measured after 48 hours, simulating the time between sampling and analysis. The 

PFOA concentration decreased by a maximum of 1% so this decrease was considered negligible. 

To account for PFOA adsorption by the column walls, we injected PFOA-contaminated 

groundwater into empty columns (no soil) and subjected the columns to same treatment as control 

and treatment columns.  We observed no significant difference between the PFOA concentration 
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between the samples during injection, potentially due to saturation of limited sorption capacity of 

polypropylene. Furthermore, we did not observe any leaching of PFOA (or concentration below 

detection limit) from contaminated columns during dry-wet and freeze-thaw treatment of 

contaminated column walls.  Therefore, we assumed that adsorbed PFOA had insignificant effect 

on our results. 

4.2.4. Colloid characterization 

The turbidity of the sample was estimated by measuring the absorbance of the samples at 

890 nm wavelength using a UV/Vis spectrophotometer. The number of colloids in the effluent 

samples was counted using an Accusizer AD Optical Particle Sizer machine that uses the Single 

Particle Optical Sensing (SPOS) technique, which counts particles greater than 0.83 µm at 0.01 

µm resolution. The morphology of colloids in the effluent samples was examined using a Scanning 

Electron Microscope with Energy Dispersive X-ray Analysis (SEM-EDS). To analyze the 

mineralogical properties of colloids, the soil was analyzed using X-ray diffraction analysis (XRD). 

Details of all characterization methods are provided in Section 3.2.6. 

4.2.5. Mass balance analysis 

To quantify the total amount of PFOA retained in the soil before the weathering treatment, 

the area under the breakthrough curve in the injection phase was calculated, which determined the 

total PFOA transported. The total PFOA transported was subtracted from the total injected to 

estimate the total amount retained. The area under the breakthrough curve during the leaching 

phase represented the quantity of PFOA leached. The fraction of retained PFOA leached by each 

weathering treatment was determined using the following equations: 

% PFOA leached by Dry wet cycles =  
Mass of PFOA collected during dry−wet cycles

Mass of PFOA retained in soil after injection phase
× 100         (1) 
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% PFOA leached by Freeze − thaw cycles =  
Mass of PFOA collected during freeze−thaw cycles

Mass of PFOA retained in soil after dry−wet cycles
× 100       (2) 

4.3. Results and Discussion 

4.3.1. Change in PFOA concentration in the injection phase 

The breakthrough profile of PFOA is similar to that of bromide indicating soil has a low 

capacity to retain PFOA (Figure 4-1 a). The PFOA concentration in the effluent samples quickly 

reached the influent concentration (C0) in 2.1 pore volumes. When the columns were flushed with 

5,8 PV of PFOA-free groundwater, the PFOA concentration decreased to 0.6% of C0. Most of the 

injected PFOA (99.2%) was removed when the soil columns were flushed with PFOA-free 

groundwater and only a small fraction of PFOA (0.8%) was retained in the soil media (Figure 4-1 

b). Thus, the leaching phase examined whether or not weathering conditions affect the release of 

the fraction retained in subsurface soil. 

 

Figure 4-1: (a) Breakthrough curve of total PFOA through soil showing locations of dry-wet cycles 

(DWC) and freeze-thaw cycles (FTC). The black squares denote the PFOA concentration while the white 

circles denote the bromide concentration. (b) Mass balance analysis of the total PFOA showing the % 

PFOA transported outside the soil columns and % retained within the soil during injection of PFOA-

containing groundwater. 
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4.3.2. Weathering cycles leached PFOA from the soil 

Compared to the no-treatment control, the PFOA concentration increased following each 

weathering cycle, indicating weathering cycles can enhance the release of PFOA from the 

subsurface (Figure 4-2). 

 

 

Figure 4-2: Change in PFOA concentrations during dry-wet and freeze-thaw treatments. The solid grey 

lines indicate the three dry-wet cycles, whereas the grey dashed lines indicate the three freeze-thaw cycles. 

The blue triangles show the PFOA concentration released from columns, which were not exposed to 

weathering treatments. The detection limit of the method is 0.01 μg L-1, which is nearly 10 times lower 

concentration than the minimum concentration observed in the leaching study. 

 

 Mass balance analysis showed that the three dry-wet cycles released 31.3 ± 14.9 % of 

previously retained PFOA and three freeze-thaw cycles released 12.9 ± 1.5 % of the remaining 

PFOA retained after the dry-wet cycles (Figure 4-3 a). In comparison, the control columns which 

were not subjected to weathering conditions had much lesser PFOA concentrations in the effluent 

samples: they released 0.13 ± 0.03% of PFOA and 0.07 ± 0.02% of PFOA, when the same amount 

of groundwater was eluted without dry-wet or freeze-thaw treatments, respectively. Moreover, the 

PFOA concentration in the pore water increased right after the weathering treatments (Figure 4-3 

b). In contrast, there was no increase in PFOA concentration observed in the control columns. The 
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leaching of PFOA by intermittent infiltration of water was also observed in another study (Gellrich 

et al., 2012). We attributed enhanced leaching of PFOA in the dry-wet cycles to back diffusion of 

PFOA from the soil matrix, the collapse of air-water interfaces during dry-wet cycles, and the 

release of colloids carrying PFOA  (Adamson et al., 2020; Aramrak et al., 2011). In the case of 

freeze-thaw cycles, freezing could concentrate solutes in the remaining liquid film after ice 

formation and increase the concentration of solutes adsorbed on pore walls (Mohanty et al., 2014; 

Spaans and Baker, 1996; Wu et al., 2015). Additionally, the freezing of water increases its volume, 

increasing the pressure on the pore walls. Both these processes could crack the pore walls and 

generate colloids enriched with PFOA. In our study, both dry-wet and freeze-thaw cycles released 

similar (p > 0.05) amount of PFOA. It should be noted that the same columns were subjected to 

dry-wet cycles before freeze-thaw cycles. Thus, more PFOA were available for release before dry-

wet cycles than freeze-thaw cycles. As freeze-thaw cycles released similar amount of PFOA from 

depleted columns, we assumed that freeze-thaw cycles were more effective in releasing PFOA. 

 

Figure 4-3: (a) Percent of total PFOA released from the impacted soil columns during dry-wet cycles and 

freeze-thaw cycles. (b) The ratio of PFOA concentration in the effluent samples before and just after each 

weathering cycle. (c) Distribution of PFOA in the dissolved phase and associated with particulates in 

effluent samples from dry-wet and freeze-thaw cycles. 
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4.3.3. Weathering conditions released soil colloids carrying PFOA 

Although the turbidity in the effluent samples was below the detection limit, SEM data 

showed high amounts of soil colloids in the effluent samples collected following dry-wet and 

freeze-thaw treatments (Figure 4-4). Particle size analysis of colloids in samples following 

weathering treatments confirmed the presence of colloids and their size distribution; nearly all 

mobilized colloids were smaller than 1.8 μm. The size distribution of the colloids was different 

based on weathering treatment type. The colloids released from the dry-wet cycles were of mode 

size 1.06 μm while most particles released by freeze-thaw cycles were of sizes less than 0.83 μm, 

which was the detection limit of the instrument. SEM analysis confirmed that most colloids in 

freeze-thaw cycles were lower than 0.83 µm. Thus, although freeze-thaw cycles released more 

colloids with sizes lower than 0.83 µm, they were not detected in the particle size analyzer. 

Consequently, the release of PFOA cannot be compared between dry-wet and freeze-thaw cycles 

based on colloid concentration measured by the particle size analyzer.  Nevertheless, the results 

indicated that the weathering treatments could release colloids of different sizes. During dry-wet 

cycles, colloids are released mainly due to collapse of pore walls by capillary force during drying 

and collapse of the air-water interface during rewetting  (Flury and Aramrak, 2017; Majdalani et 

al., 2007; Shang et al., 2008),  whereas colloids are released during freeze-thaw cycles by fracture 

of pore walls by the increase in pressure from expanding ice volume (Mohanty et al., 2014; Oztas 

and Fayetorbay, 2003). Although previous studies confirmed the role of the weathering on colloid 

release, our study showed that the size of the colloid released from the soil could vary based on 

the treatment. 
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Figure 4-4: The particle size distribution of the colloids released by (a) dry-wet cycles and (d) freeze-thaw 

cycles. SEM image of colloids in effluent samples before (b) and after (c) dry-wet cycles, and before I 

and after (f) freeze-thaw cycles. The green line at the bottom left corner of the SEM images corresponds 

to a length of 20 μm. 

XRD analysis revealed that quartz (SiO2), K-feldspar (KalSi3O8) and calcite (CaCO3) were 

the primary minerals in the bulk soil (Figure 4-5). Calcium carbonate, illite, and mica were the 

main minerals in the colloidal particles (Figure S4). Calcium carbonate can adsorb PFOA (Lv et 

al., 2018). Clay minerals could also adsorb PFOA from the water (Zhang et al., 2014). These soil 

colloids can carry significant amounts of PFOA even in low adsorbing subsurface soils. This 

adsorption can be enhanced in soils having high PFOA sorption capacities, such as soils that have 

a high organic matter, proteinaceous content, metal oxides, or clay minerals (Li et al., 2019; 

Longstaffe et al., 2012). Furthermore, compared to PFOA, PFOS has a stronger affinity to soil or 

colloids. Thus, the colloid-facilitated release could be more prominent for strongly adsorbing 

PFAS. Future study should use a series of PFAS with different affinity to the soil to examine the 

effect of PFAS type on colloid-facilitated leaching. 
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Figure 4-5: XRD analysis of (a) bulk soil and (b) clay fraction of the soil (air-dried specimens) showing the 

peaks corresponding to different minerals.  

A significant fraction of PFOA in each effluent sample was found to be associated with 

soil colloids. Removing the soil colloids by centrifugation decreased the PFOA concentration in 

the effluent samples significantly.  Removal of colloids by centrifugation decreased the PFOA 

concentration in the effluent samples from the dry-wet cycles by 17 ± 7% and from the freeze-

thaw cycles by 13 ± 14 % (Figure 4-3 c). This was also observed in a previous study where removal 

of soil colloids reduced the PFOA concentrations in the effluent samples (Borthakur et al., 2021a). 

The colloid concentration in the effluent samples from the control columns was negligible. 

Therefore, centrifuging the samples did not decrease the PFOA concentration. This confirmed that 

the released soil colloids contributed to the total PFOA concentration in the effluent samples. As 

most soil colloids have a negative surface charge, they can electrostatically bind positively charged 

solutes. Thus, cationic or zwitterionic PFAS (Mejia-Avendano et al., 2020; Milinovic et al., 2015) 

could have a higher affinity to colloids, and therefore the leaching of those PFAS could be 

dominated by colloids. Furthermore, colloids are typically accumulated near the air-water interface 

in the vadose zone (Flury and Aramrak, 2017), the same location where PFAS, owing to their 
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surfactant properties, are relocated from bulk liquid (Brusseau, 2018; Lyu et al., 2018). Due to the 

proximity of both colloids and PFAS near the air-water interface, PFAS are more likely to adsorbed 

on colloids. Further study should be conducted to examine how surfactant behavior at interfaces 

affected their association with colloids. 

4.4. Conclusions 

We examined the effect of common weathering conditions on the leaching of PFOA from 

an impacted subsurface and showed that leaching of PFOA from subsurface soil increased when 

the soil was subjected to natural dry-wet or freeze-thaw cycles. An increase in PFOA release 

coincided with the release of soil colloids, indicating colloid release can be a significant pathway 

for PFOA release from the source zone. In this study, nearly 36% of PFOA in water samples was 

attributed to colloids. Thus, conceptual site models should account for the effect of natural weather 

cycles on the leaching of PFOA from the subsurface and concentration of colloid-bound PFOA in 

water samples. 
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Abstract 

Conventional stormwater biofilter media such as sand and compost have limited capacity 

to remove PFAS. Adding amendments such as biochar or activated carbon is rarely effective in 

removing short-chain PFAS, and their capacity to remove PFAS could become exhausted 

eventually. Replacing exhausted filter media is expensive whereas in situ regeneration of filter 

media adsorption capacity can be an effective alternative. In this study, we show that in situ 

application of cationic polymers such as polydiallyldimethylammonium chloride (PDADMAC), a 

drinking water coagulant, not only replenishes the PFAS removal capacity of compost biofilters, 

but also significantly increases the adsorption capacity of conventional biofilter media. This 

increase is more prominent for short-chain PFAS, which are the most difficult to remove.   The 

improvement in PFAS removal decreased exponentially with the increase in the carbon chain 

length. Despite being used as coagulants, the addition of PDADMAC did not increase the clogging 

rate of the biofilters in the presence of suspended sediments, indicating most PDADMAC were 

bound to filter media and not available to coagulate suspended sediments. Thus, injection of 

cationic polymers can be a viable option to either enhance any biofilters or regenerate any 

amendment’s absorption capacity to remove for PFAS in situ. 
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5.1. Introduction 

Nearly 72% of PFAS contaminated drinking water facilities use groundwater as the water 

source, indicating that groundwater is a major source of PFAS contaminated drinking water 

(Guelfo and Adamson, 2018). Groundwater gets contaminated when surface runoff from PFAS 

contamination sources infiltrates into the subsurface to the groundwater. Infiltration-based 

treatment systems such as stormwater biofilters can be used to remove PFAS from stormwater 

(Spahr et al., 2020). However, conventional biofilter media such as sand and compost have low 

adsorption capacity for PFAS (Aly et al., 2018; Hale et al., 2017). In this case, the filter media can 

be amended or replaced with adsorbents such as biochar, activated carbon, or clay that can adsorb 

PFAS using hydrophobic, electrostatic, or chemisorption interactions (Askeland et al., 2020; 

Mukhopadhyay et al., 2021; Park et al., 2020). Since biofilter media is mostly negatively charged, 

hydrophobic interactions are the major force driving the adsorption of PFAS by the media. 

However, this reduces the capacity of biofilters to adsorb short-chain PFAS compounds. 

Moreover, due to their recalcitrant nature, adsorbed long-chain PFAS compounds accumulate in 

the biofilter which exhausts the adsorption sites and reduces further removal of PFAS. Therefore, 

a method to replenish exhausted PFAS sites in biofilters and also improve their ability to remove 

short-chain PFAS is required. 

Coating commonly used PFAS adsorbents with cationic polymers such as 

polydiallyldimethylammonium chloride (PDADMAC) could improve their PFAS removal 

capacity (Aly et al., 2019, 2018; Liu et al., 2020; Ramos et al., 2022; Ray et al., 2019). Organic 

polymers can easily adsorb onto clay (Ray et al., 2019), activated carbon (Liu et al., 2020; Ramos 

et al., 2022), and aquifer soil (Aly et al., 2019, 2018) and adsorb PFAS through hydrophobic 

interactions. In addition, being cationic, these polymers can electrostatically adsorb PFAS as well, 
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increasing their removal efficiency. PDADMAC has been used to remove PFAS either by coating 

adsorbents with PDADMAC (Ramos et al., 2022; Ray et al., 2019) or through direct injection of 

PDADMAC into adsorbents (Aly et al., 2019, 2018). Out of these methods, direct injection of 

PDADMAC into biofilter media provides a non-intrusive method of replenishing exhausted PFAS 

adsorption sites. However, being a coagulant, injection of liquid PDADMAC solutions can 

flocculate suspended sediments in stormwater which could clog the biofilters, rendering them 

unusable. Thus, the effect of injecting PDADMAC solution into biofilters to improve their PFAS 

removal capacity must be studied and any unintended consequences due to coagulation of 

sediments need to be explored. Yet, no study to date has explored the possibility of direct injection 

of cationic polymers into stormwater biofilters to create regenerative PFAS-removing biofilters. 

This study examines the effect of PDADMAC application into biofilters on the PFAS 

removal capacity of biofilters and their clogging potential. Exhausted biofilter media columns were 

exposed to PDADMAC solution, and the improvement in PFAS removal was determined. The 

clogging potential of the PDADMAC injected biofilters was also determined by increased 

suspended sediments. The results will help develop the technology of using cationic polymers to 

create stormwater biofilters that can regenerate their ability to remove PFAS and other emerging 

pollutants from stormwater. 

5.2. Materials and Methods 

5.2.1. Stormwater and biofilter media preparation 

Natural stormwater was used to simulate the adsorption of PFAS onto biofilter media under 

field conditions as organic carbon, nutrients, and other pollutants can compete with PFAS for 

adsorption sites in the filter media. Stormwater was collected from Ballona Creek, Los Angeles, 

and was spiked with 500 µg L-1 each of perfluorobutanoic acid (PFBA, Acros Organics), 
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perfluorohexanoic acid (PFHxA, Fisher Scientific), perfluorooctanoic acid (PFOA, Fisher 

Scientific) and perfluorodecanoic acid (PFDA, Fisher Scientific) to form PFAS-spiked 

stormwater. However, to ensure maximum PDADMAC adsorption onto the biofilter media, we 

used synthetic stormwater (10 mM NaCl) for injecting PDADMAC into the biofilter as a field 

injection of PDADMAC solution using synthetic stormwater is feasible. The synthetic stormwater 

had an electrical conductivity (900 ± 50 µS cm-1) similar to natural stormwater obtained from 

Ballona Creek (Ghavanloughajar et al., 2020).  

5.2.2. Optimum PDADMAC dose determination  

To determine the optimum dose of polymer required for the highest adsorption, 4 g 

compost was added to triplicate 50 ml centrifuge tubes with 40 mL of 10 mM NaCl solution 

containing different 0, 2500, 5000, 8000, and 10000 mg L-1. The tubes were then shaken in a wrist 

action shaker for 24 hours. The tubes were centrifuged at 5000 RPM for 15 minutes and the 

supernatant was extracted. The PDADMAC concentration of the supernatant was determined by 

measuring the total nitrogen in the water using Hach Total Nitrogen (TN) kits following the 

Persulfate Digestion Method as described elsewhere (Ramos et al., 2022). The optimum 

PDADMAC concentration was determined based on the shape of the adsorption isotherm. The 

optimum PDADMAC concentration was spiked into synthetic stormwater to create PDADMAC-

spiked synthetic stormwater.  

5.2.3. Biofilter media and column packing 

Conventional biofilter media typically contain sand as a bulking agent amended with 

compost to remove pollutants and support vegetation. This study simulated the same biofilter 

design by mixing quartz sand of sizes between 0.6 to 0.85 mm and organic compost (Whittier 

Fertilizer, 57% organic carbon)  of sizes between 0.075 mm and 2 mm at a 7: 3 ratio. Fine compost 
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particles (size < 0.075 mm) were removed to minimize clogging of the biofilter. Two sets of 

triplicate PVC columns with an inner diameter of 2.54 cm and height 30 cm were packed with the 

compost-sand mixture to create the model biofilters. To create a drainage layer, pea gravel was 

first added to the bottom of the columns up to 6 cm topped with a 100 μm nylon membrane. Then 

the sand-compost mixture was added to the columns in small layers up to a filter media depth of 

15 cm, with each layer tamped 15 times using an iron rod. Uniform packing of the biofilter media 

was verified by measuring the bulk density of each layer. The bulk density, measured by dividing 

the weight of the dry filter media by the inner volume of the columns, was determined to be 1.36 

± 0.14 g cm-3. The pore volume (PV) of the biofilters was measured by subtracting the weight of 

the dry biofilter media from the weight of the saturated biofilter media. The porosity of the 

biofilters was measured by dividing the pore volume of the biofilters by the bulk density. The 

porosity of the six columns was 34.8 ± 2.3%. The hydraulic conductivity of the columns was 

measured using the falling head method. The average hydraulic conductivity of the biofilters was 

51.8 ± 9.5 cm h-1. 

5.2.4. Injection of PDADMAC and PFAS into biofilter columns 

To check the ability of the PDADMAC in replenishing the PFAS removal capacity of the 

biofilters, PFAS spiked stormwater was injected into the biofilters with and without in situ 

application of PDADMAC. The biofilters were first conditioned with natural stormwater at 4 mL 

min-1 (47.4 cm h-1) for 24 h. Then 2.2 PV PFAS spiked stormwater was injected into the biofilters 

at 4 mL min-1 until the breakthrough of each PFAS compound was observed in the effluent 

samples, signifying exhaustion of adsorption sites in biofilter media. After the breakthrough, the 

biofilters were flushed with natural stormwater without PFAS to remove unadsorbed PFAS in the 

pore water of the biofilters. Then, PDADMAC spiked synthetic stormwater was injected at 2 mL 
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min-1 (23.7 cm h-1) into the polymer biofilters. A low flow rate was used to ensure the complete 

coating of PDADMAC onto biofilter media by increasing the residence time. At the same time, 

synthetic stormwater without PDADMAC was injected into the non-polymer biofilters. The 

biofilters were flushed with synthetic stormwater at 2 mL min-1 for 24 hours to remove unadsorbed 

PDADMAC followed by injection of natural stormwater at 4 mL min-1 to recondition the biofilters 

for PFAS injection. The injection and flushing of PFAS spiked water were then repeated till 

breakthrough. The PFAS concentration in the effluent samples before and after PDADMAC 

injection was measured and the removal efficiency of the biofilters was determined using the 

following equation: 

𝑅𝑒𝑚𝑜𝑣𝑎𝑙 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =  
𝐶0−𝐶

𝐶0
× 100              (Eq. 5-1) 

Where 𝐶0 is the influent PFAS concentration and 𝐶 is the effluent PFAS concentration. 

The increase in PFAS removal due to PDADMAC addition was determined using the following 

equation: 

𝐼𝑛𝑐𝑟𝑒𝑎𝑠𝑒 𝑖𝑛 𝑅𝑒𝑚𝑜𝑣𝑎𝑙 =  
𝑅𝑃−𝑅𝑁𝑃

𝑅𝑁𝑃
                      (Eq. 5-2) 

Where 𝑅𝑃 is the removal efficiency of the biofilter after PDADMAC injection and 𝑅𝑁𝑃 is 

the removal efficiency before PDADMAC injection.  

5.2.5. Clogging potential of PDADMAC coated biofilters 

The presence of high amounts of PDADMAC in pore water could increase the coagulation 

of suspended particles and could result in clogging the system. To test this hypothesis, the clogging 

potential of the biofilters was determined following a method described in an earlier study (Le et 

al., 2020).  Briefly, synthetic stormwater spiked with 3 g L-1 suspended particles of size less than 

75 μm was injected into the biofilters until the hydraulic conductivity was reduced to less than 



147 

 

50% of the initial hydraulic conductivity. The decrease in hydraulic conductivity with increased 

loading of suspended particles was plotted and compared between the biofilters. 

5.2.6. PFAS analysis and quality control 

The PFAS concentration in the effluent samples from the columns was measured using 

liquid chromatography paired with triple quadrupole mass spectrometry (LC/QqQ-MS) 

(Borthakur et al., 2021b, 2021a). To account for PFAS removal due to adsorption onto column and 

tubing walls, PFAS spiked stormwater was injected into an empty column and the PFAS 

concentration in the effluent was compared with the influent. The difference between the 

concentrations was found to be negligible. PFAS samples were stored in 200 μL polypropylene 

vials before analyzing them for PFAS. To account for PFAS losses due to adsorption onto vial 

walls between the time of sampling and analysis, PFAS losses during sample processing and 

chemical analysis, and analytical variability, each vial containing PFAS sample was spiked with 

50 μg L-1 MPFBA, MPFHxA, MPFOA and MPFDA (13C4-PFBA, 13C2-PFHxA, 13C4-PFOA and 

13C2-PFDA, Wellington Laboratories) before analyzing the samples. In addition, 20 μg L-1 

solutions of each PFAS compound (PFBA, PFHxA, PFOA, and PFDA) were prepared in 

polypropylene vials and their concentrations were measured after 48 h, the average time between 

sampling and analysis. The decrease in PFAS concentration due to vial adsorption was also found 

to be negligible. 
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5.3. Results 

5.3.1. Compost had high PDADMAC adsorption capacity 

Batch experiments showed that compost could adsorb significant amounts of PDADMAC 

from the synthetic stormwater (Figure 5-1). PDADMAC adsorption increased with an increase in 

the initial concentration of 2500 mg L-1 and 5000 mg L-1. Increasing the initial concentration to 

8000 mg L-1 did not significantly increase the adsorption of PDADMAC compared to the 

adsorption when the initial concentration was 5000 mg L-1. However, increasing the initial 

concentration to 10000 mg L-1 sharply increased the adsorption of PDADMAC by compost. 

Therefore, the adsorption of PDADMAC by compost increased with the increase in initial 

concentration, and thus the highest PDADMAC concentration (10000 mg L-1) was used to create 

the PDADMAC spiked synthetic stormwater. 

 

 

Figure 5-1: Isotherm of adsorption of PDADMAC by compost. 
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5.3.2. PDADMAC injection replenished the biofilter attachment sites for PFAS 

Coating the biofilters with PDADMAC not only replenished the exhausted PFAS 

adsorption sites but also increased their PFAS adsorption capacity (Figure 5-2a). The compost 

amended biofilters almost completely lost their ability to remove PFBA (8.3 ± 1.3% removal) after 

injecting just 2 PV of PFAS-spiked stormwater into the biofilters. However, after PDADMAC 

injection, the same exhausted biofilters removed 87.8 ± 0.7 % PFBA. Similar improvement was 

also observed for PFHxA and PFOA. PDADMAC injection improved the biofilters removal 

capacity for PFHxA from 33.4 ± 0.2 % to 87 ± 0.5 % and for PFOA from 74.9 ± 1.6 % to 99.8 ± 

0.04 %. However, PFDA removal in the biofilters was already highest (>99%), and PDADMAC 

injection did not affect the removal. 

 

Figure 5-2 (a) PFAS removal efficiency of biofilters before (No PDADMAC) and after PDADMAC 

(PDADMAC) injection. The injected volume of PFAS spiked stormwater was 2.2 PV. (b) The increase in 

the removal of PFAS compound due to PDADMAC injection as a function of the carbon chain length. 
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The increase in PFAS removal due to the application of PDADMAC depended on the 

carbon chain length: the benefit of PDADMAC application becomes less apparent with an increase 

in the carbon chain length of PFAS. This was similar to that observed in a previous study (Ramos 

et al., 2022) where the removal of PFOA by PDADMAC modified granulated activated carbon 

(GAC) was higher than the removal of PFBA. However, the increase in removal due to 

PDADMAC injection decreased exponentially (Figure 5-2b) with an increase in the carbon chain 

length. The increase in PFBA removal due to PDADMAC coating was 9.9 ± 1.8 times the original 

PFBA removal capacity of the biofilters without PDADMAC. This increase decreased to 1.6 ± 

0.002 times and 0.3 ± 0.03 times the original PFHxA and PFOA removal. Thus, adding 

PDADMAC to the biofilters significantly improved the removal of short-chain PFAS compounds.  

5.3.3. PDADMAC coating decreased the clogging potential 

Despite being a coagulant, PDADMAC injection did not increase the clogging potential of 

the biofilters (Figure 5-3). Instead, the hydraulic conductivity of PDADMAC applied biofilters 

was higher than the one without PDADMAC after the application of 2 g of solids.  The hydraulic 

conductivity of the non-polymer biofilters decreased somewhat linearly with the increased solids 

loading, and its hydraulic conductivity reduced to less than 50% after just 1.7 g of sediment 

loading. In comparison, the hydraulic conductivity of the polymer biofilters reduced sharply by 

20% after initial solid loading but then decreased at a slower linear rate than the non-polymer 

biofilters, requiring 2.3 g loading of solids to reduce the hydraulic conductivity to below 50%. 

Therefore, PDADMAC coating did not exacerbate clogging of the biofilters. 
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Figure 5-3: Ratio of hydraulic conductivity and initial hydraulic conductivity (K/K0) of the polymer 

(PDADMAC) and non-polymer (No PDADMAC) biofilters as a function of the amount (g) of fine solid 

sediments added (Solids loading). 

5.4. Discussion 

5.4.1. PDADMAC can regenerate exhausted PFAS adsorption sites in biofilters  

Compost-amended biofilters have limited ability to remove PFAS from stormwater, 

especially short-chain compounds as these compounds are not easily removed via the hydrophobic 

interactions (Fabregat-Palau et al., 2022). Removal of short-chain PFAS requires electrostatic 

attraction between the functional groups and the adsorbent media, which is difficult to achieve as 

most adsorbents have a net negative surface charge. The current study showed that injecting 

PDADMAC into the biofilters not only replenished the PFAS adsorption sites but also improved 

the PFAS removal capacity of the biofilters, and this effect was more prominent for the short-

chained PFAS. The cationic polymers on compost increased the electrostatic attraction. The effect 

of PDADMAC was more noticeable for short-chain PFAS compounds such as PFBA as these 

compounds are primarily removed by electrostatic interactions. The increase in removal due to 

PDADMAC injection decreased logarithmically with the increase in carbon chain length as the 

compost was able to remove the long-chain PFAS compounds via hydrophobic interaction. Thus, 
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the added PDADMAC replenished the adsorption sites but did not significantly increase the 

adsorption capacity for PFDA. The addition of too much PDADMAC could block adsorption sites 

for the hydrophobic interaction (Ramos et al., 2022).  

5.4.2. PDADMAC injection reduced biofilter clogging 

One concern regarding the use of PDADMAC, which has been used as a drinking water 

coagulant, is that PDADMAC could flocculate the suspended sediments in the pore water and 

increase the clogging rate of the biofilter. However, our analysis showed that injecting PDADMAC 

did not affect clogging (Figure 5-3). This was also observed in a previous study where biofilters 

amended with PDADMAC coated montmorillonite clay had a higher hydraulic conductivity than 

biochar amended biofilters (Ray et al., 2019), despite the particles being of similar size. A possible 

reason for this is the coagulant properties of PDADMAC reduce the release of colloids from the 

biofilter media, which can contribute to the clogging of the biofilter media. Since colloids released 

from PFAS contaminated subsurface can contain adsorbed PFAS (Borthakur et al., 2021a, 2021b), 

PDADMAC could prevent the colloid facilitated the release of PFAS as well. Thus, PDADMAC 

injection can improve the hydraulic conductivity of biofilters and also reduce the long-term release 

of PFAS. 

5.5. Conclusions 

This study showed that injecting cationic polymers such as PDADMAC not only 

replenished exhausted PFAS adsorption sites but also increased PFAS adsorption, especially short-

chain PFAS adsorption, through electrostatic interactions. Moreover, PDADMAC injection 

reduced the rate at which the biofilters clogged when loaded with suspended sediments. Therefore, 

injecting cationic polymers into stormwater biofilters can be a viable method to create stormwater 

biofilters with regenerative PFAS removal properties. 
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Abstract 

Aging is often expected to decrease the pathogen removal capacity of media. In contrast, 

the adsorption of co-contaminants such as metals during aging could have a positive impact on 

pathogen removal. To examine the effect of adsorbed metals on pathogen removal, biofilter media 

amended with expanded clay, shale, and slate (ESCS) aggregates, a lightweight aggregate, was 

exposed by intermittently injecting natural stormwater spiked with Cu, Pb, and Zn and then 

compared its removal of Escherichia coli (E. coli), a pathogen indicator, with unaged media. Metal 

adsorption on ESCS media decreased their net negative surface charge and alter the surface 

properties as confirmed by zeta potential measurement and Fourier-transform infrared 

spectroscopy analysis. These changes increased E. coli adsorption on aged media compared with 

unaged media and decreased overall remobilization of attached E. coli during intermittent 

infiltration of stormwater. A live-dead analysis confirmed that the adsorbed heavy metals 

inactivated attached E. coli, thereby replenishing the bacterial adsorption capacity. Overall, the 

results confirmed that natural aging of biofilter media with adsorbed metals could indeed have a 

net positive effect on E. coli removal in biofilters and therefore should be included in the 

conceptual model predicting long-term removal of pathogens from stormwater containing mixed 

pollutants.  
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6.1. Introduction 

Pathogens or pathogen indicators in urban stormwater is one of the leading causes of 

surface water and groundwater impairment (Alam et al., 2021; Galfi et al., 2016; McBride et al., 

2013). To remove these biological pollutants, stormwater treatment systems such as biofilters have 

been used (Bratieres et al., 2008; Li et al., 2012), where biofilter media are amended with 

amendments (Ghavanloughajar et al., 2021; Mohanty et al., 2014; Valenca et al., 2021b). However, 

their removal capacity varies widely (Ghavanloughajar et al., 2021; Valenca et al., 2021b), and the 

cause of the variability is often attributed to the aging of the filter media (Chandrasena et al., 2016; 

Li et al., 2012). Biofilter media can age because of many processes. Aging occurs when biofilter 

media age naturally due to exposure to stormwater constituents and conditions including drying 

that can alter their surface properties. Understanding how aging occurs and affects the removal of 

pathogens can help predict the long-term performance of biofilters during their design lifetime. 

Biofilter media can age naturally due to physical, chemical, and biological processes. 

Physical aging occurs due to temperature fluctuation resulting in drying of media, which has been 

shown to decrease the overall pathogen removal capacity (Chandrasena et al., 2014b; Fowdar et 

al., 2021; Li et al., 2012; Nabiul Afrooz and Boehm, 2017). In contrast, another study observed an 

improved removal capacity of biochar-amended biofilters after aging under dry-wet cycles due to 

replenished attachment sites (Mohanty and Boehm, 2015). Biological aging occurs due to the 

growth of biofilms (Nabiul Afrooz and Boehm, 2017), which could also decrease pathogen 

removal (Chandrasena et al., 2014a). In contrast, another study observed improved E. coli removal 

over time due to the growth of protozoa, a natural predator of bacteria (Zhang et al., 2011). 

Chemical aging occurs when chemical constituents such as natural organic matter (NOM) in 

stormwater adsorb on media, alter their surface properties, and reduce bacterial removal 
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(Ghavanloughajar et al., 2021; Mohanty and Boehm, 2015). However, previous studies rarely 

account for other co-contaminants such as dissolved metals on the aging of biofilter media.    

Metals are ubiquitous in urban stormwater (Lau et al., 2009; Stein and Tiefenthaler, 2005), 

and they can be attached to amendments (Tirpak et al., 2021). The amount of metal adsorbed on 

amendments can increase with aging, which could affect pathogen removal due to the metal 

toxicity (Li et al., 2016). For this reason, in some studies, copper and silver nanoparticles were 

added to adsorbents to improve the pathogen removal (Hrenovic et al., 2012; Li et al., 2014a; 

Milán et al., 2001; Tuan et al., 2011). The nanoparticle metal could increase the adsorption of 

pathogens into the adsorbents and inactivate the adsorbed pathogens (Kennedy et al., 2008; Li et 

al., 2014b; Xu et al., 2019). However, these adsorbent media have limited practical relevance due 

to their cost and limitation on scaling up the production (Li et al., 2014a). They could also leach 

metals (Li et al., 2014a), which could serve as a secondary contaminant. In contrast, exposure to 

heavy metal contaminated stormwater could increase the concentration of heavy metals on the 

media (Al-Ameri et al., 2018; Hermawan et al., 2021). The same process could contribute to the 

positive effect of aging on pathogen removal. However, it is not clear whether naturally adsorbed 

metals in biofilters can sufficiently alter the surface properties to have any effect on pathogen 

removal. As the biofilters are designed to last more than 15-20 years, the total exposure of metals 

after a few years could be sufficient to alter the surface properties of amendments. However, after 

installation, biofilters media are typically never monitored for their changes in surface properties, 

or their performance is rarely evaluated beyond the first 2 years (Tirpak et al., 2021). Laboratory 

studies typically examined the exhaustion in attachment capacity of amendments with aging (Li et 

al., 2012). Rarely, the positive effect of aging such as increased removal of the pathogen by 

adsorbed metal is considered. 
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This study aims to test the antibacterial properties to biofilter media aged with heavy metals 

in stormwater. We hypothesized that the aging of biofilter media with heavy metals in stormwater 

could improve their bacterial removal capacity. To test this hypothesis, biofilters amended with 

expanded shale, clay, and slate (ESCS) aggregates, a novel light-weight amendment, were aged 

by injecting stormwater contaminated with metals and compared their capacity to remove E. coli 

with unaged biofilters. To isolate the impact of chemical aging because of metal adsorption, other 

processes of aging were not simulated in this study. The results will help improve the 

understanding of how the aging of biofilter media with co-contaminants could affect long-term 

pathogen removals.  

6.2. Materials and Methods 

6.2.1. Stormwater Preparation 

Natural stormwater was used to simulate the aging of biofilter media.  Natural stormwater 

was collected from Ballona Creek, Los Angeles, and autoclaved before use to remove any 

microorganisms to accurately estimate E. coli removal by biofilter media. The stormwater 

naturally contained very low concentrations of Pb (below detection limit, 0.01 µg L-1), Cu (1.8 µg 

L-1), and Zn (8.3 µg L-1) (Table 6-1), which was not sufficient to simulate the long-term loading 

of metals within the experimental time scale. Therefore, stock solutions containing CuCl2, ZnCl2, 

and Pb(NO3)2 (Fisher Scientific) were spiked into the natural stormwater to raise the influent 

concentration to 500 μg L-1 for all metals. The concentration was an order of magnitude higher 

than typically found in stormwater (Tirpak et al., 2021) to simulate total metal loading in a few 

years in the field during the laboratory experiments that had a short duration. Based on the 

International Stormwater Best Management Practices (BMP) database, which aggregates data 

globally from different locations,  these three metals were selected because they are typically found 
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at higher concentrations than many other metals in stormwater and they exhibit a wide range of 

affinity to amendments (Tirpak et al., 2021). Among other metals that are present at high 

concentrations are Ni and Cr. While Ni exhibits similar adsorption characteristics as Zn (Tirpak et 

al., 2021), Cr exists as anions as metalloids. Thus, the adsorption of metalloids can have an 

opposite effect on a surface charge similar to other anions such as phosphate (Appenzeller et al., 

2002).  However, metalloid concentrations are present at a much lower concentration than metal 

cations (Tirpak et al., 2021), and can be outcompeted by other negatively charged species such as 

phosphate (Chowdhury and Yanful, 2010). Thus, we did not test the effect of metalloids on 

pathogen removal in this study. 

Table 6-1: Properties of the stormwater. 

Properties Stormwater 

pH 8.52 ± 0.005 

Electrical conductivity (μS cm-1) 1132.7 ± 2.05 

Pb (ug L-1) Below detection limit 

Cu (ug L-1) 1.8 

Zn (ug L-1) 8.3 

 

To test the antibacterial effect of biofilter media with adsorbed metals, a kanamycin-

resistant strain of Escherichia coli K12, a pathogen indicator was used (Ghavanloughajar et al., 

2020; Mohanty et al., 2014). E. coli were grown in a Luria-Bertani broth solution to a stationary 

phase, extracted by centrifugation, washed twice using a phosphate buffer saline (PBS) solution to 

remove the broth. A small volume of stock E. coli concentrated was spiked into the natural 

stormwater and their concentration was measured by spread plate technique. The mean 

concentration of E. coli in influent was measured to be 2.8 ± 0.3 ×  105 CFU mL-1. The 
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concentration is high enough to test the hypothesis and within the range found in the stormwater 

(Grebel et al., 2013). 

6.2.2. Model biofilter design 

In this study, model biofilters without vegetation were used to estimate the E. coli removal 

capacity of biofilter media without interferences from the confounding factors. Plants' effect on 

pathogen removal is limited, and any changes in pathogen removal in vegetated biofilters have 

been attributed to plants’ ability to alter the hydraulic retention time (Peng et al., 2016) and 

moisture content in the filter media (Li et al., 2012). Nevertheless, this reductionist approach 

without using plants has been used in numerous previous studies to examine the mechanisms of 

pollutant removal in the biofilters (Hatt et al., 2008; Mohanty et al., 2014; Sun et al., 2020).  

Natural biofilter media typically consist of sand or sandy soil with added amendments, if 

needed, up to 30% by volume (Tirpak et al., 2021). Many adsorbents such as biochar, metallic 

iron, and zeolite were tested to increase the metal adsorption (Tirpak et al., 2021). Here, Expanded 

Shale, Clay, and Slate (ESCS) aggregates (<2 mm) was used as biofilter media, which have been 

shown to remove a wide range of stormwater pollutants due to their lightweight and high removal 

capacity of many stormwater pollutants (Dordio and Carvalho, 2013; Kalhori et al., 2013; 

Malakootian et al., 2009; Nkansah et al., 2012). The lightweight media, which can be produced at 

a wide grain size distribution, has the advantage over others to be used in green roofs or other 

stormwater infrastructure based on both infiltration and treatment needs.  ESCS can replace sand, 

the most common amendment used for hydraulic control because the aggregate size can be chosen 

based on design need. They have additional advantages over sand because of lower freight and 

handling costs with much higher pollutant removal capacity. Thus, they can be used in rain gardens 

below the root zone to allow root growth, in a filter strip near the parking lot to permit rapid 
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drainage of water and remove pollutants,  and as filtering fills above the collection pipe in the 

infiltration basin. Different aggregate sizes can be used in permeable pavement. The model 

biofilters were designed by packing a mixture of quartz sand (ASTM 20-30, Humboldt Mfg Co.) 

and ESCS aggregate at a ratio of 7:3 in PVC columns (2.54 cm ID x 30 cm length). Compost or 

soil was not used in the mixture and plants on top to distinguish the role of ESCS pathogen 

adsorption or removal. First, a drainage layer was created using pea gravel up to 6 cm height with 

a 100 µm nylon membrane on top to prevent biofilter media to get into the drainage layer. Then, 

sand and ESCS mixture was added in incremental layers to a total filter media depth of 15 cm. A 

2-cm layer of pea gravel was added on top to prevent the resuspension or disturbance of the media 

particles during the stormwater application. Total six columns were packed. Of which, three 

columns were aged with metals and designated as aged biofilters, whereas the other three columns 

were exposed to stormwater without metals and designated as unaged biofilters (Figure 6-1).  

 

Figure 6-1: Experimental setup showing the pump (1) pumping stormwater into the columns (2), the 

effluents were then collected in the bottles (3). 

1 

2 

3 
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To ensure consistent packing of all biofilters, the bulk density of the packed media was 

estimated by dividing the weight of the media with the inner volume of the column and comparing 

between biofilters (Table 6-2). The pore volume (PV) was measured by subtracting the weight of 

the dry media biofilters from the weight of the saturated media biofilters (Borthakur et al., 2021). 

The residual PV was calculated by draining the saturated biofilters under gravity and subtracting 

the weight of the dry media biofilters from the weight of the drained biofilters. The hydraulic 

conductivity of the media was measured using a falling head method (Ghavanloughajar et al., 

2020).  

 

Table 6-2: Properties of the ESCS media columns. 

Properties Control Columns Heavy metal columns 

Bulk Density (g/cm3) 1.54 ± 0.05 1.52 ± 0.03 

Porosity (%) 29.8 ± 1.3 32.1 ± 0.3 

Residual pore volume (mL) 7.3 ± 1.4 9.2 ± 0.4 

Hydraulic conductivity (cm/sec) 0.02 ± 0.002 0.02 ± 0.002 

 

6.2.3. Aging of ESCS media with heavy metals 

The experiments were conducted in 5 phases: conditioning, aging, flushing, leaching, and 

E. coli injection. Experiments in the first four phases were designed to age biofilters by injecting 

stormwater with or without metals, whereas the last phase was designed to compare the E. coli 

removal capacities of aged and unaged biofilters (Table 1). All six biofilters were first conditioned 

by injecting stormwater at a constant flow rate of 1 mL min-1 (11.8 cm h-1) for 24 h to equilibrate 

the filter media with the stormwater until the effluent pH and ionic strength did not change 

(Borthakur et al., 2021). To age biofilter media with metals, 500 PV of stormwater spiked with 

metals was applied on the top of the biofilters at 11.8 cm h-1 for 10 days, and the effluent samples 
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were collected at the bottom to measure for heavy metal concentration. It was estimated that the 

aging phase exposed 7.2 mg of each heavy metal to biofilter media. This amount is equivalent to 

2.1 years of aging of biofilter receiving stormwater with similar metal constituents as Ballona 

Creek (19.9 ± 29.0 μg L-1 Cu, 4.4 ± 12.7 μg L-1 Pb, and 83.3 ± 241.2 μg L-1 Zn (Stein and 

Tiefenthaler, 2005) from an acre of catchment area in Los Angeles with an annual rainfall of 379.2 

mm yr-1. It should be noted that aging in field conditions can be more complex, and the speciation 

of adsorbed metals and metal oxides formed during aging could vary widely based on site 

conditions and time passed after the adsorption (Li et al., 2019; Meng et al., 2018). Nevertheless, 

the experimental design tested the effect of adsorbed metal in the short term without accounting 

for changes that may occur in natural conditions. 

After injection of metal-contaminated stormwater, the contaminated biofilters were then 

flushed with 50 PV of the natural stormwater without spiked metals, particularly to remove any 

unabsorbed heavy metals from the pore water. To estimate the leachability of the adsorbed metals, 

the flow was stopped for 24 h to allow time for loosely bound metal to desorb back into the pore 

water, and then 8 PV uncontaminated stormwater was injected to estimate the percentage of the 

adsorbed metals leached into pore water. To prepare the unaged biofilters or biofilters without 

adsorbed metals, the experiment was repeated by injecting natural stormwater without adding 

heavy metals into other triplicate biofilters. Effluent samples in all phases were analyzed for heavy 

metals by using Inductively Coupled Plasma- Optical Emission Spectroscopy (ICP-OES). The 

samples were centrifuged at 5000 RPM for 15 minutes to remove any particles, and the supernatant 

was acidified with nitric acid to lower pH below 1 before analysis.  
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6.2.4. Effect of aging on E. coli removal in biofilters  

Aged and unaged biofilters were subjected to intermittent infiltration of stormwater 

contaminated with E. coli. Heavy metals were not added to influent when the experiments were 

carried out for testing of E. coli removal capacity of aged and unaged media because dissolved 

metals can inhibit or inactivate the E. coli in stormwater and may overestimate their removal of 

ESCS media. In each injection, 8 PV of stormwater with 2.8 ± 0.3 × 105 CFU mL-1 of  E. coli was 

applied on the top of the biofilters at 11.8 cm h-1 for 3.3 h, and the effluent samples were collected 

from the bottom at two fractions following the procedure described elsewhere (Ghavanloughajar 

et al., 2021). The “first flush” sample fraction consisted of the first 5-10 mL of effluent sample 

collected, which contained the residual water from the previous infiltration event. The second 

fraction consisted of the stormwater injected during the infiltration events (179.9 ± 7.6 mL). Thus, 

the E. coli concentration in the first flush indicates the fate of E. coli in the pore water during the 

antecedent drying period, whereas the concentration in the second sample presents the overall 

bacterial removal capacity of the biofilter during the infiltration event. After each infiltration, the 

biofilters were drained by gravity and left at room temperature (22 ⁰C) for a specific drying 

duration until the next infiltration event. The process was repeated twice to simulate removal at a 

specific drying duration. To simulate the effect of varying drying duration on E. coli removal or 

potential growth or inactivation of E. coli in biofilters, drying durations of 1, 2, 4, and 7 days were 

simulated, where two injection events were carried out corresponding to each drying duration. The 

E. coli concentration in the effluent samples was measured using a spread plate technique 

described elsewhere (Mohanty et al., 2013). 
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6.2.5. Heavy metal and E. coli removal by ESCS media 

To examine the binding sites on ESCS media for the adsorption of heavy metals, ESCS 

media with and without adsorbed metals were characterized using Fourier Transform Infrared 

Spectroscopy (FTIR). 0.5 g of finely grounded ESCS media (size less than 75 μm) mixed with 40 

mL of synthetic stormwater spiked with 25 g L-1 Cu, Pb, and Zn in separate 50 mL centrifuge tubes 

for 48 hours. An abnormally high concentration of heavy metals was used because the heavy 

metals need to constitute at least 5% of the total sample volume to be detectable in the FTIR 

spectra. 0.5 g of finely grounded ESCS media was also exposed to 40 mL synthetic stormwater 

without any heavy metals as a control. The ESCS media was then dried along with Potassium 

Bromide (KBr, Acros Organics) for 18 hours. The ESCS powders were then mixed with KBr and 

pelletized using a hydraulic press at 8000-10000 psi. These pellets were then analyzed using a 

JASCO Model 420 FTIR instrument. To evaluate any change in surface charge of the ESCS media 

after heavy metal adsorption, the zeta potentials of ESCS media with and without adsorbed metals 

were measured at the pH (8.5) of stormwater. 0.5 g of finely ground ESCS media of size less than 

45 μm were added to two sets of centrifuge tubes containing 40 mL synthetic stormwater. One set 

was spiked with 300 mg L-1 of Pb, Cu, and Zn, and both the sets were shaken in a wrist action 

shaker for 48 hours. The tubes were then centrifuged at 1000×g for 1 min to settle all particles 

larger than 1 μm. The supernatant from both the tubes was then extracted and the pH of the 

supernatant was adjusted to 8.5 using NaOH and HCl. The zeta potential of the supernatant was 

measured using a Brookhaven zetaPALS instrument. Note that only particles of size less than 1 

μm were analyzed because particles of size greater than 1 μm gave erroneous results in the 

instrument. 
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E. coli can be removed by aged ESCS media through various mechanisms: adsorption to 

aged ESCS surface, inactivation of E. coli by dissolved metals leached from aged ESCS, and 

inactivation of E. coli by the adsorbed metals on aged ESCS media. To distinguish the role of each 

process, batch sorption studies were used.  To estimate removal by ESCS media without metals, 4 

g of ESCS media without metals (termed as unaged media) was mixed with 40 mL of stormwater 

with spiked E. coli, and the change in concentration in water samples was measured. To estimate 

the removal by aged ESCS, 4 g of ESCS was mixed in triplicated 50-mL centrifuge tubes for 48 

hours using a wrist action shaker with 40 mL synthetic stormwater (10 mM NaCl) spiked with 300 

mg L-1 of Pb, Cu, and Zn and adjusted to the same pH and electrical conductivity as the natural 

stormwater (Ghavanloughajar et al., 2020).  This simulated exposure of 12 mg of each heavy metal 

to 4 g of ESCS media, which corresponded to about 20 days of heavy metal injection in the biofilter 

experiments. The tubes were centrifuged at 5000 RPM for 15 minutes, and the supernatants were 

analyzed for metal concentration to estimate the dissolved and adsorbed metal concentrations.  The 

contaminated media settled in the tube were washed thrice with synthetic stormwater to remove 

heavy metals in the pore water. The washed media were designated as aged ESCS and were tested 

to examine their E. coli removal capacity by exposing them to stormwater containing E. coli for 7 

h. In this case, E. coli in stormwater may be inactivated by the dissolved metals leached from the 

aged ESCS or inactivated by the adsorbed metals on the aged ESCS media. To distinguish the 

contribution of each process, the aged ESCS was mixed with 40 mL synthetic stormwater using 

an orbital shaker for 48 hours to leach any loosely bound metals and centrifuged at 5000 RPM for 

15 minutes.  The settled ESCS media contained strongly adsorbed metals that were retained after 

the leaching test and were exposed to E. coli contaminated stormwater to estimate the contribution 

of the strongly adsorbed metals on E. coli inactivation or removal. The supernatant containing the 
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leached metals was exposed to E. coli to quantify the contribution of leached metals on the 

inactivation of E. coli.  Live-dead analysis was performed using fluorescence microscopy to 

qualitatively examine the fate of the adsorbed E. coli on ESCS media with and without aging with 

metals. After exposing E. coli to ESCS media with and without adsorbed metals for 7 hours, E. 

coli sorbed on both media were exposed to specific dye and observed under a fluorescence 

microscope to distinguish live cells from the dead cells (Mandakhalikar et al., 2018; Polasko et al., 

2021). 15 mL of 0.85% NaCl was added to both tubes. The tubes were then vortexed at full speed 

for 1 min, sonicated at 20 kHz, and 12 V amplitude for 50 s using a probe sonicator (QSonica, 

Newtown, CT), and vortexed again for 1 min to extract the adsorbed E. coli. The tubes were 

centrifuged again at 1000×g for 10 min to settle the ESCS media and supernatant was extracted. 

0.5 mL of the supernatant was mixed with 0.5 mL sterile DI water mixed with propidium iodide 

(PI) and SYTO 9 dyes (LIVE/DEAD BacLight Bacterial Viability Kit L13152, Invitrogen). Note 

that 0.85% NaCl was used to extract the E. coli instead of PBS solution as PBS solution reduces 

the staining efficiency of the dyes. The mixture was then allowed to equilibrate in the dark for 15 

minutes. 400 μL of the mixture was then added to a 35 mm glass bottom petri dish and was 

observed under a Leica SP8 Confocal fluorescence microscope. 

6.2.6. Data analysis 

The amount of heavy metals adsorbed on the ESCS media during the injection of the 

stormwater spiked with metals was estimated using Eq 1-1: 

% 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑 =  
∑ 𝑉𝑒𝐶𝑒

∑ 𝑉𝑖𝐶𝑖
× 100                 (Eq. 6-1) 

Where 𝑉𝑒 and 𝑉𝑖 are the volume of the effluent and influent samples, respectively, and 𝐶𝑒 

and  𝐶𝑖 are the heavy metal concentration in the effluent and influent samples, respectively, during 



169 

 

the injection and flushing stages. The amount of heavy metals leached during the leaching phase 

was determined using Eq. 1-2: 

% 𝑙𝑒𝑎𝑐ℎ𝑒𝑑 =  
∑ 𝑉𝑙𝐶𝑙

∑ 𝑉𝑖𝐶𝑖− ∑ 𝑉𝑒𝐶𝑒
× 100               (Eq. 6-2) 

Where 𝑉𝑙 is the volume of the effluent sample and 𝐶𝑙 is the heavy metal concentration in 

the effluent samples during the leaching phase. 

6.3. Results 

6.3.1. Characterization of ESCS with adsorbed metal 

The results reveal how the adsorbed metals change the surface properties of ESCS media. 

FTIR analysis shows adsorbed metals affect the characteristics of the peak 3500 cm-1 (Figure 6-2a), 

which corresponds to the hydroxyl groups (𝑅 − 𝑂𝐻) in the media (Merlic et al., 2001). The peak 

completely disappeared in the Pb adsorbed ESCS media, while twin peaks were observed in the 

Cu adsorbed ESCS sample. Adsorption of Zn also showed a sharp peak in that region. Zeta 

potential measurements showed that the adsorbed metals decreased the net negative surface charge 

of the ESCS media (Figure 6-2b). The zeta potential ESCS media without adsorbed metals at 8.5 

pH was -31 ± 3.3 mV, but it decreased to -7.7 ± 2.6 mV after the exposure to 300 mg L-1 Cu, Pb, 

and Zn in the batch studies. Typically, ESCS media has a net negative surface charge similar to 

any other clay minerals. Adsorption of metal cations could lower the negative surface charge by 

neutralizing the surface charges on clay minerals (Yukselen-Aksoy and Kaya, 2011). These results 

confirmed that the interaction of metals on ESCS media changed their surface properties, but they 

did not confirm the mechanisms of metal interaction. It was assumed that the mechanism of metal 

adsorption on ESCS media is similar to metal adsorption mechanisms on the raw material used to 

produce ESCS such as clay minerals, which has been extensively studied (Altın et al., 1998; Bradl, 
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2004).  Some other studies on ESCS also focused on ESCS adsorption (Kalhori et al., 2013; 

Malakootian et al., 2009). Therefore, the scope of the current study is to confirm metal adsorption 

so that the main hypothesis to understand the effect of adsorbed metal can be tested. The added 

metals (~ 7.2 mg), which is less than 0.0001% of the weight of filter media, would not change the 

surface area or porosity of filter media. 

 

Figure 6-2: (a) FTIR analysis of unaged ESCS media (Control) and aged ESCS media with adsorbed metals. 

The green band refers to the wavenumber range for aromatic C-H bending, the pink band refers to the 

wavenumber range for C-O stretching bond of primary alcohols and the blue band refers to the wavenumber 

range for -OH stretch for alcohols/phenols. (b) Zeta potential of unaged ESCS (without metals) and aged 

ESCS media (with adsorbed metals) at a pH of 8.5 were statistically different (p < 0.01), where the error 

bars represent a standard deviation over the mean from triplicate samples. 

6.3.2. ESCS has a high capacity to remove heavy metals 

The goal of this study is to examine if the adsorbed metal has any effect on E. coli removal. 

Thus, metal adsorption is a precondition to test the hypothesis related to the aging effect on E. coli 

sorption. The results confirmed that the ESCS media had a high removal capacity for Pb and Zn 

(Figure 6-3), meaning they can be tested for their impact on E. coli removal. After injecting 500 

PV of contaminated stormwater in the aging stage, the concentration of Pb and Zn remained below 

the detection limit (C/C0 = 0.1%), whereas the concentration of Cu in the effluent was 31.2% of 

the influent concentration (C0).  
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Figure 6-3: Breakthrough curves of (a) Cu, (b) Pb, and (c) Zn in the ESCS columns. The white squares 

denote the concentration of the respective heavy metal in the effluent samples while the dashed lines 

indicate the concentration of the heavy metal in the influent.  

Mass balance analysis (Figure 6-4) showed biofilters adsorbed 95.5 ± 3.9 % of the injected 

Zn, 86.5 ± 4.4% of injected Pb, and 80.5 ± 0.3% of injected Cu. The leaching potential of the 

adsorbed metals was found to be minimal. During the leaching phase, only 0.17 ± 0.02 % of 

adsorbed Cu and 0.02 ± 0.01% of adsorbed Pb were leached. The effluent concentration of Zn was 

below the influent concentration in natural stormwater, which resulted in additional retention of 

0.09 ± 0.005% Zn during the injection of natural stormwater without added metals. It should be 

noted that metal adsorption to ESCS media was tested before in the batch studies (Malakootian et 

al., 2009). This study confirmed that the removal is consistent with batch studies even though the 

hydraulic retention time in the study is an order of magnitude lower than the contact time used in 

previous batch studies. 
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Figure 6-4: Mass balance analysis showing (a) percentage of injected metals adsorbed in biofilters after the 

aging and flushing stages and (b) the percentage of the adsorbed metals leached during the leaching stage. 

The error bars denote standard deviation over the mean values from triplicate biofilters. Negative % 

leaching for Zn indicates net adsorption, not leaching, because the Zn concentration in effluent was lower 

than the concentration in influent stormwater. 

6.3.3. Aging of ESCS with heavy metals improved E. coli removal  

Aged ESCS media removed more E. coli than unaged ECSC media (Figure 6-5). E. coli 

concentration in the second sample, which represents biofilter removal capacity during each 

rainfall event, increased with an increase in the drying duration in successive rainfall events, 

indicating that E. coli removal capacity of the biofilters had decreased with successive infiltration 

events. However, the loss in removal capacity in the unaged biofilters was higher than that of the 

aged biofilters.  
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Figure 6-5: Change in mean effluent E. coli concentration in the effluent with an increase in drying duration 

for unaged biofilters and aged biofilters (with adsorbed metals). The error bars represent standard deviation 

over the mean value obtained from 18 samples from triplicate biofilters and duplicate experiments at a 

specific drying duration. The lines denote the best fits for the mean concentration in the effluents. 

During infiltration events after the 4- and 7-days drying period, the effluent E. coli 

concentration in unaged biofilters without metals was significantly (p< 0.05) higher than the 

effluent concentration in aged biofilters (Figure 6-6). The effluent E. coli concentration in the 

unaged biofilters increased exponentially with the increase in drying duration (R2 = 0.99): 𝐶/𝐶𝑜 =

0.36 × 𝑒0.14 ×𝐷𝑟𝑦𝑖𝑛𝑔 𝑑𝑎𝑦𝑠. However, the effluent E. coli concentration in aged biofilters increased 

logarithmically which appears to flatten out after 7 days of drying (R2 = 0.94): 𝐶/𝐶0 =

0.14 × ln(𝐷𝑟𝑦𝑖𝑛𝑔 𝑑𝑎𝑦𝑠) + 0.40. The E. coli removal capacity of the aged biofilter was 

consistently higher than unaged biofilters, indicating faster exhaustion of unaged biofilters 

compared to aged biofilters. 
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Figure 6-6: Effluent E. coli concentration (CFU mL-1) in second samples from Unaged (No adsorbed 

metals) and aged biofilters (Adsorbed metals). The ‘ns’notation denotes no significant difference in the E. 

coli concentration from the aged and unaged biofilters while * denotes a p value less than 0.05. 

The remobilization of adsorbed E. coli from the biofilters during the first flush was lower 

in the aged biofilters than that in the unaged biofilters (Figure 6-7).  The E. coli concentration in 

the first flush samples in aged biofilters decreased more rapidly than the unaged biofilters, 

indicating that the adsorbed metals reduced the leaching of E. coli from the biofilters during 

intermittent infiltration of stormwater.  

 

Figure 6-7: E. coli concentration in the first flush samples with an increase in drying duration in unaged 

(without adsorbed metals) and aged biofilters (with adsorbed metals). The error bars denote the standard 

deviation over the mean value obtained from triplicate biofilters and duplicate experiments at specific 

drying duration (total 18 samples per data point). The lines denote the best fits for the mean effluent 

concentration from biofilters. 
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The E. coli concentration in the unaged biofilters decreased linearly with the increase in 

drying duration (R2 = 0.99): 𝐶/𝐶𝑜 = −0.0.004 × 𝐷𝑟𝑦𝑖𝑛𝑔 𝑑𝑎𝑦𝑠 + 0.109. In contrast, the E. coli 

concentration in the aged biofilters decreased much faster by a power function (R2 = 0.98): 𝐶/𝐶𝑜 =

0.125 × (𝐷𝑟𝑦𝑖𝑛𝑔 𝑑𝑎𝑦𝑠)−0.602. Due to this, the E. coli concentration in the effluent samples from 

the aged biofilters was significantly lower than the unaged biofilters after 4 and 7 days of drying 

(Figure 6-8) 

 

Figure 6-8: Effluent E. coli concentration (CFU mL-1) in first flush samples from unaged  (No adsorbed 

metals) and aged biofilters (Adsorbed metals). The ‘ns’notation denotes no significant difference in the E. 

coli concentration from the aged and unaged biofilters while ‘**’ and ‘****’ denote a p value less than 0.01 

and 0.0001. 

6.3.4. Adsorbed metals, not desorbed metals, caused the inactivation of E. coli  

Batch experiments validated the result of the column experiments: aged ESCS removed 

more E. coli than unaged ESCS (Figure 5). When E. coli was exposed to aged ESCS, all the 

injected E. coli were removed within 3 hours due to a combination of adsorption and inactivation. 

In contrast, E. coli concentration remained high in the entire 7 h of incubation study with unaged 

ESCS. By removing the readily leachable metals increased the time to remove all E. coli to 5 hours. 

The results from the batch experiments also revealed that removal due to leached metals was 

negligible compared to the removal by adsorbed metals on ESCS. Exposing the E. coli to the metal 
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concentration that was leached from the aged ESCS due to the leaching test (68 μg L-1 Cu, 142.8 

μg L-1 Pb, and 61.5 μg L-1 Zn) did not reduce the E. coli concentration after 7 hours of exposure.  

The batch study also confirmed that removal of E. coli occurred via adsorption and 

inactivation, and adsorbed metals, not the leached metals, increased the inactivation of E. coli. 

Fluorescence microscopy confirmed that heavy metals adsorbed to the ESCS media or aged ESCS 

inactivated adsorbed E. coli (Figure 6-9a). A high number of green fluorescent cells were observed 

on unaged ESCS media (Figure 6-9b), indicating that most of the adsorbed cells were alive. In 

contrast, a high number of red fluorescent cells was observed in samples contacted with aged ESCS 

media (Figure 6-9c), indicating heavy metals on ESCS media increased the inactivation of the E. 

coli after adsorption.  
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Figure 6-9: (a) Change in E. coli concentration batch studies after exposure to unaged ESCS (control), 

Dissolved metals (Metals leached from ESCS), Adsorbed metals on ESCS (ESCS with strongly adsorbed 

metals), and aged ESCS (ESCS media after metal adsorption). The error bars denote standard deviation 

over the mean value obtained from triplicate experiments. (b) Fluorescence microscopy images for E. coli 

adsorbed on unaged ESCS (no adsorbed metals). (c) Fluorescence microscopy images for E. coli extracted 

from aged ESCS (adsorbed metals). The white arrows point toward the green live cells whereas white 

circles enclose the red dead cells. 
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6.4. Discussion 

6.4.1. Reasons for high metal adsorption capacity of ESCS  

Heavy metals are typically found in high concentrations in urban stormwater, where their 

removal can be challenging, particularly when hydraulic retention time (HRT) in biofilters is low. 

Results in the study showed that ESCS aggregates could adsorb significant amounts of heavy 

metals without leaching them later. Despite the short HRT of 5-10 mins used in this study, 

concentrations of each metal in the effluent samples were very low, indicating the ESCS 

aggregates can quickly sorb heavy metals (Figure 6-2). The result is similar to a previous study on 

copper-coated zeolite media, which also removed significant amounts of E. coli with a contact 

time of 4.5 minutes (Li et al., 2014a). However, copper-coated zeolite is cost-prohibitive to apply 

on a large scale. The average HRT in field-scale biofilters can range between 20 min to as high as 

13 days (Hatt et al., 2009; Zhang et al., 2021a). Since an increase in HRT can increase the removal 

of pollutants from stormwater (Fang et al., 2021; Zhang et al., 2021b), the metal removal capacity 

of the ESCS amended biofilters could be much higher in the field setting with longer HRT used in 

this study.  Compared to other amendments such as peat, compost, fly ash, or zeolite, ESCS 

exhibited a comparable or higher metal removal capacity (Lim et al., 2015; Tirpak et al., 2021). 

Thus, studies should adopt ESCS as an alternative amendment for biofilters to remove metals from 

stormwater. 

Although two studies tested ESCS media for stormwater treatment, they did not examine 

the adsorption mechanisms of heavy metals (Malakootian et al., 2009; Shojaeimehr et al., 2014). 

The quick removal of metals by ESCS was attributed to the strong affinity of metal to specific sites 

and the porous structure of the ESCS media (Kalhori et al., 2013). Based on FTIR analysis, the 

heavy metals primarily sorb to the ESCS media by interacting with the hydroxyl (𝑅 − 𝑂𝐻) groups 
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on ESCS (Figure 6-2a), where the oxygen atom could act as a strong Lewis base and form 

complexes with the metal ions (Lim and Lee, 2015). Since the oxygen atom (O2-) in the hydroxyl 

group is negatively charged, the adsorption of positively charged heavy metals could reduce the 

negative surface charge on the ESCS media.  The zeta potential measurement of the ESCS media 

after heavy metal adsorption confirmed a net decrease in the negative surface charge of ESCS 

media (Figure 6-2b). Overall, these results indicate that metals bind strongly on specific sites on 

ESCS media, which limits the leaching of metals into clean stormwater, and the adsorbed metals 

reverse the net negative surface charge, which increases the removal of E. coli. 

6.4.2. Antibacterial effect of adsorbed heavy metals in biofilters 

Pathogen removal in stormwater biofilters is typically challenging because of the 

possibility of growth of previously removed pathogens and their release during intermittent flow 

(Mohanty et al., 2014, 2013). Amendments such as biochar or iron filings could improve removal, 

but the exhaustion of adsorption sites on those media because of bacterial growth limits their utility 

in long term, indicating aging of these media could lower pathogen removal (Chandrasena et al., 

2014a; Valenca et al., 2021b). Using ESCS aggregate, it is shown that aging with metal-

contaminated stormwater benefited bacterial removal. It was demonstrated that the aged biofilters 

were able to maintain their E. coli removal capacity when the unaged biofilters exhausted quickly. 

The results were attributed to the inactivation of adsorbed E. coli in aged biofilters. The ability of 

the heavy metals to limit E. coli growth or enhance inactivation increased with an increase in 

exposure time during the drying period between rainfall events. This result indicates that the 

growth of attached E. coli in between rainfall events is limited, and most adsorbed E. coli could 

be eventually inactivated during a long period between the rainfall events. Although the negative 

effect of aging is often highlighted in the literature (Valenca et al., 2021a), the positive effect of 
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aging, particularly due to adsorption of metals, on pathogen removal has not been demonstrated 

before. We expect that other amendments that have high adsorption capacity as ESCS should also 

exhibit the positive effect of adsorbed metals on the pathogen removal (Tirpak et al., 2021) as long 

as the adsorbed metal is sufficiently high to alter surface charge and interaction with bacteria. 

Future studies should confirm the finding in field studies or other amendments. We used zeta 

potential measurement to prove the changes in surface charge with aging, FTIR analysis to confirm 

possible changes in surface properties of clay minerals after metal adsorption, and live-dead 

analysis to confirm the inactivation of bacteria. Thus, media aged in field conditions should be 

measured for these changes in surface properties to confirm the finding and relevance in the actual 

field setting. 

The remobilization of attached pathogens during intermittent infiltration of stormwater is 

a concern (Chandrasena et al., 2012; Li et al., 2012; Mohanty et al., 2013) because it would make 

the biofilter a source of pathogens. The results show that the adsorption of heavy metal on ESCS 

media also reduced the remobilization of adsorbed E. coli during intermittent infiltration of 

stormwater. Although unaged biofilters reduced the E. coli remobilization as well, the aged 

biofilters reduced the mobilization to a greater extent. This reduction in the remobilization of E. 

coli increased with exposure time drying periods between the rainfalls. An increase in exposure 

time during drying did not improve the first flush leaching of E. coli in other studies with biochar 

(Valenca et al., 2021b) and iron filings (Ghavanloughajar et al., 2021), but those studies did not 

use amendments aged with heavy metals. Most media are inert to pathogens, where pathogens are 

adsorbed on the surface without resulting in an inactivation (Peng et al., 2016; Tirpak et al., 2021). 

To facilitate inactivation, silver or copper nanoparticles or other metals were mixed with media 

(Li et al., 2016, 2014a, 2014b; Matsumura et al., 2003; Zeng et al., 2015), but these media are cost-
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prohibitive for large scale applications and thus have low practical significance. In contrast, ESCS 

media, which is produced at an industrial scale, can develop antibacterial coating by adsorbing 

metals naturally present in stormwater. Thus, with an increase in the age of biofilters, the ESCS 

media can become better at removing pathogens due to an increase in the concentration of metals 

on the media surface. 

6.4.3. E. coli removal processes on metal-coated ESCS media 

Metals in the biofilter media could mainly remove E. coli by two processes: inactivation 

and adsorption (Hrenovic et al., 2012; Li et al., 2014a; Nan et al., 2008). First, media could leach 

heavy metal into pore water, which could inactivate E. coli due to metal toxicity. Second, media 

could adsorb E. coli and inactivate them due to interaction with the adsorbed metals (Nan et al., 

2008). Batch experiments showed that leached heavy metals did not remove E. coli from the 

stormwater (Figure 6-9), indicating the contribution of leached metals on E. coli removal in the 

biofilters was negligible. In contrast, adsorbed E. coli were inactivated as confirmed by live-dead 

analysis in the study (Figure 6-9c). The heavy metals could inactivate E. coli by damaging the cell 

walls and accumulating in the E. coli cells (Raffi et al., 2010; Siddiqi et al., 2018; Tian et al., 2012). 

Overall, the results confirmed that the inactivation of E. coli was caused by adsorbed metals, not 

the leached metals from the contaminated ESCS. It should be noted that this study compared 

inactivation processes by adsorbed and dissolved metals, which can be present in biofilters pre-

contaminated with metals. The study did not confirm the mechanism of adsorption or inactivation 

by the metals. Future studies should examine the mechanism by probing the oxidative stress (Engel 

et al., 2018; Yang et al., 2021), and observing the changes in the cell wall characteristics (Glasauer 

et al., 2001). 
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These results have practical significance in the performance lifetime of biofilters. Biofilters 

are constructed with a service life of at least 20 years. However, the media could become exhausted 

long before the design lifetime (Blecken et al., 2009; Mohanty and Boehm, 2015; Okaikue-Woodi 

et al., 2020; Zhang et al., 2014), particularly for bacterial pollutants due to their growth between 

rainfall events (Chandrasena et al., 2014a, 2012). For the same reason, unaged ESCS in the study 

became exhausted and lost the bacterial removal capacity after a few rainfall events. The 

exhaustion rate was much slower in aged ESCS with adsorbed metals, even with increasing in 

drying duration. Thus, the aging of ESCS could help the performance life of the biofilters amended 

with ESCS. However, the experiment should be repeated in the field settings to include additional 

complexities such as competitive adsorption by organic matter, nutrients, or ions (Charbonnet et 

al., 2020; Mohanty and Boehm, 2015; Okaikue-Woodi et al., 2020).  

6.5. Conclusions 

The study shows that aging with co-contaminants such as heavy metals, which occur 

naturally, could have a net positive effect on the long-term removal of E. coli in biofilters. Results 

of batch experiments and column studies reveal that biofilters amended with ESCS aggregates 

could adsorb significant amounts of metals such as Pb, Cu, and Zn from stormwater and decrease 

net negative surface charge on ESCS media, and these changes increased E. coli removal. 

Spectroscopic analysis and surface charge measurement confirmed that ESCS media irreversibly 

bind heavy metals from contaminated stormwater and their surface charge becomes less negative, 

thereby attracting more E. coli from stormwater. The metal coating developed with aging could 

help maintain the long-term E. coli removal capacity of the biofilter by inactivating E. coli or 

limiting their growth. The adsorbed metal could either increase adsorption or inactivation. The 

live-dead analysis confirmed that the adsorbed metals inactivated E. coli by damaging the cell 
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walls. Any metals that could be leached from the metal-contaminated ESCS were found to be 

insufficient to inactivate E. coli. This enhanced adsorption and inactivation of E. coli cells enabled 

the aged ESCS media to exhaust at a much slower rate than the unaged ESCS media. Thus, filter 

media aging with metals should be considered in predicting the long-term pathogen removal in 

biofilters. 
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7. CHAPTER 7: CONCLUSIONS AND RECOMMENDATIONS 

7.1. Conclusions 

Colloids as a potential carrier of PFAS in surface water, subsurface soil, and air: An analysis 

of data from 43 studies reveals a significant role of suspended particles on the transport of PFAAs 

in surface waters and subsurface soils. Suspended particles in surface waters often contain 1-3 

orders of magnitude higher PFAA concentration than bed sediments, indicating the source of 

suspended parties in surface water may not be the sediments but eroded particles from source zones 

upstream. The subsurface soil depth corresponding to the concentration maxima decreases rapidly 

with increases in soil organic carbon content. Thus, organic-rich suspended sediment could 

facilitate the transport of PFAAs. Surprisingly, the depth corresponding to the concentration 

maxima is lower in areas receiving higher rainfall intensity. Collectively, the results indicate that 

suspended particles, which are often ignored in previous assessment studies, can be a significant 

pathway for the transport of PFAAs in the environment. Analysis of data from 8 studies that 

measured the PFAS concentration in dust samples from indoor environments shows that a 

significant fraction of total PFAS measured in the air are associated with dust, aerosol, and other 

particulate matters, and the long-chained PFAS are enriched in the dust. The analysis also reveals 

that an increase in PFAS chain length increases their association with dust. 

 

Flow fluctuations release colloids and associated PFAS into groundwater: Particles released 

during flow interruption could significantly increase PFAS concentration in the pore water. 

Following flow interruption, the increases in PFOA concentrations were higher than that of PFBA, 

potentially due to higher affinity via the long carbon chain of PFOA than PFBA. Despite the low 

adsorption capacity of the soil, the soil colloids contained enough PFAS to increase the PFAS 
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concentration in pore water significantly. The removal of colloids significantly decreased PFAS 

concentration, indicating studies that had not accounted for colloids might have underestimated 

PFAS concentration in the samples. Thus, PFAS should be desorbed from colloids before analysis 

to estimate the true concentration of PFAS in eluted water, particularly in specific conditions where 

colloid concentration may be high.  

 

Dry-wet and freeze-thaw cycles increase the transport of colloid-associated PFAS in the 

subsurface: Leaching of PFOA from subsurface soil increased when the soil was subjected to 

natural dry-wet or freeze-thaw cycles. An increase in PFOA release coincided with the release of 

soil colloids, indicating colloid release can be a significant pathway for PFOA release from the 

source zone. In this study, nearly 36% of PFOA in water samples was attributed to colloids. Thus, 

conceptual site models should account for the effect of natural weather cycles on the leaching of 

PFOA from the subsurface and the concentration of colloid-bound PFOA in water samples. 

 

Injection of PDADMAC regenerates and improves the PFAS removal capacity of biofilters: 

This study showed that injecting cationic polymers such as PDADMAC not only replenished 

exhausted PFAS adsorption sites but also increased PFAS adsorption, especially short-chain PFAS 

adsorption, through electrostatic interactions. Moreover, PDADMAC injection reduced the rate at 

which the biofilters clogged when loaded with suspended sediments. Therefore, injecting cationic 

polymers into stormwater biofilters can be a viable method to create stormwater biofilters with 

regenerative PFAS removal properties. 
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Natural aging of stormwater biofilters by heavy metals regenerates their pathogen removal 

capacity: The study shows that aging with co-contaminants such as heavy metals, which occur 

naturally, could have a net positive effect on the long-term removal of E. coli in biofilters. 

Biofilters amended with ESCS aggregates could adsorb significant amounts of metals such as Pb, 

Cu, and Zn from stormwater and decrease the net negative surface charge on ESCS media, and 

these changes increased E. coli removal. Adsorbed metals inactivated E. coli by damaging the cell 

walls. This enhanced adsorption and inactivation of E. coli cells enabled the aged ESCS media to 

exhaust at a much slower rate than the unaged ESCS media. Thus, filter media aging with metals 

should be considered in predicting the long-term pathogen removal in biofilters. 

7.2. Recommendations for future research 

Effect of PDADMAC injection on biofilter microbiome: PDADMAC is toxic to most 

microorganisms (Tran et al., 2015); however, certain bacteria such as Bacillus subtilis can grow in 

the presence of PDADMAC (John, 2008). Since Bacillus subtilis is involved in nitrogen fixation, 

it may oxidize the nitrogen in PDADMAC to form nitrate or nitrites. A previous study (SERDP 

report) found that microorganisms isolated from aquifer material excavated from a DoD 

contaminated site did not degrade PDADMAC but microbial community isolated from activated 

sludge did, indicating the microorganisms found in wastewater could degrade PDADMAC. Thus 

stormwater biofilters in cities where combine-sewer outflow could introduce this microorganism 

could degrade PDADMAC applied on biofilters. Nevertheless, to date, no study has examined the 

potential of microbial communities to degrade PDADMAC in stormwater biofilters or if the 

addition of PDADMAC could change the microbial activity or functions in stormwater biofilters. 
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Effect of heavy metal exposure on the co-selection of antibiotic resistance genes in 

stormwater biofilters: Although Chapter 6 showed that exposure to heavy metals can reduce E. 

coli growth in biofilters when exposed to 4 and 7 days of drying, longer periods of drying can 

increase the growth of the E. coli even in the presence of heavy metals. This is due to the growth 

of heavy metal-resistant bacteria by the heavy metals in the adsorbents (Rensing et al., 2000, 1997). 

Certain E. coli cells have genes such as the copA and the zntA genes which protect the microbes 

against heavy metal toxicity. Since heavy metals also co-select for antibiotic resistance genes as 

well, this could lead to greater expression of heavy metal and antibiotic resistance genes (ARGs) 

in the biofilter media (Seiler and Berendonk, 2012). Additionally, freezing conditions will 

concentrate heavy metals and pathogens in the pore water into a thin film of liquid between 

subsurface soil and ice by solute exclusion which will significantly increase the exposure of the 

pathogens to heavy metals, increasing the concentration of heavy metal and antibiotic resistance 

genes (DeGrandpre et al., 2021). However, the effect of heavy metal exposure on the expression 

of ARG in the biofilters has not been adequately explored. 
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