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ABSTRACT 

Objective: The historical use of an aqueous film forming foam (AFFF) formulations containing 
per- and polyfluoroalkyl substances (PFAS) for firefighting and training activities at the 
Department of Defense (DoD) sites has led to concern over the potential for contamination of 
groundwater. Because PFAS have been detected at higher concentrations exceeding regulatory 
guidance, cost-effective in situ groundwater treatment approaches that consider their unique 
chemical properties (high solubility, surface-active behavior, recalcitrance, and presence as 
mixtures) are needed. The objective of this work was to develop a predictable and low cost in 
situ horizontal reactive media well treatment train (technically named in situ chemical oxidation 
of sorbed contaminants (ISCO-SC)) for remediating PFAS contaminated groundwater. This 
research evaluates the feasibility, effectiveness, and sustainability of ISCO-SC, where granular 
activated carbon (GAC) is used to sorb and concentrate PFAS and AFFF derived co-
contaminants in situ, followed by contaminant destruction and GAC regeneration in situ using 
activated persulfate oxidation.  

Technical Approach: The research involved four major components. The first of these was not 
specifically funded by SERDP, however it relates directly to the ISCO-SC concept and is thus 
reported herein.  A flexible operational model of the horizontal well that adequately represents 
field application and allows for data collection across a wide range of test conditions was 
designed and constructed. This physical model was used to determine the expected capture zone 
of a horizontal well under a range of hydraulic conductivity differentials.  In the second 
component of the research, six types of coal-based GAC sources, as well as one coconut-based 
source, were characterized.  Characterization included physico-chemical properties as well as 
sorption capacity for PFAS.  Two GAC sources, F400 (coal-based) and CBC (coconut-based) 
from Calgon Corporation, were chosen for further evaluation based on their sorption behavior. 
Langmuir and Freundlichs isotherms were developed for PFOA and PFOS both individually and 
when present in mixture, in the presence of co-contaminants, and under varied geochemical 
conditions. A parallel study was conducted to increase the uptake of PFAS through surface 
property modifications of GAC by chemical treatment using hydrochloric acid, sodium 
hydroxide base, heat activated persulfate and catalyzed hydrogen peroxide. The third research 
component evaluated the effectiveness of heat-activated persulfate oxidation for degradation of 
PFAS sorbed onto the GAC through time-series batch tests and two-dimensional flow-through 
column tests. Column tests employed two different spent GAC sources from a field-scale pump-
and-treat site. Here, the persulfate dose efficiency, PFAS oxidation byproducts and 
intermediates, the possibility for in situ regeneration of PFAS sorbed onto GAC, and GAC 
reusability with treatment were explored broadly. The fourth component involved 
characterization of the biotransformation pathways for persistent PFOS using Meta-PC 
degradation simulation software.   

Results: Research results demonstrate the feasibility of horizontal well capture of contaminated 
groundwater. Results can be used to upscaling design and predicting field-scale performance.  
The ratio of hydraulic conductivity within the well to outside of the well is a key design 
parameter.   
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Sorption results indicate that GAC sorption capacity for individual compounds is greater than 
when PFAS are present in mixture.  Of the GAC sources evaluated, Calgon F400 GAC showed 
the highest sorption capacity. The presence of co-contaminants (kerosene, trichloroethylene, and 
ethanol), and variations in groundwater conditions (pH, the presence of sulfate anions, natural 
organic carbon, and iron oxides) demonstrated limited impact on the sorption behavior of PFAS 
under all experimental conditions tested. The extent of sorption of tested PFAS compounds 
increased with hydrochloric acid treatment likely due to increasing the positive charge density. 
Treatment with sodium hydroxide did not affect sorption capacity, and sorption decreased under 
oxidative treatment. All the treated GAC had lower active surface area compared to untreated 
GAC, which is the main physical property deemed responsible for reduced sorption.  

In persulfate treatment evaluations, PFOS exhibited no transformation even with increased 
activated persulfate oxidant dose. PFOA undergoes degradation yielding shorter chain 
compounds, however only when suspended in aqueous phase, avoiding oxidant attack when 
sorbed onto GAC. In the aqueous phase, the greatest extent of PFOA removal was observed with 
more frequent low concentration oxidant doses.  Temperature, aqueous pH, and GAC surface 
polarity, which are altered through persulfate treatment, were found to control the PFAS 
interaction with the GAC surface significantly. Persulfate treatment also altered the partitioning 
behavior of PFAS sorbed onto GAC.  Sorption was actually enhanced by persulfate treatment, 
making contaminants even less amenable to oxidative treatment. Evaluations of the degradability 
of recalcitrant PFOS using predictive software indicate that degradation is possible only under 
high energy photo-degradation and certain enzyme-catalyzed metabolism reactions.  

Benefits: Results of this research have enhanced knowledge and understanding toward the 
design and application of GAC treatment systems for PFAS removal.  Data collected can be used 
to design and predict treatment at pilot and full scale.  Furthermore, results guide the 
development of new PFAS sorption materials through improved understanding of sorption 
mechanisms and approaches for enhancing sorption. While persulfate treatment is ineffective for 
PFOS, the conditions resulting from its use, including generation of low pH and excess sulfate, 
can impact sorption of PFAS.  Results can be used to develop more effective sorption techniques 
and to extend the life of GAC.   
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1.0 OBJECTIVES 

The objective of ESTCP ER-2423 project is to develop a predictable and low cost in situ 
treatment train for remediation of groundwater contaminated by per- and polyfluoroalkyl 
substances (PFAS), toward expedited closure of Department of Defense (DoD) sites. The 
proposed treatment train approach, also termed as in situ chemical oxidation of sorbed 
contaminants (ISCO-SC), takes advantage of the key features of two current best practices for 
treatment of PFAS contaminated water, sorption onto granular activated carbon (GAC) and 
destruction using activated persulfate oxidation, while understanding key limitations of each. 
The work evaluates the feasibility, effectiveness, and sustainability of a treatment train approach 
where activated carbon is used to sorb and concentrate contaminants in situ, followed by 
contaminant destruction and carbon regeneration in situ using activated persulfate.   

This combined remedy is conceived to be applied using a novel horizontal reactive media well 
(HRX WellTM), (patent US 8,596,351). The approach uses large diameter directionally drilled 
horizontal wells filled with granular reactive media, such as GAC, installed in the direction of 
groundwater flow (Figure 1.1). The concept leverages natural “flow-focusing” behavior created 
by the strong well-to-aquifer permeability contrast to capture and passively treat proportionally 
large volumes of groundwater in situ. Contaminant discharge from sources and high-
concentration plume zones can be dramatically reduced and cost-effectively sustained over many 
years. By greatly reducing/eliminating source zone discharge, downgradient plumes can be 
effectively treated, possibly even achieving low water quality standards in a relatively short 
period of time. 

The HRX WellTM has the potential to overcome a variety of limitations to the current common 
treatment approach of delivering aqueous amendments to the subsurface via injection, including 
the ability to introduce reagents, high energy requirement, limited ability to address low 
hydraulic conductivity situations, difficulty treating large plumes, etc. The HRX WellTM 
approach can provide rapid and dramatic reduction in contaminant mass flux and it requires no 
above ground treatment or footprint and limited ongoing maintenance.  

 
Figure 1.1. The horizontal reactive treatment well approach illustrating flow focusing and 
treatment under buildings and infrastructure at an active facility. 
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Specific questions the research addressed include: 
• Does HRX WellTM built with activated carbon media passively capture the flow of 

groundwater from aquifer? 
• Are particular sources of granular activated carbon (GAC) more favorable for sorbing 

PFAS than others based on physical and chemical properties? 
• What influence do varied groundwater conditions, including dissolved organic matter, 

and common co-contaminants have on sorption of PFAS? 
• Can PFAS sorbed onto GAC be treated by oxidation using activated persulfate? 
• Does activated persulfate treatment of GAC affect the physical properties, chemical 

properties, and/or subsequent sorption of PFAS and/or co-contaminants? 
• What intermediates and byproducts are generated during oxidation of PFAS and/or which 

PFAS remain untreated? 
• Are intermediates, byproducts, and/or untreated PFAS potentially amendable to 

biodegradation? 
• Is the ISCO-SC treatment train approach cost-effective and sustainable relative to other 

potentially viable approaches? 
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2.0 BACKGROUND 

2.1. PFAS CONTAMINATION AT DOD SITES 

2.1.1.  Historic use of Aqueous Film Forming Foam (AFFF) Formulations  
Firefighting foams are mainly used to extinguish fire caught on inflammable polar and non-polar 
solvents. The synthetic foam formulation called Aqueous Film Forming Foam (AFFF), also 
denoted by A3F, has a property to coat the surface of a fuel source with layer of low-density 
foam that blocks atmospheric oxygen supply and eventually acts as a barrier to inhibit and 
extinguish combustion (Pabon & Corpart, 2002; Williams et al., 2011). Low density foam is 
formed when AFFF is applied through a nozzle, and when it is applied to the solvent surface, it 
prevents risk of re-ignition caused by solvent evaporation. AFFF are found as very efficient type 
of fire suppressants to attack a broad range of class B fire accidents (Lehmler, 2005). PFAS were 
used as essential components in AFFF formulation because they act as excellent surfactants and 
aqueous surface tension lowering agents (Liu et al., 2012). The properties such as low volatility, 
high water stability, thermal stability, emulsifying behavior,  and resistance to chemical and 
biological degradation, make PFAS an essential ingredients in AFFF (Buck et al., 2011; 
McKenzie et al., 2015). PFAS composition in AFFF formulations varied from 1 to 5% 
depending on specific property requirements (Anderson et al., 2015). The other additive in AFFF 
formulations were selected based on the desired end results such as extinguishing time, corrosion 
rate, resistance to freezing, environmental impact concerning biological oxygen demand (BOD), 
chemical oxygen demand (COD), and total fluorine contribution to the environment 
(Lewandowski et al., 2006). 

PFAS formulated AFFFs were extensively used for decades of firefighting and training 
operations at DoD facilitates before they were characterized as contaminants of concern (Backe 
et al., 2013; Filipovic et al., 2015). Detection of PFAS along with fuel, chlorinated hydrocarbons, 
solvents (e.g., glycols and alcohols), and AFFF additives at investigation sites made it evident 
that all the compounds were simultaneously released into environmental matrices from AFFF 
formulations used during fire extinguishing operations (McGuire et al., 2014). Natural cycles 
such as infiltration, percolation, and runoff from the spills, discharges and disposal sites are 
assumed to be reasons for PFAS transport to groundwater, surface water, and wastewater 
treatment plants. Because of insufficient data regarding the magnitude of PFAS and AFFF used 
in the history of applications, understanding the extent of surface soil and groundwater 
contamination has become complex and challenging (Anderson et al., 2015). To date, there are 
estimated to be hundreds of DoD sites that are environmentally affected by AFFF and are 
potentially in need of remediation.  

2.1.2.  PFAS for AFFF Applications 
2.1.2.1. Manufacturing of PFAS for AFFF Applications. PFAS surfactants used throughout the 
history of AFFF formulations were produced mostly via either electrochemical fluorination 
(ECF) of hydrogen fluoride or telomerization of tetrafluoroethylene (Buck et al., 2011). The ECF 
process was developed by the 3M and later used by other manufacturers to produce 
perfluoroalkane sulfonates (PFSAs) and perfluoroalkyl carboxylic acids (PFCAs). The ECF 
technique was considered as the principle process to meet the supply of PFAS for AFFF use 
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because of cost-effectiveness factor and low side product yield benefits (Moody & Field, 2000). 
During the period of ECF process domination, fluorotelomer surfactants produced through the 
telomerization process were also employed but gained very less market share (Pabon & Corpart, 
2002). According to estimates, foam formulations from 1965 to 1974 used PFCAs as surfactants, 
and from then PFSA-based surfactant became predominant until voluntary production phase out 
of PFOS and its precursors by 3M in the year 2002 (Anderson et al., 2015; Lehmler, 2005). 
Beginning in 2002, there was a significant shift in production of surfactants, and it involved 
employing telomerization process to a greater extent to produce fluorotelomer surfactants and 
PFCAs (ASTSWMO, 2015; USEPA, 2012b). Supporting the goal of eliminating the eliminating 
long chain fluorinated surfactants from the environment, a new mixture of environmental 
friendly surfactant grade AFFF formulations manufactured today doesn’t contain PFOA, PFOS, 
and high chain length precursors. However, the fluorinated compounds used today are shorter 
chain compounds defined by their less toxic and biopersistant nature, and include mixture of 
fluorocarbons and hydrocarbons to achieve desired properties as conventional PFAS (Anderson 
et al., 2015). 

2.1.2.2. PFAS Detection at Contaminated Sites. Place & Field (2012) researched the major 
perfluorinated compounds used by US Military in AFFF formulation, and found that foam 
formulations supplied from manufacturers using the ECF process included mainly PFOS-based 
products and other shorter chain derivatives namely C6-C8 perfluoroalkyl sulfonates, C4-C6 
perfluoroalkyl sulfonamides of carboxylic acid. Foam formulation from fluorotelomerization 
process contained 6:2 fluorotelomer thioether amido sulfonate and a telomere-based complex 
mixture of fluorotelomere sulfonamides with perfluoroalkyl chain lengths of 4, 6, 8 or 10 (Backe 
et al., 2013). In work led by D’Agostino & Mabury, (2014), around 103 different fluorinated 
compounds were tracked in a sample group of 10 different AFFF formulations, and that included 
22 distinctive classes of perfluoroalkyl substances. Identification of a diverse range of 
perfluorinated moiety of compounds in different proportions is due to the reason that 
manufacturers used to change the foam formulation grades to meet the specific property 
requirements of AFFF. PFAS detected in environmental matrixes include a broad range of 
fluorinated contaminants including fully fluorinated perfluoroalkyl sulfonic acids, perfluoroalkyl 
sulfonamides and highly diverse set of fluorotelomers. The nature of particular PFAS is derived 
from the method employed to manufacture them, and importantly the production method 
significantly defines its properties and as well delineates the degradation pathways followed in 
different environmental conditions (Anderson et al., 2015). Through the action of microcosms, 
the environmentally unstable precursors like long chain fluorotelomers and perfluoalkyl 
sulfonamides can transform to form stable class of compounds like PFOA, PFOS, PFHxS, and 
other short chain PFASAs and PFSAs (Key et al., 1997; Arias Espana et al., 2015).   

2.1.3. Environmental Persistence, Fate, and Transport 
PFAS are extremely persistent. They do not hydrolyze or degrade (physical, chemical or 
biological deterioration) in general environmental conditions (Tang et al., 2012). They exhibit 
very little to absolutely no volatility due to their ionic nature. PFOA and PFOS will remain stable 
in a water source even under extreme pH conditions. The geometric mean degradation half-life 
in water for PFOA and PFOS is greater than 41 years and 92 years, respectively (USEPA, 
2012a). Perfluorinated chemicals show potential for bioaccumulation in human and animals. 
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Indeed, their bio-magnification rate in wildlife increases up the food chain. PFAS have been 
found in animal tissues throughout the globe. PFOS and related compounds were discovered in 
fish, bird, amphibians and marine mammals including seals, dolphin, polar bears from remotely 
located arctic zones that are far away from human activity (Martin et al., 2004; Smithwick et al., 
2006; D’Agostino & Mabury, 2014). PFAS are discovered in a large spectrum of sources 
throughout the world in soil, groundwater, surface water, rainwater, icecaps, animal tissues and 
human blood serum (Kannan et al., 2004; Martin et al., 2004). 

Conceptual models of sites with PFAS contamination (along with co-contaminants) are starting 
to emerge based on improved understanding of PFAS fate and transport in the subsurface as a 
function of media properties and in the presence of co-contaminants resulting from work funded 
by SERDP (ER-2126, Behavior of Perfluoroalkyl Chemicals in Contaminated Groundwater).  
However, what is emerging is clarification of how complex these sites are due to the varied 
properties of PFAS (and thus their varied mobility and degradability), the potential 
transformation of precursors to more mobile compounds, and changes to interactions with the 
subsurface in the presence of co-contaminants.  

PFAS were detected at a higher concentration in environmental matrices around fire-fighting 
facilities (Anderson et al., 2015). Even fresh water in the vicinity of fluorochemical utilization 
facilities is shown to contain PFAS above regulatory limits (Moody et al., 2001; Takagi et al., 
2011). Soil and groundwater  samples collected from contaminated firefighting were found to 
contain higher concentration (µg/g to mg/g) PFAS (McGuire et al., 2014; Filipovic et al., 2015). 
Filipovic et al., (2015) observed high concentration of PFAS in top soil and change in 
concentration along the depth in the subsurface. Also, PFAS concentrations were reported to 
vary depending on organic carbon content in the soil (McGuire et al., 2014; Filipovic et al., 
2015). According to McKenzie et al. (2015), the mobility of PFAS in subsurface soil and 
groundwater decreases with increase in content of natural mineral and organic carbon 
composites.  

During PFAS transport from source to groundwater, they interact with aquifer solids, sediments, 
bio-solids, and minerals. The precursors transform to form specific perfluoroalkyl acids 
(PFAAs), including perfluoroalkyl carboxylic acids (PFASAs) with carbon chain ≥ 7 and 
perfluoroalkane sulfonic acids (PFSAs) with carbon chain ≥ 6, depending on the source type of 
PFAS released to environment (Buck et al., 2011; Backe et al., 2013). Because some PFAS are 
zwitterionic complexes, they undergo sorption onto solid surfaces during their transport (Guelfo 
& Higgins, 2013b; McGuire et al., 2014).  Many of these are PFOA and/or PFOS precursors that 
are less mobile than their transformation products, and serve as a continuing source of these 
compounds in the subsurface environment (McGuire et al., 2014; Schaefer et al., 2015).  

2.1.4. Environmental Regulations for PFAS  
Detection of PFAS at higher concentrations in water sources including groundwater particularly 
around AFFF contaminated sites have raised concerns over threats to human health and the 
environment. State and federal regulatory agencies, scientific communities, USEPA, and 
Department of Defense (DoD), have led hazard identification and risk assessment research 
studies to establish protocols and regulations. Since 2002, the EPA tried to limit the production 
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and minimized the use of long chain PFAS by introducing Significant New Use Rules (SNURs). 
Under SNURs, initially in 2002, mainly 75 PFOS related fluorinated substances from the list of 
3M’s voluntary phase-out were added to prohibited chemicals list (including production, import, 
and general usage) with an exception for highly technical applications with conditions of low 
volume, low exposure, and low releases. In 2007, SNURs were amended to include 183 
additional PFAS chemicals. At the same time, PFOS related substances were also restricted in 
Europe. In 2009, PFOS related compounds were added to Stockholm Convention candidate list 
as persistent organic pollutants (Paul et al., 2009). Under the Toxic Substances Control Act 
(TSCA), EPA proposed another SNUR in 2012 requiring companies to report in advance of 
starting or resuming new uses of long chain PFASAs (USEPA, 2012a, 2012b). Following the 
detection of PFOA and PFOS in a number of United States cities in both surface water and 
drinking water at varied concentrations, in January 2009, under EPA provisional health 
advisories, short-term exposure limits through ingestion was set as 0.2 µg/L for PFOS and 0.4 
µg/L for PFOA (ASTSWMO, 2015). In the same year, USEPA Region IV scheduled residential 
soil screening level of 6 mg/kg for PFOS and 16 mg/kg for PFOA. In 2012, PFOS and PFOA 
compounds were considered under EPA’s Unregulated Contaminant Monitoring Rule (UCMR) 
for continuous observation on concentration levels in drinking water, and in 2015 both the 
chemicals were enlisted on USEPA’s Contaminant Candidate List (CCL) and Safe Drinking 
Water Act (SDWA). There are several provisional health-based guidelines PFAS set by different 
regulators, however, in May 2016, the USEPA announced lifetime drinking water health 
advisory of 70 ng/L for combined PFOA and PFOS combined concentrations and 300-7000 ng/L 
for C4-C7 PFAS (USEPA, 2016; Merino et al., 2016). 

2.2. PFAS RESEARCH IN DRINKING WATER/WASTEWATER TREATMENT 
Due to the occurrence of PFAS in the environment, wastewater effluents and finished drinking 
water, studies have been undertaken to evaluate a variety of conventional and advanced treatment 
technologies for PFAS removal from and/or degradation in water. Conventional water treatment 
processes have been demonstrated to be ineffective for removal or destruction of PFAS (Deng et 
al., 2011; Takagi et al., 2011; Thompson et al., 2011; Zhao et al., 2013). While advanced 
treatment processes such as nanofiltration and reverse osmosis can be effective barriers for PFAS 
(Steinle-Darling & Reinhard, 2008), these processes are limited to above ground treatment 
systems and produce a large residual stream.  

Past research into the sorption of PFAS onto reactive and non-reactive adsorbents has indicated 
that activated carbon (powdered and granular), carbon nanotubes, and ion exchange materials 
(natural, such as zeolites, or manufactured) are all viable materials for sorbing PFAS (Ochoa-
Herrera and Sierra-Alvarez 2008; Yu et al. 2009; Senevirathna et al. 2010a; Zhou et al. 2010a, 
2010b; Takagi et al. 2011; Chen et al. 2011; Deng et al. 2012). For treatment of contaminated 
groundwater, recent research evaluating adsorption processes for removal of PFAS has indicated 
that carbon adsorption and ion-exchange processes can effectively remove various PFAS from 
aqueous matrices (Steinle-Darling and Reinhard 2008; Yu et al. 2009; Carter and Farrell 2010; 
Zhou et al. 2010a; Chen et al. 2011; Eschauzier et al. 2012).  

Because sorption of contaminants onto activated carbon depends on the bulk surface area of 
materials and the surface area of the materials’ micropores, different sources of carbon have 

https://docs.google.com/document/d/1qey1w0xzF44nSIYW0fi7qIbuTO0f693LOEbRdVAhmr0/edit#heading=h.lnxbz9
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different sorption capacities and rates. PFAS sorption to activated carbon is believed to occur 
mainly through hydrophobic interactions, although electrostatic interactions between anionic 
PFASs and amphoteric carbon surfaces can be important. As a result, PFAS-carbon sorption 
capacities depend on carbon characteristics (e.g., porosity, surface area, point-of-zero-charge pH 
(pHpzc)), and water chemistry (e.g., pH, ionic strength). Several studies have reported that PFAS 
can form micelles at the surfaces of activated carbon, which may facilitate sorption due to 
sorbate-sorbate hydrophobic interactions, even when present at concentrations less than the 
critical micelle concentration (Johnson et al., 2007; Yu et al., 2009; Zhou et al., 2010a).  
Selection of an appropriate carbon source for treating PFAS is important because of the unique 
chemical properties and combined sorption/exchange behavior of PFAS, coupled with the 
complex geochemical conditions of the subsurface.   

2.3. REMEDIATION OF PFAS CONTAMINATED GROUNDWATER  
While the understanding of the fate and transport of PFAS continues to grow, there clearly 
remains significant uncertainty regarding their behavior and site-to-site variations in 
concentrations and transport conditions. Because multiple sources of PFAS, precursors, and 
degradation products in groundwater can occur spatially, and because contaminant mobility 
varies compound-to-compound and site-to-site, a treatment approach that intercepts/captures 
groundwater as it moves away from a site is a comprehensive, conservative, and protective 
treatment approach – at least until we have the improved understanding needed to develop the 
type of detailed conceptual site models (CSMs) necessary for a targeted approach. Until then, 
targeted approaches (e.g., amendment delivery) to treat PFAS-contaminated soil and 
groundwater could translate to inefficiently and expensively “chasing” contaminant with limited 
ultimate risk reduction.  

Past research into the sorption of PFAS onto reactive and non-reactive adsorbents has indicated 
that activated carbon (powdered and granular), carbon nanotubes, and ion exchange materials 
(natural, such as zeolites, or manufactured) are all viable materials for sorbing PFAS (Ochoa-
Herrera & Sierra-Alvarez, 2008; Yu et al., 2009; Senevirathna et al., 2010a; Zhou et al., 2010a, 
2010b; Takagi et al., 2011; Chen et al., 2011; Deng et al., 2012; Appleman et al., 2013, 2014). 
However, because activated carbon is inexpensive and readily available, the USEPA’s document 
“Emerging Contaminants – Perfluorooctane Sulfonate (PFOS) and Perfluorooctanoic Acid 
(PFOA)” issued in May 2012 suggest carbon filtration as one of the most viable approaches for 
treating PFAS in groundwater (USEPA, 2012a).   

In general, the use of activated carbon alone for treatment of PFAS-contaminated groundwater is 
limited for two primary reasons: (1) its implementation for treating groundwater is typically ex-
situ via expensive and energy intensive pump-and-treat (aside from limited application for 
sediment treatment via in situ mixing (Cho et al., 2009; Kupryianchyk et al., 2012)); and (2) 
spent materials are expensively managed as hazardous waste ex situ, often via incineration or 
landfill disposal. As a result, researchers are evaluating alternative destructive treatment 
technologies for PFAS that do not rely on sorption and disposal. These include photocatalytic 
degradation, chemical oxidation, chemical reduction, thermal destruction using electrical 
resistance heating, plasma treatment, and sonolytic degradation. Each of these, while in 
development, is currently challenging, expensive, and some are impossible to implement in situ.  
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The recently developed promising sustainable remediation approach named In Situ Chemical 
Oxidation of Sorbed Contaminants (ISCO-SC) offers an opportunity to overcome the limitations 
of using activated carbon in situ include: (1) the development of horizontal reactive media wells 
(HRX WellTM, patent US 8,596,351 B2) (Divine et al., 2013); and (2) the use of chemical 
oxidants for both contaminant destruction and carbon regeneration and reuse.  

2.4. ISCO-SC HORIZONTAL TREATMENT TRAIN  

2.4.1. The HRX WellTM 
The HRX WellTM (Figure 1.1) is a novel approach involving installation of a large-diameter 
horizontal well within a contaminant plume.  The approach is currently in the process of 
demonstration and field validation (ESTCP project ER-201631) (Divine et al., 2013). The HRX 
WellTM is oriented in the general direction of groundwater flow, and the well is filled with a 
granular reactive media such as activated carbon. Flow-focusing resulting from high in-well 
hydraulic conductivity of the engineered reactive media relative to the aquifer hydraulic 
conductivity causes a wide area of impacted groundwater (shaded red in Figure 1.1) to passively 
flow into the well through the screen at the upgradient portion of the well. Because the well is 
filled with activated carbon, impacted groundwater is treated in situ as it flows through the well. 
The treated groundwater then exits the well through the screen along the downgradient sections 
(shaded blue in Figure 1.1). It is important to note that in contrast to injected fluid-based in situ 
strategies, the treatment performance of the HRX WellTM approach potentially increases with 
decreasing aquifer hydraulic conductivity (due to the increased permeability contrast and flow-
focusing). The HRX WellTM approach can provide rapid and dramatic reduction in contaminant 
mass flux and it requires no above ground treatment or footprint and limited ongoing 
maintenance. 

To date, horizontal wells for remediation and drainage have been constructed with diameters up 
to 12” and lengths approaching 2,000 feet. Most environmental wells are 8 inches in diameter or 
less, but can be larger. Horizontal directional drilling (HDD) is a robust and proven strategy that 
has become a very successful tool in groundwater remediation. One of the reasons that horizontal 
wells are so effective is that most environmental contaminants are with 100 feet of the surface 
and the plumes are planar in nature. Consequently, it often takes many vertical wells to achieve 
the same linear footage of well screen in contact with the contaminants as a few horizontal wells 
(Kompani-Zare et al., 2005). Horizontal wells are used in a variety of remediation strategies, and 
most commonly is to remove contaminants from soil (Zhan, 1999). In situations where volatile 
chemicals have contaminated soil or water, there are several remediation options utilizing 
horizontal wells to include: soil vapor extraction, steam injection, and free product removal. 
Specifically, for groundwater remediation, horizontal wells are used in groundwater extraction, 
air sparging, chemical injection, and bioremediation strategies. Due to their prevalence in the 
petroleum and remediation industries, there is a substantial amount of literature that examines 
horizontal wells in different ways. However, the literature to date does not address the subject 
where the passive well is filled with solid media oriented in the direction of groundwater flow. 
None of the current solutions captured in the literature apply to the proposed design here because 
of several reasons: 
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• Most studies are related to the pumping and removal of water from the aquifer (Mohamed 
& Rushton, 2006; Zhan, 1999). In the HRX concept, the water remains in situ always.  

• Others assume that the well is empty (infinite hydraulic conductivity (𝐾𝐾)) and there is 
little to no resistance within the well (Kawecki, 2000; Kawecki & Al-Subaikhy, 2005; 
Kompani-Zare et al., 2005). The HRX WellTM is filled with a solid reactive media and the 
capture and treatment zone dimensions will be highly dependent on the hydraulic 
conductivity differential between the reactive media and the aquifer. 

• Because the wells are pumped and the pumping rates are much higher than the hydraulic 
conductivity of the aquifer, it is assumed that groundwater flow into a horizontal well 
enters perpendicularly (Mohamed & Rushton, 2006). They assume that there is no flow 
in the direction of the horizontal well (Kawecki & Al-Subaikhy, 2005). The HRX 
concept is oriented in the direction of the groundwater flow and relies on the horizontal 
flow in direction of the well as the primary capture mechanism. 

After a period, most treatment media, regardless of in situ or ex situ configuration, become 
exhausted of chemical reagents, or saturated with contaminants. For long-term viability of the 
HRX WellTM treatment technology, a mechanism that is relatively easy and economical well 
maintenance must be outlined. By inclusion of a smaller diameter injection line within the larger 
diameter HRX WellTM, it is feasible to regenerate treatment media in place, without the necessity 
for removal, making regeneration of activated carbon using suitable oxidant like activated 
persulfate. This might be accomplished by monitoring the condition of the treatment media 
through downhole instrumentation. When regeneration becomes necessary, the activated 
persulfate could be pumped directly into the small diameter injection line and the system could 
be readily designed such that little of the regeneration fluid would escape to the surrounding 
formation. 

The only system that currently uses a hydraulic conductivity differential to capture groundwater 
like the HRx is the trench and gate system. Similar in design to funnel and gate, trench and gate 
systems use high permeability trenches to collect groundwater and direct it to a gate where the 
groundwater is treated (Bowles et al., 2000). Researchers demonstrated that groundwater 
elevation contours were deflected by a trench and gate system. The main advantage of the trench 
and gate over the funnel and gate system is that it eliminates “mounding” and reduces the 
amount of water that bypasses the system. 

In a funnel and gate system, a “funnel” is created using materials with low hydraulic 
conductivities (clays) that direct the water to a “gate” where it is treated.  One of the major 
concerns with the funnel and gate system is that groundwater builds up along the funnel leading 
to “mounding.” Once mounding occurs, there is a higher probability of water flowing over or 
around the funnel and bypassing the gate. Because the trench and gate system is constructed with 
areas of higher conductivity, there is no possibility of mounding and more water is directed to 
the gate for treatment. However, even though this system relies on hydraulic conductivity 
differential to capture groundwater, Bowles et al. (2000) made no attempt to determine how the 
ratio of K values affects the ability to capture groundwater, and assumes all the groundwater in 
question flows into the trenches and to the gate. It also shows that the trench system is more 
effective than funnels in areas with low hydraulic conductivity, but does not attempt to quantify 
the difference. 



 

10 

For the HRX WellTM to be an efficient method to treat groundwater, it must have a capture width 
significantly greater than the diameter of the well and it must behave in a predictable fashion. 
Therefore, two questions that are important to answer before advancing the technology include: 
1) Does the HRX WellTM effectively capture groundwater? 2) Is the capture zone predictable as a 
function of well media and aquifer permeability?  

2.4.2. Oxidation Techniques for PFAS Degradation and GAC Regeneration 
Different oxidation- reduction combinations of reactions have been evaluated to degrade PFAS 
(Vecitis et al., 2009). Generally used oxidants in soil and groundwater remediation include but 
not limited to: permanganate (l), hydrogen peroxide (l), ozone(g), persulfate(p), peroxone (l)(g), 
percarbonate (s) and calcium peroxide (s). Through activation, some oxidants yield more reactive 
species that can transform and degrade recalcitrant contaminant compounds. Depending on the 
type of oxidant, degradation steps involves electron transfer and free radical reaction pathways 
through various intermediate steps. Among the produced reactive species, oxygen-containing 
free radicals, mainly hydroxyl radical (OH-•, +2.8 V), sulfate radical (SO4•-, +2.6 V), persulfate 
anion (S2O82-, +2.1V) and ozone (O3, +2.1 V), are the strongest, and they are employed 
particularly in degradation of conventional recalcitrant organic pollutants (Siegrist et al., 2011). 
However, PFAS are resistant to oxidative degradation using hydroxyl radicals and ozone species 
(C. D. Vecitis et al., 2009). Hydroxyl radicals are best known to react with hydrogen atom 
containing aliphatic and aromatic organic compounds at near diffusion rates to form water, but 
PFAS moiety of compounds, in general, don’t contain hydrogen atoms in the perfluorinated tail 
(Yang et al., 2013). Despite this condition, instead of reacting with the carbon chain, hydroxyl 
radicals act through a direct electron transfer to form the less thermodynamically favorable 
hydroxyl ion (OH-, +1.9 V).  

Persulfate oxidant that gives rise to the strong reactive species, sulfate radicals, upon activation  
is more viable amongst advanced oxidation processes (AOPs) because of its dual electron 
transfer and free radical oxidation mechanisms (Tsitonaki et al., 2010). While PFAS cannot be 
effectively treated using traditional AOPs (Yuan et al., 2001; Sinclair & Kannan, 2006) due to 
the inability of these free radical-based oxidants to overcome the strength of C-F bond, in 
particular, persulfate oxidant is found to degrade PFOA (Hori et al., 2008; Lee et al., 2012; Liu et 
al., 2012; Wang et al., 2015a; Park et al., 2016) and PFOS (Yang et al., 2013) in the aqueous 
phase. Activated persulfate has been used to effectively and rapidly oxidize contaminants 
frequently found in soil and groundwater including halogenated aliphatic compounds, fuel 
hydrocarbons and polycyclic aromatics (Huang et al., 2005; Tsitonaki et al., 2010; Zhao et al., 
2013; An et al., 2015; Eberle et al., 2016).  Many studies have focused on regenerating GAC 
using persulfate or Fenton’s reagent (or catalyzed hydrogen peroxide) (Toledo et al., 2003; 
Huling et al., 2005, 2012; Kan & Huling, 2009; Hutson et al., 2012). These studies have 
demonstrated effective treatment of contaminants sorbed onto activated carbon, including 
organochlorine compounds (Toledo et al., 2003), methyl tert-butyl ether (MTBE) (Huling et al., 
2005, 2011, 2012; Hutson et al., 2012), and trichloroethylene (TCE) (Liang et al., 2009) with 
limited or no change to the carbon’s physical and chemical properties. However, it is likely that 
oxidants show impact on carbon properties and affect carbon surfaces differently – for example 
exposing different functional groups based on the carbon make-up (Moreno-Castilla et al., 2000).  
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More recent carbon regeneration studies have focused specifically on the use of persulfate 
activated using iron, alkaline pH, heat, and dual oxidation using hydrogen peroxide and 
persulfate (Huling et al., 2012, 2011; Liang et al., 2009). In comparison of heat, alkaline pH, and 
dual oxidantion approaches for treatment of carbon-sorbed MTBE, Huling et al., (2011) found 
that heat activation was most effective and it is likely that surfaces of the activated carbon 
facilitated oxidant activation based on an analysis of the reaction kinetics. 

The combined efforts of these researchers point to several factors to guide the path forward for 
implementing oxidant regeneration of activated carbon. Lessons learned include: (1) increasing 
temperature improves treatment effectiveness likely because of enhanced contaminant desorption 
coupled with enhanced oxidant activation; (2) pre-treatment of activated carbon, in some cases, 
can enhance oxidative treatment likely because of changes in functional groups that can 
influence oxidant activation rates; (3) treatment can be enhanced using more frequent and lower 
volume delivery of high concentrations of oxidant; and (4) sulfate produced from persulfate 
decomposition coupled with the decrease in pH due to generation of hydrogen ion can negatively 
impact contaminant sorption post-oxidative treatment because carbon surfaces become 
protonated and sulfate will be attracted to the protonated surfaces (reversible by increasing 
solution pH).   

To date there has been no documented comprehensive comparative evaluation of the 
effectiveness of varied persulfate activation approaches for treatment of PFAS, nor has there 
been a detailed analysis of reaction intermediates and byproducts resulting for activated 
persulfate oxidation of PFAS. While the feasibility of regenerated activated sorbed carbon and 
destroying sorbed contaminants has been established, there have been no evaluations of the 
approach for PFAS, which is one of important focuses of this research. 

2.4.3. Application of Persulfate Oxidation in the ISCO-SC Treatment Train 
There are limitations to activated persulfate use for treating PFAS in situ due to the reactivity of 
activated persulfate with natural subsurface media, which results in nonproductive 
decomposition of the oxidant. Because PFAS are highly soluble, contamination at sites may be 
expected as large, dilute plumes, for which traditional in situ chemical oxidation (ISCO) is 
expensive and inefficient due to large chemical requirements and the labor/time-on-site 
necessary for active delivery of oxidants over a large site area. The HRX WellTM design is 
particularly well-suited for treatment of large dilute plumes using activated carbon and in situ 
regeneration using activated persulfate delivered to the well. The use of the HRX WellTM 
containing activated carbon and regeneration with activated persulfate are synergistic in that 
carbon avoids the high cost and energy/labor intensity of treating large areas or volumes of dilute 
contaminant. The HRX WellTM configuration allows for both processes to occur in situ, serving 
as an efficient and predictable reactor. The packing of the carbon in the well promotes reaction at 
the carbon-water interface and the well can be designed to achieve target residence times for 
optimal treatment. The oxidation reaction is isolated from surrounding aquifer soil; therefore, 
costly nonproductive interactions of oxidant with the soil are avoided. Furthermore, the use of 
oxidant avoids the risk and costs associated with managing hazardous waste concentrated on 
carbon solids above ground.  



 

12 

Furthermore, it may be beneficial to couple chemical oxidative processes with other treatment 
processes to optimize treatment of PFAS and associated co-contaminants. Due to the complexity 
of AFFF formulations, presence of co-contaminants, and distribution in the environment, no 
single treatment technology will fully manage all such contaminants of concern at DoD sites. An 
important objective of this research is to identify oxidation intermediates and byproducts toward 
understanding any limitations of ISCO and the need for additional coupled processes, including 
aerobic or anaerobic bioprocesses, and the amenability of intermediates and byproducts to 
biological or chemical reductive treatment using computer-based prediction tools.  

2.5. SORPTION OF PFAS AND CO-CONTAMINANTS  

2.5.1. Sorption of PFAS onto Activated Carbon 
The expense of treating large sites can be reduced by choosing low cost and readily available 
carbon sources. Therefore, in the context of in situ groundwater treatment with an approach like 
ISCO-SC, adsorption by inexpensive and commercially available activated carbon appears to be 
one of the most viable options for PFAS removal. Most of the PFAS sorption research has 
investigated sorption of perfluorooctonoic acid (PFOA) and perfluorooctanesulfonic acid 
(PFOS), although more recent work has also investigated PFAS precursors (Eschauzier et al., 
2012). Both powdered activated carbon (PAC) and granular activated carbon (GAC) have 
relatively high affinity for PFOS and PFOA. Researchers have demonstrated that activated 
carbon may be less effective for shorter chain PFAS (Ochoa-Herrera and Sierra-Alvarez 2008; 
Eschauzier et al., 2012). 
Carbons from different sources exhibit varying sorption capacities and rates due to differences in 
the bulk surface area of materials and the surface area of the material’s micropores (Yu et al., 
2009). PFAS sorption onto activated carbon occurs mainly through hydrophobic interactions, 
although electrostatic interactions between anionic PFAS and amphoteric carbon surfaces can be 
important (Du et al., 2014; Johnson et al., 2007). As a result, PFAS-carbon sorption capacities 
depend on carbon characteristics (e.g., porosity, surface area, point-of-zero-charge pH (pHpzc)), 
and water chemistry (e.g., pH, ionic strength). Several studies have reported that PFAS can form 
micelles at the surfaces of activated carbon, which may facilitate sorption due to sorbate-sorbate 
hydrophobic interactions, even when present at concentrations less than the critical micelle 
concentration (Johnson et al., 2007; Yu et al., 2009; Zhou et al., 2010a).  
Selection of an appropriate carbon source for treating PFAS is important because of the unique 
chemical properties and combined sorption/exchange behavior of PFAS and co-contaminants, 
coupled with the complex geochemical conditions of groundwater. Because of extensive surface 
area, properly developed microporous structure and presence of a vast range of surface 
functional groups, activated carbon has unique adsorption properties, and is an effective 
adsorbent for the removal of various organic and inorganic contaminants (Yin et al., 2007; Zhi 
and Liu, 2016). Activated carbon can be produced from various carbonaceous materials, 
including wood, coal, lignin, coconut shells, and sugar (Zhi & Liu, 2016). Physical properties, as 
well as chemical properties of activated carbon, play an important role in adsorption. The 
activated carbon structure consists of carbon atoms which are arranged in parallel stacks of 
hexagonal layers that are crossed linked and tetrahedrally bonded (Karanfil & Kilduff, 1999). 
Highly reactive sites are available at the edges and where there are discontinuities in the 
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activated carbon structure. These active centers contain carbon atoms with unpaired electrons 
and unsaturated valences that can chemically interact with different heteroatoms such as oxygen, 
hydrogen, nitrogen, and sulfur as single atoms or surface functional groups which are responsible 
for the surface reactivity (Karanfil & Kilduff, 1999; Marsh & Rodrigues-Reinoso, 2006). 
Oxygen is the most important heteroatom in the carbon structure which arises from the raw 
materials and from chemisorption of oxygen during the activation process. Carboxyl, carbonyl, 
phenols, enols, lactones, and quinones are some of the oxygen-containing functional groups 
suggested as present in the carbon structure (Karanfil and Kilduff, 1999; Marsh and Rodrigues-
Reinoso, 2006; Roque-Malherbe, 2010). There are three types of oxygen-containing surface 
groups in activated carbon which are acidic, basic and neutral. Acidic groups include carboxyl, 
lactone and phenol, and basicity is linked with pyrone, ether and carbonyl groups (Marsh and 
Rodrigues-Reinoso, 2006; Yin et al., 2007; Roque-Malherbe, 2010). The neutral functional 
groups arise during irreversible chemisorption of oxygen at the ethylene type unsaturated sites on 
the carbon structure (Marsh & Rodrigues-Reinoso, 2006). Furthermore, activated carbon 
surfaces contain minerals such as calcium, sulfate, and phosphate ions, which have an influence 
on the adsorption capacities as well as surface properties such as zeta potential and specific 
surface area (Julien et al., 1998; Marsh and Rodrigues-Reinoso, 2006).  

2.5.2. Enhancement of PFAS Sorption onto Activated Carbon 
Weak interactions between PFAS and the surface of GAC is the key factor that may limit the 
treatment efficiency. Therefore, approaches to improve the affinity of PFAS for GAC may be 
beneficial for both effective and economical treatment of PFAS (Zhi & Liu, 2016). Recent 
studies have focused on modifying the specific properties of activated carbon in order to enhance 
its effectiveness and develop affinity of activated carbon for certain contaminants (Karanfil and 
Kilduff, 1999; Babel and Kurniawan, 2004; Goel et al., 2005; Huling et al., 2005; Huling et al., 
2007; Yin et al., 2007; Huling et al., 2009; Kan and Huling, 2009; Zhi and Liu, 2016). For 
example, detailed investigations have been carried out with acidic treatment to introduce acidic 
functional groups onto the surfaces of activated carbon, because it has been found to be the main 
factor that control the uptake of metal ions (Karanfil and Kilduff, 1999; Yin et al., 2007; Huling 
et al., 2009; Kan and Huling, 2009). It is necessary to understand the various factors that 
influence the adsorption capacity of AC before the modification. Sorption affinity for the surface 
of an adsorbate depends on the physical characteristics of carbon such as specific surface area, 
pore size distribution, pore volume; chemical characteristics such as presence of surface 
functional groups; as well as the chemical structure of the sorbate (Karanfil and Kilduff, 1999; 
Yin et al.,  2007). The type of raw material used, the degree of activation during the production 
stage, and the frequency of regeneration determine the composition of the activated carbon (Yin 
et al., 2007). 

According to the literature, carbon modification techniques are categorized into three main 
groups including chemical, physical, and biological modifications. These modifications are 
further divided into subgroups according to the available treatment techniques. Treatment with 
acid, base, and impregnation of foreign material are chemical modification techniques (Karanfil 
and Kilduff, 1999; Yin et al., 2007). Acid treatment increases acidic functional groups on the 
GAC surface as well as enhances chelation ability with metal species. On the other hand, 
disadvantages include decreasing BET surface area and pore volume, which have an adverse 
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effect on uptake of organics and give off undesired gasses (SO2-treatment with H2SO4, NO2-
treatment with HNO3). Basic treatment enhances uptake of organics and decreases the uptake of 
metal ions sometimes due to the decrease of specific surface area or micropore volume (Yin et 
al., 2007). Impregnation of foreign material such as metals or polymeric materials enhances the 
built-in catalytic oxidation capability and may decrease BET surface area and pore volume. 
Physical modification includes heat, which may increase BET surface area and pore volume and 
decrease oxygen-containing surface functional groups (Yin et al., 2007). These modifications 
may change surface reactivity as well as structural and chemical properties of the carbon, and 
treatment to improve the chemical characteristics of activated carbon may, on the downside, 
adversely affect its physical characteristics or vice versa (Yin et al., 2007). In spite of the fact 
that availability of active sites with functional groups have a small contribution compared to total 
surface area, a large influence on sorption capacity can result from a small change in surface 
chemistry (Marsh & Rodrigues-Reinoso, 2006).  

2.6. DESTRUCTION OF PFAS USING PERSULFATE OXIDATION 
Once the activated carbon media in ISCO-SC treatment train is exhausted with PFAS 
contaminants (reaching saturation or near saturation), the bed needs to be replaced or recharged 
in situ. The GAC recharging process is a regeneration step, which is technically and 
economically feasible using determined free radical oxidation-reduction chain reactions. The 
goal of GAC regeneration using persulfate oxidation includes successful breakdown of PFAS 
sorbed on GAC and simultaneous reactivation of porous surface for next adsorption cycle and 
potentially towards sustainable and long-term operation of ISCO-SC for treating PFAS 
contaminated groundwater. 

2.6.1. Persulfate Chemistry 
Persulfate (S2O82-) anion oxidant is formed following the aqueous dissociation of sodium 
persulfate. Sodium persulfate is relatively low cost and has higher solubility and stability in 
aqueous phase than its other salt forms that form complexes with hydrolyzed perfluorinated 
compounds (Siegrist et al., 2011). Upon activation in the aqueous phase, persulfate is consumed 
rapidly to produce reactive free radicals that are nonspecific in nature and attack a broad range of 
contaminant species through direct electron transfer reactions. Kinetics of reaction between 
persulfate and target compounds are complex but are assumed as first order (Peyton, 1993; 
Johnson et al., 2008) and pseudo first order (Liu et al., 2012; Park et al., 2016). Compared to 
other advanced oxidation processes, activation of persulfate is slower and takes a longer time 
under normal environmental conditions. Slower activation rates are considered advantageous 
because it makes oxidant remain for a prolonged duration of contact with targeted compounds. In 
reality, the activation rate is a function of pH, temperature, salinity and other species 
concentrations (Krembs et al., 2010; Siegrist et al., 2011). Generally, persulfate can be activated 
through different methods. Each activation method involves a different reaction mechanism, and 
each reaction mechanism produces different reactive ions (Tsitonaki et al., 2010). Selection of 
the right activation method is essential to produce the desired reactive species that further results 
in thermodynamically favorable oxidative degradation of contaminants (Siegrist et al., 2011). 
The major free radical species that are produced because of persulfate anion activation are sulfate 
radical (SO4•-) and hydroxyl radical (HO-•), and both are spontaneously produced and rapidly 
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consumed. Sulfate radicals are active in the acidic region, whereas the hydroxyl radicals are 
active when pH is greater than 11 (Lee et al., 2015). According to previous studies, sulfate 
radicals as stable reactive species are capable of degrading a large class of recalcitrant 
compounds including long-chain perfluorinated substance (Lee et al., 2012; Park et al., 2016). 
Also, unlike other species, persulfate precursors or sulfate radicals with more stable half-life are 
transported to greater distance and create a large radius of treatment ( Siegrist et al., 2011; 
Monteagudo et al., 2015). 

2.6.2. Persulfate Activation for PFAS Degradation 
Different persulfate activation methods include the use of transition metals, hydrogen peroxide, 
alkaline pH, UV/VUV irradiation, ultrasound or microwave, and heat (Tsitonaki et al., 2010). 
Activation involving redox reactions of transition metals like ferrous iron or chelated iron or 
using other reagents like hydrogen peroxide are typical one-electron transfer reactions that 
produce a mixture of sulfate radical (SO4•-) and sulfate anion (SO42-) as represented by Equation 
2.1. The iron precipitates as result of activation can accumulate on the GAC surface and 
decreases the active surface area (Hutson et al., 2012; Zhong et al., 2015), while the activation 
mechanism using hydrogen peroxide or peroxone usually results in aggressive precipitation 
reactions (Zhao et al., 2013), hence both activation methods are considered unsuitable for ISCO-
SC. Alkaline pH activation by maintaining pH > 11, is favorable for producing hydroxyl radicals 
utilizing sulfate radical (Equation 2.2), but hydroxyl radicals are not desired for degradation of 
PFAS (Vecitis et al., 2009). 

S2O82-    +    e-       → SO42- + SO4•-                    Eq. 2.1 

SO4•-     +    OH-    → HO-• + SO42-                       Eq. 2.2 

Even though photolytic persulfate activation using UV source, ultrasound and microwave has 
shown success in yielding the same or even lesser PFAS degradation than thermally activated 
persulfate in the laboratory, it is still considered relatively expensive compared to simple cost-
effective thermal activation method (Giri et al., 2011; Tang et al., 2012; Yang et al., 2013; Park 
et al., 2016). Experimentally, the percent degradation of PFOA and PFOS employing different 
persulfate activation methods was tested in the aqueous medium in preliminary experiments, and 
according to the observed results in Appendix A.4. the thermally/heat activated persulfate 
showed the highest degradation compared to other persulfate-activator combinations.  

Heat activated persulfate oxidation produces two sulfate radicals because of the electron transfer 
reactions as shown in Equation 2.3. Persulfate decomposition reaction steps are a total function 
of supplied energy. With increasing temperature or energy supply, the activation rate increases, 
and the persulfate half-life decreases. Further, heat activated persulfate gives rise to a large pool 
of sulfate radicals that are essential for degradation of PFAS compounds (Peyton, 1993; Xu et 
al., 2014). At the same time, heat activation may also lead to a very aggressive oxidizing 
environment. Accelerating the oxidation rate with increasing supplied heat, non-essential side 
reactions between contaminant, radicals, and other chemical species start to occur 
simultaneously at an increasing rate. An example is hydrolysis of sulfate radicals, which possibly 
occurs at all pH conditions, generating sulfate anions of lesser electrode potential utilizing sulfate 
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radicals (Equation 2.4), and creating a drop in pH to a very acidic level as a result of constant 
accumulation of hydrogen ions (Siegrist et al., 2011; McKenzie et al., 2015).  

S2O82-    +    2 e-     → 2 SO4•-                    Eq. 2.3 

SO4•-     +    H2O    → HO-• + SO42- + H+             Eq. 2.4 

Direct heat on PFAS might weaken the chemical bonds in perfluorinated chain and aid during 
sulfate radicals attack on PFAS (C. S. Liu et al., 2012). Drop in aqueous system pH is typical 
during activated persulfate oxidation. Although lower pH encourages unfavorable radical-radical 
interaction according to Arrhenius law on activation energies, during PFAS aqueous phase PFAS 
oxidation using heat activated persulfate pH effects were seen insignificant (Hori et al., 2005, 
2008; C. S. Liu et al., 2012; Yang et al., 2013). Acidic pH breaks biphasic behavior of PFAS and 
keep them well dissolved, while high temperature heightens the diffusional transport rate of 
sorbed PFAS compounds from the interior of GAC to the exterior (Hutson et al., 2012). Thus 
acidic pH and high temperature conditions were assumed to favor the PFAS degradation by 
creating a greater contact between sulfate radicals and contaminants (Hutson et al., 2012). 

2.6.3. Persulfate Oxidation of PFAS 
Previous degradation studies utilizing heat activated persulfate have largely focused on 
environmentally stable PFOA, PFOS and other C4 – C8 chain length perfluorinated compounds. 
As result of acid hydrolysis, PFOA and PFOS compounds present as ionic compounds in 
aqueous solution. According to Liu et al. (2012), the sulfate radical species first target the 
functional group attached to PFAS compound to produce an unstable perfluorinated radical. In 
extension, the unstable perfluorinated radical again gets hydrolyzed and then starts to transform 
to form shorter chain homologues, step-by-step in sequence by losing a CF2 every time until 
compounds get completely mineralized to form fluoride (F-) under the influence of free radical 
reactants. Sulfate radical reactions and hydrolysis of the perfluorinated chain following 
functional group detachment were the two important steps involved in deflourination. Formation 
of shorter chain length compounds and subsequent degradation was observed along the 
experimental reaction period (C. S. Liu et al., 2012), but it is still not evident that degradation 
follows that procedure. In the perfluorinated carbon tail, C-C bonds (100 kcal/mol) are prone to 
termination before C-F bonds (120 kcal/mol) (C. D. Vecitis et al., 2009). So, a possibility is long 
chain PFAS may also break to form different shorter chain intermediates rather than the slow 
sequential unzipping of CF2.  

Table 2.1 provides a brief literature review on the use of persulfate oxidation for degradation of 
PFOA and PFOS. Complete decomposition of PFOA with a defluorination efficiency of around 
67% was observed within 72 hours at 40° C using UV-radiated or heat-activated persulfate (Lee 
et al., 2012); while, around 93% of PFOA decomposition and 43% of fluoride yield was 
observed after 30 hours at 85°C using heat-activated persulfate (Liu et al., 2012). In both cases, a 
larger percentage of intermediate and shorter chain perfluoroalkane compounds [CnF2n+1H, (n = 
4-6)] with/without carboxylic head groups were observed during reaction period. Major possible 
intermediates during PFOS degradation include PFOA (perfluorooctanoic acid), PFHpA 
(perfluoroheptanoic acid), PFHxS (perfluorohexanesulfonate), PFHxA (perfluorohexanoic acid), 
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PFPeA (perfluoropentanoic acid), PFBS (perfluorobutanesulfonate), and PFBA 
(perfluorobutanoic acid). Major possible intermediates during PFOA degradation include 
PFHpA, PFHxA, PFPeA, and PFBA.  

Regarding temperature effects, PFOA oxidation defluorination rates were found significantly 
lower below 80° C, and while at a higher temperature like 150 °C, the oxidation reactions were 
inhibited (Hori et al., 2008). The process of choosing the optimum oxidant dose relies on the 
concentrations and properties of heterogeneous mixture of PFAS and co-contaminants. For 
instance, the PFAS moiety compounds like PFOA and PFOS coexist along co-contaminants in 
groundwater. Thus, the selected oxidant dose should produce sufficient sulfate radical 
concentration that not just treat PFOA but also can efficiently treat the co-contaminant 
compounds PFOS. Free radical degradation chemistry does not necessarily have to be 
stoichiometric, but the optimum oxidant loading rate for efficient removal of contaminants must 
be achieved to save energy and resources. According to Huling et al. (2011), treatment of 
compounds sorbed onto GAC using activated persulfate can be enhanced using more frequent 
and lower volume delivery of high concentration oxidant, however, it does not confirm for 
PFAS. To date there has been no documented comprehensive comparative evaluation of the 
effectiveness of activated persulfate oxidation approach for the treatment of PFAS sorbed GAC. 
While the feasibility of regenerating GAC and destroying sorbed contaminants has been 
established for many compounds (Kan & Huling, 2009; Huling et al., 2009, 2011; Hutson et al., 
2012; Anfruns et al., 2013; An et al., 2015), there has been no evaluation of the approach for 
PFAS. 

Table 2.1. Previously reported aqueous based PFAS degradation using activated persulfate   
Condition Concentrations Observed Results Reference 
PFOA and short-chain 
PFASAs degradation using 
thermally activated 
persulfate (80 °C) 

PFOA (374 µM), 
persulfate (50 mM) 

Complete decomposition with 
F- recovery of 77 to 88 % 

(Hori et al., 
2008) 

PFOA degradation using 
thermally activated 
persulfate (20- 40 °C) 

PFOA (241.5 µM), 
persulfate (20- 200 
mM) 

Complete decomposition after 
72 h at 40 °C (67 % F- yield), 
and after 215 hours at 30 °C 
(69 % F- yield) 

(Lee et al., 
2012) 

PFOA degradation using 
thermally activated 
persulfate (85 °C, buffered 
to pH 7.1) 

PFOA (0.5 nM), 
persulfate (10 mM), 

93.5% decomposition with 
43.6% F- yield within 30 
hours 

(Liu et al., 
2012) 

PFOA degradation using 
thermally activated 
persulfate (60 °C) 

PFOA (24 µM), 
PFOS (0.92 µM), 
persulfate (42- 84 
mM) 

Complete decomposition of 
PFOA even under the 
presence BTEX; no 
breakdown of PFOS was 
recorded 

(Park et al., 
2016) 

PFOS degradation using UV 
activated persulfate (20 °C) 

PFOS (0.186 mM), 
persulfate (18.5 mM) 

Around 65 to 85 % of 
defluorination was observed 

(Yang et al., 
2013) 
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2.7. COMPUTER-BASED PREDICTION OF PFAS DEGRADATION  
Microbial transformation studies of PFAS and their breakdown products are important. While 
biological experiments are expensive and beyond the scope of this study, there are several 
computer-based prediction tools that are used to evaluate breakdown and transformation 
products of PFAS and their potential biodegradability. For example, the Meta-PC software 
(developed by MultiCASE Inc., Cleveland, OH, USA) rule-based algorithm, can predict 
breakdown products based on compound structure recognition. Prediction tools are cost-effective 
and less time consuming compared to laboratory studies that require complex experimental and 
analytical procedures. They can provide an understanding of the biodegradation process of 
chemical compounds. Previous research has attempted to simulate the degradation of PFOS and 
PFOA into non-toxic shorter chain compounds and byproducts, however, PFOS is exceptionally 
stable and total degradation methods have been minimally successful. Meta program tool can 
potentially narrow the range of possible treatment options by using a computer program and to 
simulate degradation pathways that can be mimicked first ex situ and then further developed for 
in situ applications. In this study, it is used to predict the potential PFOS degradation pathways 
and analyze the need of additional coupled processes in association with ISCO-SC.  

The Meta-PC software tool was developed for pharmaceutical research to evaluate degradation 
of drugs in various systems. Meta-PC specifically predicts degradation pathways via mammalian 
metabolism, anaerobic and aerobic processes, and photo-degradation. The software uses 
dictionaries containing varying numbers of possible transformation reactions. Software 
development included the process of training the program to recognize most probable reactants 
and to generate the metabolite. An algorithm compares the chemical input to the selected 
dictionary and modifies the substrate as needed to give possible products. Possible 
transformation reactions are the output result along with a rule number and reference(s). The rule 
number corresponds to the length of time for the reaction to occur and thus the likelihood of 
occurrence. The reference is the primary literature reference that provides details of the reaction 
(Meta-PC). The reactions considered depend on the dictionary selected (Klopman et al., 1994). 
Anaerobic and aerobic dictionaries consider bacterial metabolism reactions. Photo degradation 
encompasses reactions catalyzed by energy from varying wavelengths. Mammalian metabolism 
considers reaction catalyzed by enzymes and other components of mammalian metabolism.  
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3.0 MATERIALS AND METHODS 

3.1. APPROACH 
A combination of batch reactor systems and 1-D and 2-D transport systems were employed to 
meet this project’s objectives, as summarized in Table 3.1.   

Table 3.1. Research objectives and experimental systems 
Objective Reaction System Notes 
Validate of HRX WellTM 
concept 

2-D flow-through tank 
evaluations; computer-based 
simulations 

Related to, but not funded by 
this project specifically 

Characterize sorption of PFAS 
and Co-contaminants onto GAC 

Batch reactor systems Equilibrium sorption*; 
variations in PFAS type, carbon 
type, PFAS individually present 
vs mixture, presence of co-
contaminants 

Determine influence of 
groundwater conditions on 
sorption of PFAS 

Batch reactor systems Equilibrium sorption*; 
variations in organic carbon 
concentration, presence of iron-
based solids, pH, sulfate 
concentration 

Enhance sorption of PFAS onto 
GAC 

Batch reactor systems Pre-treated GAC with acid, base, 
catalyzed hydrogen peroxide, 
heat-activated persulfate 

Measure PFAS destruction rate 
and extent using heat-activated 
persulfate 

Batch reactor systems Conducted without GAC and 
with GAC containing sorbed 
PFAS 

Determine potential to treat and 
regenerate field GAC containing 
sorbed PFAS using heat-
activated persulfate 

1-D flow-through column tests Two types of spent field GAC 
obtained from PFAS treatment 
site 

Evaluate potential for natural 
degradation of PFAS oxidation 
byproducts 

Computer-based simulation Meta-PC software 

*Note: The HRX WellTM concept applied in situ would involve a long duration of contact between GAC and 
contaminated water, thus equilibrium sorption is assumed and applied  

3.2. MATERIALS AND METHODS COMMON TO MULTIPLE EXPERIMENTS 

3.2.1.  Chemicals and Materials 
All chemicals used in this study were reagent grade. All solutions were prepared with deionized 
water or Milli-Q ultrapure. Sodium persulfate (S2O82- >98%) and sodium sulfate (Na2SO4 >99%) 
were obtained from Sigma-Aldrich Co. Four perfluoroalkyl acids, including perfluorooctanoic 
acid (PFOA, C8F15HO2, 98%), perfluorooctanesufonic acid (PFOS, C8HF17O3S, 98%), 
perfluorohexanesulfonic acid potassium salt (PFHxS, C6F13KO3S, ≥ 98%) and 
perfluorobutanesulfonic acid (PFBS, C4HF9O3S, 97%) were obtained from Sigma-Aldrich Co. 
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Linear perfluoroalkylcarboxylic acids and sulfonates were purchased from Wellington 
Laboratories (Guelph ON) and used for standards. They included: perfluoro-n-octanoic acid 
(PFOA), perfluoro-n-octanesulfonate (PFOS), perfluoro-n-hexanesulfonate (PFHxS) and 
perfluoro-n-butanesulfonate (PFBS) (Table 3.2). A series of 13C-labeled PFAS were used for 
quantification (internal) standards consisting of pefluoro-1-hexane[18O2] sulfonate (MPFHxS), 
perfluoro-1-[1,2,3,4-13C4] octane sulfonate (MPFOS), perfluoro-n-[1,2-13C2] hexanoic acid 
(MPFHxA) and perfluoro-n-[1,2,3,4-13C4] octanoic acid (MPFOA).  Stock solutions of each 
individual standard or mixtures supplied by the manufacturer were prepared by diluting the 
original in methanol (HPLC grade). All the original standards and stock solutions were stored in 
the refrigerator (~ 4oC) in amber vials covered with aluminum foil. 

Table 3.2. Physicochemical properties of synthetic class of PFAS used in laboratory sorption 
and oxidation studies. 

PFAS Molecular 
Weight 
(g/mol) 

Molecular 
Volumeb 
(cm3/mol) 

Water solubility 
(mg/L) at 25 0C 

pKa Log Kow
c
 

PFOA 
PFOS 

436 
538 

226 
257 

9.5×103 a 
6.8×102 a 

2.801 
-3.27b,c,d 

4.59 
5.26 

PFHxS 
PFBS 

438 
338 

 1.4×103 c,d 
4.6×104 c,d 

0.14 c,d 
0.14 c,d 

4.34 
2.73 

aUSEPA (2016); bYu et al. (2009); c Deng et al. (2012); d Du et al. (2014) 

Seven sources of granular activated carbon (GAC) including five coal-based GAC (F100, F200, 
F816, F400 and F300) and one coconut based GAC (CBC-OLC 12×30) were obtained from 
Calgon Carbon Corporation, and one coal based GAC (Omni-G 12×40) was obtained from 
Jacobi Carbon Corporation. Calgon Carbon Corporation Coal-based GAC are FILTRASORB, 
which are a pulverized blend of bituminous coals. Jacobi Carbon Corporation’s coal based GAC 
is AquaSorb. Each carbon type was cleaned by first rinsing in deionized (DI) water three times, 
then washed in 80oC DI water for 2 hours and finally oven dried at 105oC for 48 hours. The dried 
carbon was crushed by mortar and pestle and passed through a 0.42-1.0 mm sieve (Yu et al. 
2009; Senevirathna et al. 2010a).  

3.2.2. Analytical Methods 
3.2.2.1. PFAS Sample Analysis. Aqueous based aliquots collected during isotherm sorption and 
persulfate oxidation experiments were first filtered through a 0.2 µm nylon syringe filter. The 
activated carbon samples were analyzed according to solvent based soil extraction procedure of 
Guelfo & Higgins, (2013). A state-of-the art PFAS analytical facility at Clarkson University was 
used to quantify both linear and branched PFAS in samples using liquid chromatography mass 
spectrometry (LC-MS/MS). Samples were diluted multiple-fold in HPLC-grade water to make 
samples concentrations to fall into linear range of calibration for better quantification of 
byproducts and intermediate PFAS compounds before analysis. At the final step, 0.1 mL of the 
diluted sample was added to a 2-mL vial and reconstituted with 2 ng (50 µL of 40 ng/mL) of 
injection standard, 450 µL of 100 % methanol, and 1 mL of HPLC grade water before injection.  

3.2.2.2. Liquid Chromatography Mass Spectrometry (LC-MS) Instrument Setup. A Waters 
Acquity UPLC with a Xevo G2 QToF mass spectrometer was equipped with a 2.1 mm x 100 mm 



 

21 

Acquity HSS T3 1.8 µm column and 100 µL injection loop. All Teflon lines were replaced with 
Polyetheretherketone (PEEK) tubing. An isolator column was placed directly after the mobile 
phase mixing chamber but before the syringe to delay the elution of solvent derived background. 
Mobile phases consisted of 0.1% formic acid in water (A) and methanol (B) at a flow rate of 
0.450 mL/min. After full loop injection, the initial gradient, 75% A, was held for 1 minute, 40% 
A by 1.5 minute, 1% A by 9.5 minutes, 100% B by 9.6 minutes and held until 17.0, and returned 
to the initial composition of 75% A by 18.5 minutes. Flow was directed to waste during the 
column flush (13 – 19.5 minutes) and re-equilibration to 75% A for 1 minute (18.50-19.50 
minutes) prior to the next run. The Xevo-QToF was set to negative polarity in sensitivity mode 
(>10,000 FWHM) with the extended dynamic range option selected. The capillary, sampling, 
and extraction cone voltages, source and desolvation temperatures were set to 1.9kV, 60V, 4.0V, 
120°C and 250°C, respectively, with a desolvation gas flow of 750 L/h. The QToF was 
alternated between 3 data acquisition functions (MSe), to simultaneously collect (1) a low energy 
scan consistent with a standard time-of-flight spectrum from 50 to 1000 Da (F1), (2) a high-
energy scan (F2) applying a collision energy ramped from 15 to 35 eV using argon as a collision 
gas, and (3) lock mass utilizing fragments 236.1035 and 554.2615 m/z of leucine enkephalin. 
The first two functions provide complementary spectra for a given peak, creating typical 
precursor ion fragments (F1) and potential product ions (F2) during a given run. Applying 
collision energy, the second function further fragments parent ions relative to F1 providing a 
simultaneous high-resolution precursor (F1) and product (F2) characterization or confirmation of 
the compound of interest. The QToF was calibrated daily using sodium formate clusters (100 – 
1000 m/z).   

Quantification was performed using the most abundant fragment ion in the first function (F1). 
Crimmins et al. (2014) has shown that the parent [M]- and the parent minus CO2 ([M-CO2]-) was 
observed for the carboxylic acids. The lower molecular weight homologues were decarboxylated 
in the first function. The molecular ion was the dominant species for sulfonates. Applying a 
collision energy in the second function produced [M]- as the primary fragment for the sulfonates, 
however it will be a minor component for all the carboxylic acids. In addition, the linear 
carboxylate F2 spectra exhibit a predictable CnF2n+1 series of 2 < n < (x – 3), where x is the 
number of carbons in the linear PFAA.  The linear range of this methodology spans more than 
three orders of magnitude (0.9 – 3300 pg on column) with correlation coefficients greater than 
0.98 (typically > 0.99) using an inverse weighting function. Since this is time-of-flight 
instrument unknown compounds in the chromatogram were analyzed in the same way, yielding 
parent and product (F2) characterization allowing break-down products to be identified. Parent 
PFAS metabolites, isomers or structurally similar impurities were screened using the 
fragmentation patterns as defined in Crimmins et al., (2014). The configuration of the Xevo G2 
QToF provides the most effective platform for quantitative and qualitative screening for 
perfluorinated species efficiently performing multiple experiments in one run generating 
searchable spectral databases for non-targeted analysis. 

3.2.2.3. pH and Inorganic Compounds Analysis. Fisher Scientific Accumet Excel XL 60 device 
setup comprised of pH and fluoride ion selective electrodes was used to measure pH and fluoride 
(Moody & Field, 2000; Rodriguez-Freire et al., 2015; Park et al., 2016). Persulfate concentration 
was quantified employing absorbance spectrophotometry (HACH DR5000) based Ferrous 
Ammonium Sulfate method (Huang et al., 2005; D. Zhao et al., 2013).  Sulfate concentration 
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was measured using HACH TNT-plus sulfate test kit in HACH DR5000 UV-Vis 
spectrophotometer (Richard L. Johnson et al., 2008). During fluoride analysis, first the samples 
were mixed with TISAB (total ionic strength adjuster buffer) solution in 1:1 (v/v) ratio and 
measured for mV (millivolt potential). Next by using prepared calibration curve (ppm vs mV), 
the fluoride concentration in samples was determined.  

3.2.2.4. Characterization of granular activated carbon. Characterization of GAC was carried out 
to understand what factors relate to measured differences on sorption of PFAS in treated and 
untreated GAC. The BET surface areas of the granular activated carbons were measured by gas 
adsorption isotherms by a volumetric method using a Micromeritics ASAP2020 surface area and 
pore analyzer. The pH drift method was used to determine the pH at point of zero charge 
(pHpzc) (Kan & Huling, 2009). Fifty milliliters of 0.01 M NaCl solution was placed in 100 mL 
amber vials. The pH was adjusted to each value between 2 and 9 with 0.1 M HCl or 0.1 M NaOH 
solutions and nitrogen was sparged through the solution to stabilize the pH by preventing the 
dissolution of CO2. Then, 0.15 g of GAC was added to the solution and the vial was capped 
immediately. The equilibrium solution pH was measured after 48 hours and plotted versus the 
initial pH. The pH at which the curve crossed the line pHinitial = pHfinal was taken as the point of 
zero charge (Kan & Huling, 2009).  Scanning Electron Microscopy (SEM) was used to examine 
the morphology of the treated and untreated GAC. The specimens were examined under the 
secondary electron imaging (SEI) mode using a JEOL JSM-7400F electron microscope coupled 
with an Energy Dispersive X-Ray Detector (EDX). The lower electron image (LEI) detector was 
used for taking images. The composition of the solids was evaluated by transmission fourier 
transform infrared (FTIR) spectra obtained with a BRUKER Vector 22 spectrophotometer. 

3.2.2.5. GAC Solvent Extraction. Sample extractions were conducted to determine the mass 
change of PFAS sorbed onto GAC. The extraction method involved repeated extractions of the 
GAC sediment using a solvent mixture of 99:1 (v/v) methanol and ammonium hydroxide 
(Guelfo and Higgins 2013). Extractions were performed on a rotator at 60 rpm for a period of 5 
days.  Homogenized GAC sample containing sorbed PFAS was weighed into a 50-mL 
polypropylene vial, to which 9.9 mL of methanol and 0.1 mL of ammonium hydroxide was 
added. After rotating for 5 days, vials were vortexed and placed in a preheated ultrasonic bath at 
30℃ for 1 h. The vials were then removed from the ultrasonic bath and placed on a shaker table 
for 2 h, then centrifuged at 2700 rpm for 20 min and extracts was decanted into a 15-mL 
polypropylene vial. This procedure was conducted thrice and performed in duplicates. Prior to 
analysis for PFAS, extracts were filtered through a 0.2 µm nylon syringe filter to remove any 
suspended particles. The PFAS concentration in the extracts was determined using a high-
performance liquid chromatograph coupled with tandem mass spectrometry (HPLC–MS/MS) 
and quantified using internal standard calibration curves of concentrations 0.1. 0.5, 2, 10 and 20 
ng/mL.  
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3.3. LABORATORY TESTING AND VALIDATION OF THE HRX WELLTM 

3.3.1 Materials in Laboratory HRX WellTM Construction  
A physical model of a HRX WellTM treatment system was constructed within a 55-gallon metal 
drum (33.5" tall, 22.5" diameter), containing a one-inch well. Easily sourced materials were 
chosen with an effort to simplify construction and reduce overall costs (Table 3.3). 

Table 3.3. List of materials used in construction and validation of laboratory HRX WellTM 
Pipe Fittings (PVC components) Units  
Bulkhead fittings 6 
45 degree elbow 2 
90 degree elbow 1 
PVC pipe 1 x 3-ft 
1" screened well* 1 x 3-ft 
Plug 1 
Roll of geo-membrane (landscaping fabric) 1 
Standard garden hoses 1 x 25-foot 
Female to female GHT fittings  2 
Female to male GHT fittings  2 
5-gallon plastic container 1 x 5-gallon 
Tygon tubing  300-ft 
Polypropylene pipette tips  50 
Tape measure  1 x 10-foot 
Aquifer and In-well Media    Quantity 
Playground sand (Source: The Home Deport 700 lbs 
Gravel 150 lbs 
Calgon Filtrasorb-400  500 ml (v) 
Calgon Filtrasorb-816 500 ml (v) 
Lima soda beds 2.0 mm to 3.5 mm 500 ml (v) 
Pea gravel 500 ml (v) 
Aquarium gravel 500 ml (v) 
Chemicals Quantity  
Methylene blue tracer (reagent grade dye) 20g 
Sodium chloride tracer (reagent grade) 100g 
*1" slotted screened well with slot width of 0.006 inch (.15 mm) procured from ECT 

Manufacturing was used as a well. 

 

3.3.2. Design Laboratory HRX WellTM Treatment System 
The laboratory horizontal well concept is based on differences in hydraulic conductivity (k) as 
shown in the simple illustration by Fetter, (2001) (Figure 3.1), where the experiments were 
designed for constant head flow in according to Darcy’s law. The velocity of water flow into the 
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aquifer and well system was measured by evaluating the percentage capture of water, while 
tracer tests were performed to measure the velocity within the aquifer and the well. The well was 
packed with various media having a range of hydraulic conductivities, and the head applied to 
the system was varied by changing the height of the overhead water supply tank.  

 

 

 

 

 

 

 

 
Figure 3.1. Model of constant head method for hydraulic conductivity measurement (Fetter, 
2001). 

A total of four bulkhead fittings were installed in the drum; two near the bottom and two near the 
top. The screened well was suspended from one of the top bulkheads (top-right) by a non-
screened PVC pipe that serves as the outlet for the water captured by the well. The well was also 
connected to a bulkhead fitting near the bottom of the drum (bottom-left). This fitting was 
plugged during normal operation and was used to change the media inside the well.  The other 
bottom bulkhead (bottom-right) fitting serves as the inlet for the water from the wall mounted 
supply tank. The final top bulkhead fitting on the drum (top-left) serves as an outlet for water 
flowing through the aquifer (i.e. water that is not captured by the well), and it was located 
exactly opposite the outlet for the well and was at the same height to ensure that water flow is 
not affected (Figures 3.2 and 3.3). 
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(a)        (b) 
Figure 3.2. Schematics of physical model of laboratory HRX WellTM with diagrams indicating 
the placement of well within drum (a), water tank (a), and aquifer drum (b). 

 

 

 

 

 

 

 

 

 

 

 
 
                

  

(a)     (b) 
Figure 3.3. (a) Schematic diagram of the laboratory physical model of HRX WellTM, and (b) a 
picture of HRX WellTM installed within a drum.  
  

Materials/Construction
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While constructing the HRX WellTM laboratory tank system, first 1” of gravel was laid in the 
bottom of the drum. The gravel allows the water entering the drum from the water supply tank to 
evenly disperse throughout the bottom of the drum ensuring uniform flow of water throughout 
the aquifer cross-section. A geo-membrane was installed above the gravel to prevent sand from 
the aquifer infiltrating the gravel. An approximately 29” of sand was filled over the geo-
membrane to serve as an aquifer material. Another layer of geo-membrane was placed on the top 
of the aquifer sand and then 3” of gravel was filled to allow the water raise from aquifer (water 
not captured by the well) to easily flow into the aquifer outlet.  The water supply tank (an 
overhead 5-gallon plastic container) was installed with a bulkhead fitting to allow the water to 
flow from it to the water inlet on the drum. A second bulkhead fitting was installed in the side of 
the container to serve as the overflow and to maintain a constant head on the system. Standard 
garden hoses were used to connect the water supply tank to the drum. Figure 3.4 shows the final 
constructed tank system.   

  
Figure 3.4. Completed model with drum, water supply tank, and manometer rack. 

3.3.4. Hydraulic Conductivity Measurements  

Due to the importance of hydraulic conductivities (𝐾𝐾) to the HRX WellTM concept, precautions 
were taken while calculating and measuring the 𝐾𝐾 values of the various media used in aquifer 
and the well. The aquifer consists of common playground sand and was held constant in all tests. 
The 𝐾𝐾 value of the well was varied by changing the in-well media. The hydraulic conductivities 
of each media in the lab was measured and ensured to fall within commonly accepted range of 
values presented by Bear (1972). 
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An instrument to conduct falling head and permeameter tests on materials to measure 𝐾𝐾 values 
was developed based on Equation 3.1 (Fetter, 2001). All media were measured with the same 
device to assure consistency. The device consisted of a 48” section of clear, 1.5” PVC pipe with 
a PVC, ¼ turn ball valve at the bottom. The column was marked at specified heights using 
plastic zip ties.  

𝐾𝐾 = 2.3𝑟𝑟𝑎𝑎
𝐴𝐴𝑡𝑡

log (ℎ1
ℎ2

)  Eq. 3.1 

Where, 𝐾𝐾 = hydraulic conductivity, 𝑎𝑎 = the cross-sectional area of the water column, 𝑙𝑙 = the 
thickness of the sample, 𝐴𝐴 = the cross-sectional area of the sample, ℎ1 = Initial height of water 
column, ℎ2 = ending height of water column, 𝑡𝑡 = time it takes the water level to fall from ℎ1to 
ℎ2. 

3.3.5. Selection Criteria for Aquifer and Well Media  
3.3.5.1. Drum (Aquifer) Gravel. Gravel (½” to ¾”) was chosen to ensure minimal impedance to 
water flow. Gravel was placed in the bottom of the well with the intent to allow the water from 
the supply tank to quickly disperse throughout the drum and facilitate even flow and head 
throughout the cross section of the aquifer. At the top of the drum, the intent of the gravel use 
was to allow water from the aquifer (water not captured by the well) to quickly flow to the 
aquifer outlet. 

3.3.5.2. Sand. To represent the aquifer, Quickrete® Premium Play Sand purchased from Home 
Depot was used. There were many reasons why sand was selected for aquifer media 1) sand 
media would have high enough hydraulic conductivity to allow enough water through that we 
could easily measure the output and allowed the system to come to equilibrium as soon as 
possible, 2) the aquifer had to have a low enough hydraulic conductivity that could create a range 
of ratios of 𝐾𝐾 values (𝐾𝐾𝑟𝑟𝑟𝑟𝑡𝑡𝑟𝑟𝑐𝑐) with in-well media, and 3) sand is relatively easy to pack in the 
drum and has a low uniformity coefficient that is conducive to uniform flow throughout. 

3.3.5.3 Granular Activated Carbon (GAC). GAC was utilized as in-well media to perform non-
conservative tracer tests.  We selected two different types of GAC for experiments; Calgon 
Filtrasorb-400 (F400) and Calgon Filtrasorb-816 (F816). F400 was relatively small with an 
effective size of 0.55-0.75 mm and represents the lowest expected in-well hydraulic 
conductivity. F816 was larger with an effective size of 1.3-1.5 mm. This provided a hydraulic 
conductivity that was of sufficient contrast to the aquifer and was closer to anticipated field 
conditions. 

3.5.4 Well Gravel. Pea sized gravel (3/8” to ¼”) was used as in-well media to have a large 
hydraulic conductivity in the well. Small gravel was likely to be used in field applications to 
achieve higher 𝐾𝐾 and to allow to explore a larger range of 𝐾𝐾 ratios. 

3.3.5.5 Aquarium Gravel. The standard aquarium gravel used was smaller than the above-
mentioned well gravel. The selected gravel allowed to achieve hydraulic conductivity between 
the well gravel and the GAC and different 𝐾𝐾 ratio data. 
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3.3.6. Laboratory HRX WellTM Experimental Methods 
3.3.6.1. Experimental Set-up. The measurement of outflow from the well and aquifer enabled 
calculation of the percentage of introduced water captured by the well. A conservative salt 
(NaCl) tracer test was used to determine the velocity of the water in the well and in the aquifer 
and non-conservative (sorptive) methylene blue tracer test was conducted to find the 
effectiveness of the GAC in retarding and absorbing a contaminant. To run a test, the wall 
mounted supply tank was adjusted to apply a specified head to the system. The applied head was 
measured from the aquifer outlet to the water supply tank overflow (Figure 3.5). This 
measurement corresponds h as a constant head in Equation 3.1. Applied heads for all the tests 
include 24”, 30”, and 36”. After the 36” test run, a continual flow of water was provided to the 
water supply tank. The water level in the water supply tank rose until it reached the intended 
applied head (i.e. the level of the overflow). When the water reached the overflow, the system 
was given several hours at steady state to ensure equilibrium throughout the system.  

3.3.6.2. Experimental Test Runs.  Initial runs were conducted with an empty well, and the 
percentage of water captured and breakthrough curves were developed with NaCl as a tracer at 
24, 30, and 36 inches of applied head. Later, the same tests were conducted with the well filled 
with two types of GAC (Calgon Filtrasorb F816 and F400), pea gravel, and aquarium gravel. 
Finally, a tracer test was conducted with methylene blue at 24” of applied head with GAC in the 
well to demonstrate that the GAC within the well treated the water. A combined sorption and 
tracer test was also conducted with the well filled with GAC by simultaneously adding 20 g 
methylene blue and 100 g of NaCl to the water supply tank. Samples were collected from the 
aquifer, well, and overflow outlets and tested each using the Accumet® conductivity electrode 
meter and a HACH DR5000 spectrophotometer at a wavelength of 668nm to determine the 
concentration of salt and methylene blue, respectively. To change out in-well media, first the 
pipe connecting the top of the well to the bulkhead was removed. Next the drain on the lower left 
side of the drum was removed and was fixed with the water hose to flush out the in-well media.  
For the larger media, it was sometimes necessary to insert a piece of wire into the drain to help 
dislodge the media. To pack the well, the connecting pipe and drain plug removed were fixed 
and media was directly added from top opening of the well. While adding the media, the drain 
was closely monitored to ensure that the media was filling the entire well. To easily fill in lime-
soda beads and GAC entirely into the well, their respective slurries were prepared and added to 
the well. A dowel rod was used to push the gravels in from the bottom to ensure that the well 
was packed correctly. 

3.4. CHARECTERIZATION OF PFAS AND CO-CONTAMINANTS SORPTION 

3.4.1. Preliminary Sorption Isotherm Experiments 
Preliminary isotherm experiments were carried out to select the best performing GAC source for 
adsorption of PFAS. The initial concentration levels were high relative to the typical 
environmental concentration levels, but the main objective was to down select the best carbon 
sources based on performance. To determine the period to reach equilibrium concentration, 
preliminary sorption tests were carried out with three PFAS (PFOA, PFHxS, and PFBS) and five 
different GAC types (F100, F200, F300, F816, and F400). To perform this experiment, PFAS 
(500 mg/L) were sorbed onto the same mass of each GAC (100 mg) individually in 50 mL of DI 
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water in 50 mL polypropylene reactors. System pH was controlled at 7.2 with phosphate buffer. 
Then sample aliquots were collected at selected time periods and analyzed until they reached the 
equilibrium concentration of PFAS in solution. The key findings of the preliminary sorption 
experiments using one PFAS concentration and one GAC mass were then used to determine the 
conditions for follow-on preliminary sorption isotherm experiment, where carbon mass was 
varied. These preliminary isotherm experiments were conducted using PFOA, PFOS, PFHxS, 
and PFBS and three coal-based GAC (F400, F300, and Jacoby) and one coconut based GAC, in 
duplicate. Sorption of 500 mg/L of PFOA and PFHxS, 250 mg/L of PFOS and PFBS (due to 
dissolution limitations) onto five different carbon masses (0, 50, 75, 100, 125 and 150 mg) of 
each of the four carbon types was evaluated in 50 mL of deionized water in 50 mL 
polypropylene reactors. The sample pH was controlled around 7.2 using 0.1 M phosphate buffer. 
Reactors were tumbled at 145 rpm and sampled at 4 and 7 days. Samples were analyzed for 
PFAS as according to method mentioned in Section 3.2.2. 

3.4.2. Isotherm Experiments 
Batch sorption experiments were carried out with 1 mg/L of PFOA and PFOS individually and in 
mixture, sorbed onto five different carbon masses (0, 5, 10, 15, 20 and 25 mg) of each F400 and 
coconut-based carbon (CBC) types. These samples were prepared in 125 mL of deionized water 
in 125 mL polypropylene reactors. The sample pH was controlled around 7.2 using 0.1M 
phosphate buffer. Reactors were tumbled at 145 rpm and sampled at 7 days (Table 3.4).  

Table 3.4. Isotherm experimental conditions  
Isotherm Experiments 

GAC  PFAS Experiment Conditions 
F400     
CBC 

1 mg/L PFOA 
1 mg/L PFOS 
1 mg/L PFOA+ 1 mg/L PFOS 

GAC= 0, 5, 10,15, 20, 25 mg, V= 125 mL, t= 7 days, 
pH=7.2, phosphate buffer, 145 rpm 

Sorption of PFAS in presence of co-contaminants 
GAC PFAS Co-contaminants Experiment Conditions 
F400     
CBC 

1 mg/L PFOA 
+ 1 mg/L 
PFOS  

 0.1mg/L Ker 
 1 mg/L TCE 
 1 mg/L Et 

GAC= 0, 5, 15 mg, V= 125 mL, t= 7 days, pH=7.2 
phosphate buffer, 145 rpm 

Influence of groundwater conditions on sorption of PFAS 
GAC PFAS GW Conditions Experiment Conditions 

F400     
CBC 

1 mg/L PFOA 
+ 1 mg/L 
PFOS 

pH = 4  pH = 4 (0.1M CH3COOH/0.1 CH3COONa.3H2O) 
pH = 9  pH = 9 (0.05M NaHCO3/0.1M NaOH) 
10 mg/L SO4

-2 
0.1 mg/L DOC 
1 mg/L DOC 
0.5 mg Fe+3 

GAC= 0, 5, 15 mg, V= 125 mL, t= 7 days, 145 rpm, 
pH=7.2 phosphate buffer   

3.4.3. Sorption of PFAS in the Presence of Co-contaminants 
Sorption experiments were carried out in the presence of co-contaminants to determine their 
influence on sorption of PFAS onto GAC. Co-contaminants selected for study included kerosene 
(Ker) as a model fuel extinguished by AFFF, trichloroethylene (TCE) as a model solvent that can 
be present at AFFF sites, and ethanol (Et) as an AFFF additive. Experiments were carried out in 
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duplicate with a mixture of PFOA and PFOS and two types of GAC, F400 and CBC. Co-
contaminants, 0.1 mg/L Ker, 1 mg/L TCE and 1 mg/L Et were added each separately. Sorption 
of 1 mg/L of each PFOA and PFOS mixture in the presence of co-contaminants onto two 
different carbon masses and a zero control (0, 5, and 15 mg) of each of the two carbon types 
were evaluated in 125 mL of deionized water in 125 mL polypropylene reactors. The two masses 
were selected in the range of isotherm experiments to compare the extent of sorption with 
isotherm results. The sample pH was controlled at 7.2 using 0.1M phosphate buffer. Reactors 
were tumbled at 145 rpm and sampled at 7 days (Table 3.4).  

3.4.4. Influence of Groundwater Conditions on Sorption of PFAS 
The same conditions used in the experiment of sorption of PFOA and PFOSs in the presence of 
co-contaminants were carried out with variations in total solids, pH, dissolved organic carbon 
(DOC), and competing anion (sulfate) to determine the influence of typical groundwater 
conditions on sorption of PFAS into GAC. Total solids were varied using iron-based solid 
(Fe2O3 - 0.5 mg as Fe+3) as a representative typical groundwater solid and as a competitor for 
GAC. pH was varied by adjusting the initial pH to 4 using acetic acid/sodium acetate buffer 
(0.1M CH3COOH/0.1M CH3COONa.3H2O) and pH 9 using sodium bicarbonate/sodium 
hydroxide buffer (0.05M NaHCO3/0.1M NaOH). DOC concentrations can vary in groundwater 
and hence two different magnitudes (0.1 and 1 mg/L), comparable to PFAS concentration, were 
evaluated using standard IHSS reference materials (Suwannee River Natural NOM-Humic acid 
standard II). The effect of dissolved anions on sorption was evaluated using sulfate anion (10 
mg/L SO4

−2 from Na2SO4). Sorption of 1 mg/L of PFOA and PFOS at different groundwater 
conditions onto two different carbon masses including zero control (0, 5, and 15 mg) of each of 
the two carbon types were evaluated in 125 mL of deionized water in 125 mL polypropylene 
reactors for each variation in groundwater condition. The two masses were selected in the range 
of isotherm experiments to compare the extent of sorption with isotherm results. Reactors were 
tumbled at 145 rpm, and sampled at 7 days (Table 3.4). 

3.4.5. Sorption Isotherm Models 
The Langmuir isotherm model (Eq. 3.2 and Eq. 3.3) assumes formation of a monolayer adsorbate 
on the homogeneous outer surface of an adsorbent and constant sorbate affinity for all sites. 
Once a sorbate molecule occupies a site, no further sorption take place and maximum sorption 
capacity obtained when the sorption sites are saturated (Ochoa-Herrera and Sierra-Alvarez 2008; 
Hansen et al. 2010).  

𝑄𝑄𝑒𝑒 =  𝑄𝑄𝑚𝑚.𝐾𝐾𝐿𝐿.𝐶𝐶𝑒𝑒
1+𝐾𝐾𝐿𝐿𝐶𝐶𝑒𝑒

     Eq. 3.2 

𝐶𝐶𝑒𝑒
𝑄𝑄𝑒𝑒

= 1
𝐾𝐾𝐿𝐿𝑄𝑄𝑚𝑚

+ 𝐶𝐶𝑒𝑒
𝑄𝑄𝑚𝑚

   Eq. 3.3 

Where 𝑄𝑄𝑒𝑒 is the equilibrium solid concentration (mg PFAS/ g GAC), 𝐶𝐶𝑒𝑒 is the equilibrium 
concentration of the adsorbate (mg PFAS L−1). 𝑄𝑄𝑚𝑚 and 𝐾𝐾𝐿𝐿 are Langmuir adsorption constants, 
where 𝑄𝑄𝑚𝑚 is the maximum sorption capacity (mg/g) and 𝐾𝐾𝐿𝐿 is the sorption equilibrium constant 
(L/mg) (Ochoa-Herrera and Sierra-Alvarez 2008; Yu et al. 2009). The linear form of the 
Langmuir equation (Eq.3.3) was used to determine the Langmuir adsorption parameters. The 
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values of 𝑄𝑄𝑚𝑚 and 𝐾𝐾𝐿𝐿 were calculated from the slope and intercept of the linear plot of 𝐶𝐶𝑒𝑒/𝑄𝑄𝑒𝑒 
versus 𝐶𝐶𝑒𝑒 (Eq. 3.3). 

The Freundlich isotherm (Eq. 3.4 and Eq. 3.5) is an empirical equation used to describe the 
multilayer adsorption characteristics for the heterogeneous surfaces including activated carbon, 
clays, metals, and polymers. This isotherm is widely used and is a more accurate approximation 
at adsorption process for many compounds in diluted solution (Ochoa-Herrera and Sierra-
Alvarez, 2008; Hansen et al., 2010; Senevirathna et al., 2010a, 2010b).  

𝑄𝑄𝑒𝑒 =  𝐾𝐾𝐹𝐹 .𝐶𝐶𝑒𝑒
1 𝑐𝑐�          Eq. 3.4 

𝐿𝐿𝐿𝐿𝐿𝐿 𝑄𝑄𝑒𝑒 = 𝐿𝐿𝐿𝐿𝐿𝐿 𝐾𝐾𝐹𝐹 + 1
𝑐𝑐
𝐿𝐿𝐿𝐿𝐿𝐿 𝐶𝐶𝑒𝑒 Eq. 3.5 

Where, 𝐾𝐾𝐹𝐹 is the Freundlich adsorption constant or sorption capacity factor [(mg PFAS g−1 
sorbent) (mg PFAS L−1)−n], 𝑛𝑛 is the Freundlich exponent which represents the sorption intensity. 
The degree of nonlinearity of solution concentration and adsorption is indicated by n and when n 
= 1, the isotherm becomes linear and the partitioning between the two phases is independent of 
the concentration (Ochoa-Herrera and Sierra-Alvarez, 2008; Yu et al., 2009; Senevirathna et al., 
2010b). The values of 𝑛𝑛 and 𝐾𝐾𝐹𝐹 were calculated from the slope and intercept of the linear plot of 
𝐿𝐿𝐿𝐿𝐿𝐿 𝑄𝑄𝑒𝑒 versus 𝐿𝐿𝐿𝐿𝐿𝐿 𝐶𝐶𝑒𝑒 (Eq. 3.5).  

3.5. ENHANCEMENT OF PFAS SORPTION ONTO ACTIVATED CARBON 

3.5.1. Treatment of Activated Carbon 
F400 and CBC were modified using catalyzed hydrogen peroxide, acid treatment, base treatment 
and heat activated persulfate treatment. One hundred milliliters of 1 M HCl, 100 mL of 1 M 
NaOH, and 100 mL of 10% solution of H2O2 and iron (III) perchlorate (10:1 ratio) were added to 
glass vials containing 2.5 g of GAC (F400 and CBC) separately. The containers were covered 
and kept at room temperature for 24 hours. For heat activated persulfate treatment, 0.1 g of 
Na2SO4 was dissolved in 100 ml of deionized water and added to glass vials containing 2.5 g of 
GAC and kept at oven at 80 0C for 24 hours. After 24 hours, the excess solution was decanted, 
and the carbon was rinsed thoroughly with DI water three times and placed in the oven at 105 0C 
for 48 hours. Finally, treated GAC were used for adsorption experiments and the effect of 
treatment on the sorption of PFAS was evaluated after 2, 5, and 10 days the equilibrium aqueous 
concentration was reached. 

3.5.2. Sorption of PFAS onto Treated Carbon  
Sorption of 1 mg/L of PFOA and PFHxS each in mixture with 10 mg of each of the two carbon 
types, both treated and untreated, were evaluated in 125 mL of deionized water in 125 mL 
polypropylene reactors. The sample pH was controlled around 7.2 using 0.1M phosphate buffer. 
Reactors were tumbled at 145 rpm and sampled at 2, 5 and 10 days. Samples were analyzed by 
ultra-performance liquid chromatography equipped with a quadrupole time-of-flight mass 
spectrometer (UPLC-QToF) as described in Section 3.2.2.2. The amount of PFAS adsorbed by 
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each treated (T) and untreated (UT) GAC was calculated using the Eq. 3.6 and the percent 
different in sorption of treated GAC relative to untreated GAC was determined using Eq. 3.7.  

𝑄𝑄 =  (𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶− 𝐶𝐶𝑒𝑒 )𝑉𝑉
𝑊𝑊

    Eq. 3.6 

% 𝐷𝐷𝑖𝑖𝐷𝐷𝐷𝐷𝐷𝐷𝑟𝑟𝐷𝐷𝑛𝑛𝐴𝐴𝐷𝐷 = 𝑄𝑄𝑇𝑇−𝑄𝑄𝑈𝑈𝑇𝑇
𝑄𝑄𝑈𝑈𝑇𝑇

 ×100  Eq. 3.7 

Where, 𝑄𝑄 = the amount of solute adsorbed from the solution (mg/g), 𝑉𝑉 = Volume of the 
adsorbate (mL), 𝑊𝑊  = the weight in grams of the adsorbent, 𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐 = the concentration of the 
control sample after the sorption period and 𝐶𝐶𝑒𝑒 = the equilibrium concentration of the samples 
after the sorption period.   

3.6.  DESTRUCTION OF PFAS USING PERSULFATE OXIDATION 

3.6.1. Batch Experimental Setup 
For every experimental batch, freshly prepared contaminant stock solution containing known 
concentrations of PFOA and/or PFOS was prepared by dissolving with deionized water in a 
borosilicate volumetric flask. The stock solutions were thoroughly shaken until complete 
compound dissolution, and then kept under a sonication water bath for about 60 minutes. 
Because compounds are known to sorb partially onto the glass surface, their exact concentration 
was measured using LC-MS before they were transferred into 50 ml closable polypropylene 
centrifuge reaction vials containing GAC or oxidant.  

The persulfate concentration was achieved by adding a known measured amount of powder 
activated persulfate into the aqueous solution. Duplicates of every condition were prepared. The 
reaction period was accounted from the time oxidant was added to the aqueous solution. The 
heat-activation step was carried out by maintaining sample vials in a temperature controlled 
water bath. The total reaction period was either 120 or 168 hours, and the aliquot was withdrawn 
from the reaction vials at the following time points: 8, 24, 48, 72, 96, 120, 144 and 168 hours. 
The collected samples were quenched in cold water, and with priority, they were instantly 
analyzed for PFAS, pH, sulfate, and fluoride. In the case of PFAS analysis, after collection, the 
samples were stored in the refrigerator (~ 4oC) until the analysis. Before preparing samples for 
analysis, refrigerated sample vials were brought to room temperature and vigorously shaken to 
mix the solution. In general, use of persulfate oxidant lead to drop in pH of aqueous phase, and 
sometimes become very acidic. So, the possible effects on sensitivity of PFAS and fluoride 
measurements with analytical instruments were evaluated (Appendix A.5), however, no 
significant differences were recorded.   

3.6.2. Oxidation of PFOA and PFOS in the Aqueous Phase 
In aqueous based oxidation experiments (without GAC), a total of four pairs of reactor vials were 
prepared. The first pair of reactors were subjected to oxidation, while the rest were contained as 
controls. The first pair, dosed with the oxidant, was kept in the temperature controlled hot water 
bath maintained at 80°C for heat-activation, while the second pair, also dosed with the oxidant, 
was retained to room temperature. The idea behind the second pair was to determine the potential 
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for slow degradation of PFAS at room temperature activated persulfate. At the same time, the 
third pair and fourth pair, containing only stock solution were subjected to 80°C hot water bath 
and room temperature, respectively, to determine the influence of heat and no heat on 
PFOA/PFOS concentration in the absence of oxidant.  

• Single oxidant dose. Powder sodium persulfate (Na2S2O8) (approx. 0.626 mmol was spiked 
to vials containing 50 mL PFOA/ PFOS stock solution to create persulfate oxidant 
concentration of 10 g/L (52.3 mmol/L).  

• Multiple oxidation doses. In place of spiking the single dose of sodium persulfate as for 
single dose oxidation, 1/5th of the single dose i.e. (approx. 0.125 g or 0.525 mmol/ 50 mL) 
was added for five consecutive times at an interval of 24-hours.    

3.6.3. Oxidation of PFOA and PFOS Sorbed onto GAC 
Filtrasorb400 (F400) coal-based GAC was used as a source of activated carbon in these 
persulfate oxidation studies. Sorption of PFOA and PFOS onto clean F400 GAC (untreated) was 
conducted as in the procedure described in Section 3.5.2. No buffer solutions were added to 
maintain the system pH. After the sorption step, the aqueous phase was decanted and measured 
for PFOA/PFOS to quantify the unsorbed portion of compounds. A total of four pairs of reactor 
vials were prepared. All pairs were 50 mL polypropylene reactor vials containing only PFOA or 
PFOS sorbed GAC (5 mg/g) from the sorption step with 50 mL of fresh ultrapure water added. 
Like the procedure of aqueous based oxidation without GAC, the first pair of reactors were 
subjected to oxidation, while the rest were contained as controls. The first pair with oxidant was 
kept in the temperature controlled hot water bath maintained at 80°C for heat-activation, while 
the second pair, also with the oxidant, was retained to room temperature. The third pair 
containing PFOA/PFOS sorbed GAC (no oxidant) was subjected to 80°C hot water bath to 
estimate the amount of PFOA/PFOS desorption under the influence of heat. The fourth pair 
containing just PFOA/PFOS sorbed GAC was kept at room temperature to find the amount of 
PFOA/PFOS desorption to water under no-oxidant and no-heat conditions. The single and 
multiple dose oxidation patterns were just like the procedure mentioned in the previous section. 

3.6.4. Sorption of PFOA and PFOS onto Persulfate Treated GAC  
Like previous oxidation studies, this batch experiment was conducted in 50 mL polypropylene 
centrifuge vials. Initially, in the sorption stage, two sets of ten pairs of 50 mL vials with one set 
containing PFOA sorbed onto GAC (approx. 5.5±0.25 mg/g) and another containing PFOS 
sorbed onto GAC (approx. 6.12±0.16 mg/g) were prepared according to the pre-sorption stage 
(Section 3.5.2). The aqueous phase equilibrium concentrations were measured at the end of the 
5-days sorption period. Amongst ten pairs belonging to PFOA or PFOS, following sorption, five 
were maintained as controls, and the remaining five pairs were subjected to heat activated 
persulfate oxidation. Before the oxidation stage, one pair, was sacrificed and subjected to solvent 
extraction to determine compounds sorbed onto GAC following the first sorption stage. The 
remaining four pairs containing PFOA or PFOS sorbed onto GAC were treated with a single 
dose (persulfate dose of 10 g/L; sodium persulfate - approx. 0.62 g or 2.6 mmol per 50 mL) of 
heat activated persulfate. Following oxidation, the aqueous phase was separated and analyzed for 
compounds and one pair was sacrificed for extraction, while the remaining three pairs were 
rinsed with fresh water for a period of 15 minutes three times to recover the GAC’s pH from 
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acidic to neutral. All the aqueous rinses from samples were analyzed to account for any losses of 
the compounds. After rinsing, a new batch of fresh water was introduced again into the system 
and allowed to equilibrate for 3 days. The aqueous phase from all three pairs after the 
equilibration was decanted and analyzed for the aqueous concentration.  

In the following stage, one pair was sacrificed for extraction and the remaining two pairs were 
introduced to a new batch of contaminant solution for post-treatment sorption (sorbing approx. 
5.67±0.25 mg/g of PFOA or approx. 3.73±6.14 mg/g of PFOS for the second time) and allowed 
to react for 3 days. The aqueous phase equilibrium concentration was measured, and of the two 
pairs, one was extracted and the other was subjected again to sorption (sorbing approx. 
5.67±0.25 mg/g of PFOA or approx. 3.73±6.14 mg/g of PFOS for the third time) by introducing 
a new batch of contaminant solution similarly to the previous sorption. After the last sorption 
stage, the equilibrium concentration was noted, and the GAC was finally extracted. In controls, 
the same above mentioned procedure was followed except and equivalent amount of sodium 
sulfate (equal to post oxidation sulfate concentration of 10 g/L; sodium sulfate – 0.74 g/ 50 mL) 
was used in place of sodium persulfate. Unlike the oxidation of PFOA or PFOS sorbed onto 
GAC described in Section 3.6.2, where the controls were not amended with any oxidant, in this 
experiment, sodium sulfate was introduced to controls to replicate the aqueous phase ionic 
content without active sulfate radicals. The equilibrium concentration measured during the 
second and third sorption were compared against the equilibrium concentration from the first 
sorption to determine possible changes in sorption capacity of GAC following treatment. Solvent 
extraction was used to identify and analyze the compounds sorbed onto GAC after every change 
made to its condition during the reaction period. All reaction vials were prepared in duplicate and 
as sacrificial vials that were solvent extracted according to Guelfo and Higgins (2013) to 
determine the PFAS remaining sorbed onto GAC after each reaction condition. Aqueous phases 
from all reaction conditions, including decants and rinses, and the aliquot withdrawn from vials 
at different time intervals during the oxidation period were analyzed. 

3.6.5. Mole Balance of Batch Oxidation Systems 
Mole balance calculations were conducted across all batch oxidation and control systems to 
compare initial and final PFAS concentrations, and to account defluorination yield. The general 
stoichiometric equation, “input = output + accumulation + disappearance,” was considered as a 
base for making a mole balance across the batch systems. The reaction byproducts including 
shorter chain intermediates (C4-C7) and fluoride associated with elemental composition of PFOA 
or PFOS were included in mole balance calculations, and the presence of other measured and 
unmeasured reactive and non-reactive species such as S2O82-, SO4-, H2O2, Na+, OH-, H+, etc. 
were neglected. Input and output were the concentrations at the beginning and end of reaction 
period. Input was initial measured concentration of PFOA or PFOS (mol/L), while both 
byproducts and unreacted PFOA or PFOS were considered as output. Compounds remaining 
sorbed on GAC before and after oxidation were extracted to the solvent phase and then 
quantified. The extracted compounds’ concentrations were converted from mol/g to mol/L 
equivalent. The disappearance and accumulation units in the stoichiometric equation were both 
combined and termed as ‘unaccounted.’ The unaccounted portion contains compounds lost 
during oxidation and the unrecovered compounds that remain sorbed onto the solid surfaces, as 
well as the compounds such as CO, CO2, unstable shorter chain homologues of PFOA and PFOS 
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that went undetected or not quantified as result of analytical limitations. The percent contribution 
of each compound or element was calculated as a fraction of the total concentration of the system 
measured (Equation 3.8).  

% 𝐴𝐴𝐿𝐿𝑛𝑛𝑡𝑡𝑟𝑟𝑖𝑖𝑏𝑏𝑐𝑐𝑡𝑡𝑖𝑖𝐿𝐿𝑛𝑛 = �𝐶𝐶𝑚𝑚
𝐶𝐶𝑡𝑡

×100�   Eq. 3.8 

Where, 𝐶𝐶𝑚𝑚 = measured concentration of a compound or species, 𝐶𝐶𝑡𝑡 = total sum of concentrations 
of all species. Because each mole of PFOA and PFOS can contribute to 15 and 17 moles of 
fluoride respectively, 𝐶𝐶𝑚𝑚 for fluoride was calculated by dividing measured fluoride by ((moles of 
F- formed)/ (mole of PFOA or PFOS)). 

3.7. TREATMENT OF FIELD GAC WITH ACTIVATED PERSULFATE 

3.7.1. Chemicals and Materials  
Two types of spent GAC, F400 and virgin coconut shell-based GAC, which had been used for 
treating PFAS contaminants in groundwater at a former Air Force Base pump-and-treat site, 
were used in this study. pH was only maintained at the initial stage of the experiment using 0.1 
M hydrochloric acid (HCl) and 0.1 M sodium hydroxide (NaOH). Synthetic groundwater with a 
composition of 200 mg/L calcium carbonate (CaCO3) 272 mg/L calcium sulfate (CaSO4), 252 
mg/L sodium bicarbonate (NaHCO3), 194 mg/L Magnesium carbonate hydroxide pentahydrates 
(4MgCO3.Mg(OH2).5H2O) and 750 mg/L potassium chloride (KCl) served as the source water. 
The components of the synthetic groundwater were based on a previous work by Stewart et al. 
(2005). Persulfate was activated by adding the desired amount of sodium persulfate (10 g/L) to a 
known volume in a 50-mL polypropylene and kept in a temperature controlled hot water bath at 
80℃ for 2 h. Aside from the persulfate activation experiment, all other experiments were 
conducted at room temperature of 23 ± 5. 

3.7.2. Extraction of Field GAC 
Sample extractions were conducted prior to and after oxidation experiments to determine the 
mass change of PFAS sorbed onto GAC. The GAC solvent extraction from Section 3.2.2.5 was 
followed. The PFAS that were investigated/considered in this study and detected in both field 
GAC were PFBA, PFPeA, PFBS, PFHxA, PFHpA, PFHxS, PFOA, and PFOS. Results for 
PFOA and PFOS were the most reported in this study as they are the most commonly detected 
PFAS of concern at contaminated groundwater sites. 

3.7.3. Column Design and Operation 
Persulfate oxidation of field GAC with sorbed PFAS was performed in 1-dimensional mini 100-
mL polypropylene columns with a height of 24 cm and inner diameter of 3.5 cm. The 
polypropylene column, tubing, mesh, aquarium gravel and all other equipment used were rinsed 
with methanol and milli-Q water prior to experimentation. Mesh and aquarium gravel were 
placed at the bottom and the top of columns to prevent leakage and flotation of GAC. A 
schematic of the column experiment setup is shown in Figure 3.5 and Appendix A.7 provide 
additional data on experimental design calculations.  
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Figure 3.5. Experimental setup for column tests to treat field-contaminated GAC. 

Exactly 100 g of field sorbed GAC were weighed into columns (wet packed) and 10 pore 
volumes (300-mL) of synthetic groundwater were first fed through each column in an upward 
flow mode using a peristaltic pump at a flow rate of 12.25 mL/h. Effluent samples were collected 
from the top of the column at designated sampling intervals (2 h and 4 h intervals) at each 
column effluent collection ports throughout the experiment for water quality analysis. After first 
flushing with synthetic groundwater (10 pore volumes), groundwater flow was disconnected and 
one reactor volume (30-mL) of heat activated persulfate (10 g/L, 80℃) was instantly injected 
into the first 2 columns and retained in the columns for 24 hours, which is how long this 
concentration will persist at this temperature in the presence of GAC based on preliminary tests. 
The columns were jacketed with fiber glass pipe wrap to help maintain the heat in the columns. 
After oxidation, groundwater flow of 10 pore volumes was resumed and effluent samples were 
then again collected at 2 h and 4 h intervals for a period of 24 h to measure the following 
parameters: byproducts, pH, sulfate, PFAS concentration, and fluoride. A control experiment 
was also conducted using the same procedure with synthetic groundwater replacing heat 
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activated persulfate. After treatment with heat activated persulfate, columns were unmounted and 
contents were unpacked for extraction to determine the change in mass of PFAS.  

3.7.4. Post-treatment Sorption of PFAS 
Two approaches were used to evaluate sorption of PFAS following persulfate treatment. The 
F400 GAC was evaluated in batch systems, while the virgin coconut shell-based GAC was 
evaluated in flow through mode. 2 g of persulfate treated GAC were weighed into 50-mL 
polypropylene vial (pp), and 40-mL volume of 1 mg/L stock solution of a mixture of 5 PFAS 
(PFBA, PFHpA, PFHxA, PFOA and PFOS) was added to the pp vials. The stock solution was 
prepared with synthetic groundwater and sonicated to ensure proper dissolution of compounds. 
The vials were left on the rotator and samples were collected after 5 days to check for their 
extent of sorption. The aqueous phase was decanted and PFAS concentrations were measured to 
determine the amount of PFAS sorbed on GAC using Equation 3.9. All sorption tests were 
performed in triplicates to ensure reproducibility and to estimate experimental errors. 

 �𝐶𝐶𝐶𝐶– 𝐶𝐶𝑒𝑒
𝐶𝐶𝐶𝐶

�×100  Eq. 3.9 

Where, 𝐶𝐶𝑐𝑐 and 𝐶𝐶𝑒𝑒 are the initial and final concentration (µg/L) of PFAS before and after 
adsorption. While the extent of sorption was calculated using Equation 3.10, where 𝑉𝑉 is the 
volume or pore volume (L) used and 𝑀𝑀 is the mass of adsorbent (g). 

�𝐶𝐶𝐶𝐶– 𝐶𝐶𝑒𝑒
𝑀𝑀

�×𝑉𝑉   Eq. 3.10 

The virgin coconut shell-based GAC regeneration test was conducted in the 1-D mini columns 
using the same stock solution as in the batch experiments. Twenty pore volumes (600 mL) of 
synthetic groundwater containing 1 mg/L of 5 PFAS was introduced into columns in an upward 
flow mode at a flow rate of 12.25 mL/h for 48 hours. Effluent PFAS samples were collected 
from the collection ports and PFAS concentrations measured at 2 h, 4 h and 46 h intervals for a 
period of 48 h to identify the exhaustion point of GAC in the columns.  

3.8. META-PC FOR CHARECTERIZATION OF PFOS DEGRADATION 

3.8.1. Meta-PC Software Tool for PFOS Degradation Characterization 
The details of PFOS and other compounds of interest were entered to the Meta-PC software 
using Simplified Input Line Entry System (SMILES). SMILES contain the physical and 
chemical properties of each individual atom from the one end of the molecule to the other in a 
structure line format. Meta-PC can evaluate the influence of conditions (mammalian metabolism, 
photo-degradation, anaerobic, and aerobic conditions) on the properties of the compound. 
Photodegradation and mammalian metabolism were checked as primary methods for PFOS 
degradation. SMILES data of PFOS and its possible shorter-chain derivatives were entered in the 
Meta-PC. Prior to running the program, with the use of view tool, molecular structures of 
compounds were observed. The structures of compounds were as well observed after the 
conditions acted on their properties and checked for possible destruction. The tool component of 
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Meta-PC allowed the user to view the 3-D result of the SMILES input. Predicted degradation 
pathways were followed until no more metabolites were predicted. Soluble and carcinogenic 
metabolites were noted. Attempts were made to assess the metabolites when two chemical 
species were entered, however, faced with limitations in software compatibility and results were 
not produced. The Help guide stated Meta-PC could only process one species at a time. For 
example, when attempting to show PFOS reacting with superoxide the software simply added 
two oxygen atoms to PFOS.  
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4.0 RESULTS AND DISCUSSION 

4.1. LABORATORY TESTING AND VALIDATION OF THE HRX WELLTM 

4.1.1. Laboratory HRX WellTM Design 
The capture zones in HRX WellTM for each media tested in the well were a function of the ratio 
of the hydraulic conductivities of the media in the well and the sand in the aquifer (𝐾𝐾𝑟𝑟𝑟𝑟𝑡𝑡𝑟𝑟𝑐𝑐), as 
well as the well geometry. Figure 4.1 presents a well flow simulation using a simple particle 
tracking model with the terms used throughout the discussion. 

 
Figure 4.1. Depiction of capture zone (𝑏𝑏𝐴𝐴), average width (𝑊𝑊𝑟𝑟𝑎𝑎𝑒𝑒), and capture zone radius (rcz). 

The main idea of the horizontal well concept is to capture water through flow focusing which 
results from the differential conductivity of the in-well media and surrounding media. The flow 
of water through the well (𝑄𝑄𝑤𝑤) was calculated according to Equation 4.1. While, Darcy’s law 
(Eq. 4.2) was used to calculate the average width of capture (𝑊𝑊𝑟𝑟𝑎𝑎𝑒𝑒). 

𝑄𝑄𝑤𝑤 = 𝐾𝐾𝑤𝑤𝜋𝜋𝑟𝑟𝑤𝑤2𝑖𝑖𝑤𝑤 Eq. 4.1 

𝑊𝑊𝑟𝑟𝑎𝑎𝑒𝑒 = 𝑄𝑄𝑤𝑤
𝐾𝐾𝐴𝐴𝑏𝑏𝐴𝐴𝑟𝑟𝐴𝐴

  Eq. 4.2 

Where, 𝑄𝑄𝑤𝑤= water flow in capture zone (cm3/sec), 𝐾𝐾𝑤𝑤= hydraulic conductivity of in-well media 
(cm/sec), 𝑟𝑟𝑤𝑤 = radius of horizontal well (cm), 𝑖𝑖𝑤𝑤 = hydraulic gradient along the well, 𝑊𝑊𝑟𝑟𝑎𝑎𝑒𝑒= 
average treatment width (cm), 𝐾𝐾𝐴𝐴= hydraulic conductivity of surrounding media of the well 
(cm/sec), 𝑏𝑏𝐴𝐴= aquifer thickness intercepted by the horizontal well (cm), 𝑖𝑖𝐴𝐴 = aquifer hydraulic 
gradient. 
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Because the horizontal well is oriented parallel to the aquifer groundwater flow direction, 
hydraulic gradients for the well and aquifer are approximately equal. Equation 4.3 was 
developed using this assumption and combining Equations 4.1 and 4.2. 

𝑊𝑊𝑟𝑟𝑎𝑎𝑒𝑒 = 𝐾𝐾𝑤𝑤𝜋𝜋𝑟𝑟𝑤𝑤2

𝐾𝐾𝐴𝐴𝑏𝑏𝐴𝐴
  Eq. 4.3 

Equation 4.3 shows that the horizontal well treatment width depends on the ratio of the in-well 
and surrounding hydraulic conductivities, radius of the horizontal well, and the aquifer 
intercepted thickness. For many field applications, the length of the angled portion can be taken 
as an approximation to the aquifer thickness intercepted by treatment well (𝑏𝑏𝐴𝐴). Equation 4.3 was 
used along with numerical modeling during the design process to ensure that the expected 
treatment width of the well was less than the boundaries the aquifer (i.e. the 55-gallon drum). 

By definition, all water that flows through the capture zone flows into the well and is measured 
at the well outlet (𝑄𝑄𝐶𝐶𝐶𝐶 = 𝑄𝑄𝑊𝑊). Assuming uniform flow throughout the cross section of the 
aquifer, as shown in Equation 4.4 the ratio of flow through capture zone to total flow must equal 
the ratio of the area of the capture zone and the total area.  

If the angled portion of the well is absent and the aquifer is uniform and anisotropic, the capture 
zone is approximately circular, 𝐴𝐴𝐶𝐶𝐶𝐶 = 𝜋𝜋𝑟𝑟𝐶𝐶𝐶𝐶2  and 𝐴𝐴𝑇𝑇 = 𝜋𝜋𝑟𝑟𝑇𝑇2. Then, Equation 4.4 and 4.5 are equal 

𝑄𝑄𝑊𝑊
𝑄𝑄𝑇𝑇

=  𝐴𝐴𝐶𝐶𝐶𝐶
𝐴𝐴𝑇𝑇

  Eq. 4.4 

𝑟𝑟𝑐𝑐𝑐𝑐
𝑟𝑟𝑇𝑇

= �𝑄𝑄𝑊𝑊
𝑄𝑄𝑇𝑇

   Eq. 4.5 

Where, 𝑄𝑄𝐶𝐶𝐶𝐶 = flow through capture zone (l/h), 𝑄𝑄𝑊𝑊 = flow rate through the well (l/h), 𝑄𝑄𝑇𝑇 = total 
flow rate of the entire system (l/h) (𝑄𝑄𝑇𝑇 =  𝑄𝑄𝑊𝑊 + 𝑄𝑄𝑟𝑟𝑎𝑎𝑎𝑎𝑟𝑟𝑎𝑎𝑒𝑒𝑟𝑟) (l/h), 𝐴𝐴𝐶𝐶𝐶𝐶 = area of the capture zone 
(cm2), 𝐴𝐴𝑇𝑇 = aquifer total area (cm2), rcz = capture zone radius (cm), rT = aquifer radius (cm). 

For field applications, the capture zones may have a complex shape and there could be a varying 
capture zone width along the length of the treatment well.  

4.1.2. Hydraulic Conductivity of Well and Aquifer Media 
Multiple measurements of the hydraulic conductivities of each of the media were conducted and 
averaged (Table 4.2). Table 4.3 shows the laboratory tank dimensions used in Equation 4.3. 

Table 4.2. Hydraulic conductivity of media. 
 Average Time (sec) K (cm/sec) Standard Deviation 
Sand  290 0.04 0.01 
F400 GAC 19.86 0.56 0.01 
F816 GAC 10.25 1.09 0.04 
Aquarium Gravel 6.45 1.73 0.05 
Large Well Gravel 4.57 2.44 0.03 
Aquifer Gravel 2.63 4.25 0.31 
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Table 4.3. Relevant dimensions of the laboratory model and hypothetical field scenario. 
 Lab Field 
‘r’ well (cm2) 1.3 15 
‘b’ (cm) 16.4 366 
slope 0.3 1.99 

Figure 4.2 compares the ratio of flow captured by the HRX Well™ (QHRX, measured at the well 
outlet) and the flow at the aquifer outlet (QA) to the ratio of 𝐾𝐾𝐻𝐻𝐻𝐻𝐻𝐻 and 𝐾𝐾𝐴𝐴 for the five-different 
media placed in the HRX Well™.  The open circles represent average measurements for various 
tests for various 𝐾𝐾𝐴𝐴/𝐾𝐾𝐻𝐻𝐻𝐻𝐻𝐻 ratio values and the filled diamond is the design model prediction.  The 
dashed line represents the predicted relationship based on the numerical model results and the 
expectation of a linear relationship based on the assumption of laminar flow conditions and 
Darcy’s Law.   

 

Figure 4.2. Ratio of flow captured by the HRX Well™ (QHRX, measured at the well outlet) and 
the flow at the aquifer outlet (QA) to the ratio of KHRX and KA for the five-different media placed 
in the HRX Well™. The open circles represent average measurements for multiple tests for 
various KA/KHRX ratio values and the filled diamond is the design model prediction. Error bars 
represent range of measurements for tests completed with the same KA/KHRX conditions. The 
dashed line represents the predicted relationship based on the numerical model results and the 
expectation of a linear relationship based on Darcy’s Law. 

4.1.3. Tracer Tests  
4.1.3.1. Conservative Tracer Tests. For several tests where the well was filled with GAC (Calgon 
Filtrasorb F816), a slug of conservative tracer (chloride (as NaCl), Cl-; measured by specific 
conductance) was added to the water supply reservoir to qualitatively measure arrival times.  
Tracer test runs were conducted by adding 100 grams of NaCl to the water supply tank and 
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collecting samples at the well outlet, the aquifer outlet, and the water supply tank overflow. The 
conductivity of each collected sample was measured for NaCl concentration. A representative 
graph is shown in Figure 4.3. A high concentration of NaCl was detected in the overflow 
immediately after the beginning of the test run. The concentrations decayed very rapidly and 
returned to baseline in a very short period of time. This represented the NaCl was lost via the 
water supply tank overflow that never entered the tank. The well outlet remained at baseline for a 
few minutes and then rapidly increased, peaked, and then quickly returned to baseline. 
Generally, within 5 to 7 minutes of adding the NaCl to the water supply tank, a corresponding 
increase in conductively was measured. The peak concentration was observed between 10 and 15 
minutes. The conductivity returned to baseline within 40-60 minutes. The NaCl at the aquifer 
outlet remained at baseline longer, rose more gradually, peaked later and at a lower 
concentration, and then slowly returned to baseline. NaCl first appeared between 12 to 24 
minutes, and peaked at a range of 35 to 55 minutes, and then returned to baseline after 90 
minutes. Regardless of the media in the well or the head applied, all the graphs had the same 
basic shape and characteristics. The higher the hydraulic conductivity in the well, the sooner the 
increase in conductivity from the well was measured, and longer it took to see NaCl arrive at the 
aquifer outlet. Based on the aquifer and media properties, the flow velocity within the well 
(𝑉𝑉𝐻𝐻𝐻𝐻𝐻𝐻) was expected to be 3.5 to 4.5 times greater than the flow velocity in the aquifer. Based on 
observed breakthrough the average tracer velocities were 3.3, 3.4, and 3.6 times faster for water 
exiting the well outlet compared to the aquifer outlet. These results are consistent with 
expectations and further confirm that the HRX Well™ behaves as a preferential flow feature that 
both focuses flow and exhibits enhanced flow velocity. 

 

Figure 4.3.  NaCl tracer test results with well filled with F816 GAC at 36 inches of applied head. 

4.1.3.2. Conservative and Non-Conservative Tracer Tests. To demonstrate the possible effects of 
GAC as a well media for sorption of contaminants, a dual tracer test was conducted. F816 GAC 
was used to fill the well. Methylene blue (20g) and NaCl (100g) were both added simultaneously 
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to the water supply tank, and test run timer was started. Samples from the well and aquifer 
outlets were collected at specified times and measured for concentration of NaCl and methylene 
blue. The profile for the NaCl was like the conservative test run test conducted before. The 
measured tracer breakthrough curves at the well outlet are shown in Figure 4.4 (data are 
normalized to injected concentration and chloride breakthrough time; tCl). It is evident that the 
GAC within the HRX WellTM dramatically affected the transport of MB. The initial arrival of 
MB and the HRX WellTM outlet is approximately two times later than Cl- and the relative peak 
concentrations are 35 times lower than Cl-. Due to the slug addition, supply reservoir overflow 
system, and aquifer outlet configurations, the exact mass of tracer added to the tank is not 
precisely known and, therefore, an absolute tracer mass balance is not possible. However, 
because the tracers were added in the same way and at the same time, the cumulative mass 
recovery of MB relative to Cl- (the dotted line shown in Figure 4.4) was used to quantify the 
total relative MB mass treated over time. After 10 tCl, the cumulative MB mass recovery is about 
20 times less than Cl-. Note that unlike some other types of reactive media (e.g., zerovalent iron), 
GAC does not destroy MB and, therefore, long-term low-level desorption is expected; 
nevertheless, after 25 tCl the cumulative MB breakthrough was still 10 times less than Cl-. The 
physical model clearly shows that an HRX WellTM will focus flow and solute transport is then 
affected by the reaction processes associated with the solid phase media in the well. For specific 
field applications, several factors (e.g., sorption/desorption potential of the media, reaction 
kinetics, and residence time), will need to be considered in the well design and performance 
expectations. 

 
Figure 4.4. Relative breakthrough of chloride (Cl-, circles) and methylene blue (MB, triangles) 
tracers at the HRX Well outlet. The cumulative MB mass recovery normalized to the cumulative 
Cl- mass recovery is indicated by the dotted line. 

Additional experimental details, data, and interpretation related to the physical tank testing can 
be found in Divine et al., (2017). Overall the physical tanks testing modeling analyses completed 
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for this project demonstrate that the HRX Well™ concept is viable and may be an implementable 
and effective technology for some sites. 

4.2. CHARACTERIZATION OF PFAS AND CO-CONTAMINANT SORPTION 

4.2.1. Preliminary Sorption Experiments 
This work was completed as part of a Ph.D dissertation and are documented in detail in 
Siriwardena (2017). Results of the preliminary sorption experiment show increasing sorption 
(decreasing aqueous phase concentration) after 4 days. Sample aliquots were collected after 7 
days and analyzed to determine whether equilibrium concentration has been reached. Aqueous 
concentration obtained for 4th day and 7th day samples showed less than ±5% difference; 
therefore, a seven-day period was chosen as time to reach equilibrium concentration for the 
follow-on isotherm experiments. 

Adsorption results indicate similar performance for each carbon type and sorption capacities are 
in the range of 150 to 200 mg-PFAS / g-GAC (Figure 4.5). The GAC types of F400 and F300 
had slightly higher sorption for PFOA and PFHxS. F300 shows higher sorption for PFBS at 175 
mg-PFBS/g-GAC (Figure 4.5). Different sorption behavior of PFBS compared to PFOA and 
PFHxS likely occurred due to the different carbon-fluorine chain lengths. According to Wang et 
al., (2015b), longer carbon-fluorine chain PFAS have higher binding affinity than short-chain 
PFAS. According to the surface morphology visualized by SEM micrographs of carbon (Figure 
4.6), all GAC types have porous structures. Because all the carbon sources have similar physical 
properties (Table 4.4), the chemical composition of the surfaces of F400 and F300 may account 
for the higher sorption capacity. Out of all the carbon sources tested, F300, F400, and CBC have 
the highest BET surface area (Table 4.4) respectively. Jacobi carbon showed the highest pHpzc of 
8.1 (Table 4.4) and hence the surface tends to be more positively charge with experiment pH 
controlled at 7.2. This may increase the electrostatic attraction between negatively charge PFAS 
and the positively charge GAC surface and may account for higher sorption (Du et al., 2014; Zhi 
et al., 2015). Based on these results, F400 carbon along with F300, Jacobi, and CBC GAC were 
chosen for further experiments.  

 
Figure 4.5. Amount of PFAS adsorbed in to GAC after a 4-day reaction period. Error bars on 
adjusted values represent the standard errors of the mean estimates. 
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Table 4.4. Characteristics of carbon sources. 
GAC BET Surface Area (±m2/g) pHpzc pore volume1 

(cm3/g) 
Pore Width2 (Å) 

F100 
F200 
F816 
F400 
F300 
Jacobi 
CBC 

653 
646 
598 
924 
1442 
661 
908 

7.4 
8.1 
5.9 
6.1 
6.6 
8.1 
7.5 

0.110 
0.082 
0.098 
0.135 
0.295 
0.181 
0.025 

16.3 
17.1 
16.8 
17.3 
15.6 
16.6 
15.3 

1BJH Adsorption Cumulative volume of pores between 17 -3000A0 
2Adsorption average pore width (4V/A by BET) 

4.2.2. PFAS Sorption Isotherms for Different GAC Types  
Among the four GAC types tested during isotherm experiments at high PFAS concentration, 
F300 and F400 showed the highest sorption capacity for PFOA, respectively, according to the 
𝑄𝑄𝑚𝑚 and 𝐾𝐾𝐹𝐹 values of Langmuir and Freundlich isotherm models, respectively (Table 4.5). For 
PFOS, PFHxS and PFBS, F400 displayed the highest sorption capacity according to Langmuir 
isotherm model. In this experiment, the initial concentration of 500 mg/L was used for PFOA 
and PFHxS isotherm experiments, while 250 mg/L was used for PFOS and PFBS due to their 
dissolution limitations. Because the initial concentration has an effect on sorption capacities 
(Coles, 2007), the sorption capacities of PFAS in this preliminary experiment cannot be 
compared. The Langmuir isotherm model and Freundlich isotherm model fit all the sorption data 
well according to their correlation coefficients R2>0.91 for Langmuir model and R2>0.85 for 
Freundlich model (Table 4.5). Appendix A.1 provides supporting data on isotherm models with 
PFAS sorption onto different GAC sources. The CBC GAC had the lowest sorption capacity 
compared to the other three types of carbons. F400 and CBC were chosen for the future 
experiments, because F400 showed higher sorption capacity in most of the preliminary isotherm 
experiments and CBC represents a contrasting GAC material. 
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Table 4.5. Langmuir isotherm constants and Freundlich isotherm constants for the adsorption of 
PFAS onto different GAC types.  

GAC 
PFAS Langmuir Isotherm Constants   Freundlich Isotherm Constants 
  𝑸𝑸𝒎𝒎 𝑲𝑲𝑳𝑳 r2   𝑲𝑲𝑭𝑭   n r2 

F300  

PFOA 370.4 0.038 0.99   73.6 5.5 0.98 
PFOS 135.1 0.010 0.97  52.9 2.9 0.99 
PFHxS 294.1 0.042 0.99  98.1 5.2 0.96 
PFBS 64.1 0.042 0.98   20.5 5 0.88 

F400  

PFOA 344.8 0.133 0.99   135.5 3.4 0.98 
PFOS 200 0.017 0.91  49.2 1.9 0.88 
PFHxS 333.3 0.101 0.99  130.2 5.8 0.98 
PFBS 71.4 0.095 0.99   33.6 7.13 0.97 

Jacobi  

PFOA 333.3 0.061 0.98   113.9 5.3 0.96 
PFOS 116.3 0.009 0.99  59.9 4.8 0.88 
PFHxS 285.7 0.057 0.98  94.6 5.4 0.85 
PFBS 64.5 0.046 0.98   18.6 4.4 0.92 

CBC  

PFOA 156.3 0.019 0.99   77.1 8.7 0.86 
PFOS 64.5 0.029 0.99  21.8 5.7 0.99 
PFHxS 175.4 0.015 0.99  57.9 5.4 0.87 
PFBS 49 0.057 0.99   25.7 9.4 0.93 

𝑄𝑄𝑚𝑚 (mg PFAS/g GAC), 𝐾𝐾𝐿𝐿 (L/mg), 𝐾𝐾𝐹𝐹 [(mg PFAS/g GAC) (mg PFAS/L)-n], n for the adsorption of PFAS onto 
different GAC types. Initial concentration of PFOA and PFHxS = 500 mg/L and PFOS and PFBS = 250 mg/L. 
Solution pH 7.
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Figure 4.6. SEM Micrographs of GAC × 10000 magnification.
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4.2.3. Isotherm Experiments  
The adsorption capacities of two types of GAC (F400 and CBC) for PFOA and PFOS, 
individually and in mixture, at low concentration (1 mg/L) were compared by fitting the 
experimental data to Freundlich and Langmuir isotherm equations to determine adsorption 
constants. The isotherm constants determined from Langmuir and Freundlich models at 1 mg/L 
initial concentration are listed in Table 4.6. Appendix A.2 provides supporting data on isotherm 
models for PFAS sorption onto F400 and CBC type of GAC. The Langmuir isotherm model 
provided better fits than the Freundlich isotherm model according to the correlation coefficient 
(r2). It was reported that PFOS and PFOA adsorption is well described by the Langmuir model 
(Ochoa-Herrera and Sierra-Alvarez, 2008; Yu et al., 2009; Zhang et al., 2011; Du et al., 2014). 
The Freundlich model is also acceptable because multilayer adsorption of PFAS is probable 
during sorption process (Yu et al., 2009; Du et al., 2014). According to the maximum sorption 
capacity derived from both models, the higher sorption capacity was obtained for individual 
compounds compared to those in mixture for both PFOA and PFOS (Figure 4.7). Also, coal-
based F400 showed higher sorption than the coconut based carbon in all the combinations. For 
both carbon sources, PFOS showed greater sorption than PFOA individually and in mixture. 
Moreover, according to the 𝑄𝑄𝑚𝑚 values of Langmuir isotherm, PFOA shows 60% more sorption 
when it is present as an individual compound compared to when in mixture, whereas PFOS 
shows 6% more sorption for F400. Similarly, 35% of more PFOA and 1% of more PFOS sorbed 
for CBC when they are present as individual compounds. Therefore, there is less difference 
between adsorption capacities of PFOS in individual compared to in a mixture, whereas PFOA 
showed higher difference according to Langmuir isotherm model. This trend can also be seen in 
the 𝐾𝐾𝐹𝐹 values of the Freundlich isotherm. There, 70% of more PFOA and 34% of more PFOS 
sorbed into F400 and 43% of more PFOA and 19% of more PFOS sorbed into CBC when the 
compounds were present individually, compared to present as a mixture (Figure 4.7). 

Table 4.6. Langmuir isotherm constants and Freundlich isotherm constants of PFAS onto F400 
and CBC GAC types. 

GAC PFAS 
Langmuir Isotherm Constants  Freundlich Isotherm Constants 

𝑸𝑸𝒎𝒎 KL R2  𝐾𝐾𝐹𝐹 n R2 

F400 

PFOA 34.36 29.10 0.99  49.29 2.71 0.78 
PFOA(Mix) 14.02 25.46 0.99  15.03 4.44 0.92 
PFOS 40.98 48.8 0.99  54.52 3.26 0.94 
PFOS(Mix) 38.46 8.41 0.96  36.03 3.00 0.99 

CBC 

PFOA 14.58 9.94 0.99  13.75 3.91 0.99 
PFOA(Mix) 9.53 5.1 0.91  7.87 3.92 0.91 
PFOS 16.05 39.50 0.98  18.92 4.15 0.85 
PFOS(Mix) 15.82 12.71 0.96  15.28 5.33 0.76 

𝑄𝑄𝑚𝑚 (mg PFAS/g GAC), KL(L/mg), 𝐾𝐾𝐹𝐹 [(mg PFAS/g GAC) (mg PFAS/L)-n], n for the adsorption of PFAS onto 
different GAC types at 1mg/L initial concentration of PFAS. Solution pH 7.2. 
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Figure 4.7. Sorption capacity of individual and mixture of PFOA and PFOS onto F400 and CBC 
GAC types, derived from (a) Langmuir (b) Freundlich isotherm models. Error bars on adjusted 
values represent the standard errors of the mean estimates. 

It was previously reported that both the length and functionality of the head groups of PFAS 
have an effect on sorption (Higgins and Luthy 2006; Wang et al., 2012). Because PFOA and 
PFOS have the same carbon chain lengths, carboxylate and sulfonate head groups may have an 
influence on their sorption. The sulfonate group is slightly larger compared to the carboxylate 
group and hence shows higher hydrophobic properties to a certain extent (Higgins & Luthy, 
2006). Moreover, PFOS has a higher log Kow (5.26) than PFOA (4.59) (Table 3.2), which 
indicates that the sulfonic group is more hydrophobic than the carboxylic group even though they 
have same carbon chain length (Deng et al., 2012). PFOA and PFOS have the same carbon chain 
length, but PFOS contains eight fluorinated carbons and PFOA has seven which results in 
stronger hydrophobic character in PFOS (Zhou et al., 2010a, 2010b; Zhi and Liu 2015; Merino et 
al., 2016). In addition, it is reported that the PFOS molecule has higher polarizability than the 
PFOA molecule (PFOS: 19.12 Å3 molecule-1, PFOA: 16.26 Å3 molecule-1). Therefore, the Van 
der Waals interactions with the sorbent surface induced by PFOS are likely stronger than PFOA 
(Zhi & Liu, 2015). According to the sorption capacity terms derived from Freundlich and 
Langmuir isotherm models of the sorption data, hydrophobic interactions play an important role 
because PFOS shows higher sorption when present both individually or in mixture compared to 
sorption of PFOA (𝑄𝑄𝑚𝑚 and 𝐾𝐾𝐹𝐹 values in Table 4.6). 

PFOA and PFOS have low pKa values (Table 3.2) and hence they exist as anions in the aquatic 
environment (Wang et al., 2012; Shih and Wang, 2013; Du et al., 2014). In these experiments pH 
was controlled at 7.2 and the pH of point zero charge of F400 and CBC were found to be 6.1 and 
7.5 respectively (Table 4.4). Therefore the surface of F400 tends to be more negatively charged 
resulting in electrostatic repulsion between F400 surface and PFAS anions and decreased the 
sorption capacity to some extent (Deng et al., 2012; Du et al., 2014). On the other hand, CBC has 
a weakly charged surface (pH ~ pHpzc) with likely negligible electrostatic interactions (Tang et 
al., 2010). According to isotherm experimental results, F400 shows a higher sorption capacity 
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than CBC. Therefore, electrostatic interactions may have less of influence on sorption compared 
to hydrophobic interactions.  

Differences in sorption capacities can be attributed to the physical properties of GAC to some 
extent. The main factors for higher adsorption of PFAS onto F400 relate to the higher surface 
area, pore size distribution and formation of micelles and hemi-micelles (Yu et al., 2009; Deng et 
al., 2012). The BET surface area of F400 is slightly higher than that of CBC and is not likely the 
main reason for the higher sorption capacity of F400 (Table 4.4) compared to CBC. The length 
of a PFOA and PFOS molecule is reported to be about 1× 10-9m (Yu et al., 2009; Deng et al., 
2012; Zhi and Liu, 2015). The diameter of PFOA is about 3.5×10-10m and 4.0×10-10m  for PFOS 
(Deng et al., 2012; Zhi & Liu, 2015). Both F400 and CBC have BJH adsorption average pore 
width in the range of micropores (<20×10-10m) (Table 4.4). But, PFOA and PFOS molecules 
may not be accessible to some of the micropores (< 2×10-9 m) due to their larger size than 
micropore volume. Hence, the available micropores in the GAC surface for sorption of PFOA 
and PFOS relevant to their size is a more important factor (Yu et al., 2009). The critical micelle 
concentration (CMC) was reported to be 4,573 mg/L for PFOS and 15,696 mg/L for PFOA (Yu 
et al., 2009; Deng et al., 2012), but hemi-micelles can be formed on the adsorbent surface when 
the PFAS concentration is in the range of 0.01-0.001 of the CMC (Johnson et al., 2007; Yu et al., 
2009; Zhang et al., 2011; Deng et al., 2012). The concentration used for this study, however, was 
much lower than their CMC. The BJH Adsorption Cumulative volume of pores of F400 and 
CBC were found to be 0.135 and 0.025 cm3/g respectively. PFAS concentration in pores can be 
calculated by the ratio between pore volume of GAC and the sorption capacity of the respective 
GAC. The sorption capacities of F400 (42.9 mg/g PFOS and 34.4 mg/g PFOA) translate to 
aqueous concentrations of 317.8 g/L PFOS and 254.8 g/L PFOA in its pores. The similar 
sorption capacity of CBC (15.8 mg/g PFOS and 14.6 mg/g PFOA) is equal to 632.0 g/L PFOS 
and 584.0 g/L PFOA in the pores of CBC (Zhang et al., 2011). These are much higher 
concentrations than the CMC and hence the possibility of forming micelles and hemi-micelles in 
the pores. Because, aqueous concentrations are higher in pores of CBC, more micelles tend to be 
formed and can prevent the sorption of other molecules, resulting in lower sorption capacity than 
F400 (Yu et al. 2009). Moreover, when PFOA and PFOS are in the mixture, PFOS shows a 
higher sorption capacity than PFOA. There was a competition between molecules for adsorption. 
Because the CMC of PFOS was lower than that of PFOA, it was easier to form micelles or hemi-
micelles than it was for PFOA in the surface or inside the pores. Also, the bigger size of PFOS 
tend to form larger micelles and hemi-micelles than PFOA and can block the pores leading to the 
inhibition of PFOA sorption (Yu et al., 2009).  

4.2.4. Sorption of PFAS in Presence of Co-contaminants 
The effect of co-contaminants (kerosene, trichloroethylene and ethanol) on sorption of PFAS 
(1mg/L PFOA and PFOS mixture) onto 15 mg of GAC (F400 and CBC) are represented in 
Figure 4.8. For both types of GAC, the extent of sorption was increased by 3.4-4.7 mg/g (36-50 
%) of PFOA in the presence of all types of co-contaminants whereas PFOS shows very little 
change (~1 mg/g (10%)). A similar trend was observed with the experiment with 5 mg of GAC. 
It was reported that fuels or chlorinated solvents existing as non-aqueous phase liquids (NAPL) 
may have a varied effect on sorption and these can compete with PFAS for sorption sites (Guelfo 
& Higgins, 2013). The impact of TCE on PFAS sorption has been shown to be concentration-
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dependent where sorption was unimpacted or slightly decrease at low concentration (1µg/L) and 
increased at high concentration (500 µg/L) of PFAS (Guelfo & Higgins, 2013). Moreover, co-
contaminants can hinder sorption by blocking access to PFAS sorption sites. Also, at high 
concentration of PFAS, the presence of a NAPL can act as an additional adsorbent for PFAS. 
Moreover, it has been demonstrated that long chain PFAS (>6 Carbon) have a different influence 
and uncertain effect on sorption in the presence of NAPL (Guelfo & Higgins, 2013). Therefore, 
sorption of PFAS in the presence of co-contaminants depends on the characteristics of GAC, 
PFAS concentration and chain length.  

 
Figure 4.8. The extent of sorption of PFAS in the presence of co-contaminants was investigated 
by preparing a mixture of PFOA and PFOS and measuring their sorption onto 15 mg of F400 and 
CBC in the presence of 0.1 mg/L Kerosene (Ker), 1 mg/L Trichloroethylene (TCE), and 1 mg/L 
Ethanol (Et). Error bars on adjusted values represent the standard errors of the mean estimates. 

4.2.5. Influence of Groundwater Conditions on Sorption of PFAS  
The effects of pH (4 and 9), total solids (Fe2O3), dissolved organic carbon (0.1 and 1 mg/L) and 
anion (SO4

−2) on sorption of PFAS (1mg/L PFOA and PFOS mixture) onto 15 mg of GAC (F400 
and CBC) are summarized in Figure 4.9.  PFOA and PFOS mainly exist in an anionic form 
within the pH tested (4 and 9) in this study because the pKa values of those molecules are lower 
than the experimental pH (Table 3.2). The pHPZC of F400 and CBC are found to be 6.1 and 7.5, 
respectively. The charge of the mineral surface depends mainly on the solution pH (Tang et al., 
2010).  Therefore, at pH 4, both F400 and CBC surfaces are more positively charged, and they 
are more negatively charged at pH 9. Therefore, at lower pH PFAS sorption increases due to 
enhanced electrostatic attraction forces between negatively charged PFAS molecules and the 
positively charged surface (Johnson et al., 2007; Zhang et al., 2011; Deng et al., 2012; Wang et 
al., 2012; Du et al., 2014; Wang et al., 2015b). However, a slight increase (<1 mg/g (10%)) of 
PFOA and PFOS sorption level on F400 and CBC was observed at pH 4. Therefore, electrostatic 
forces are enhanced between negatively charged PFAS molecules and the positively charged 
surface at lower pH and can increase sorption (Johnson et al., 2007; Tang et al., 2010). At pH 9, 
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no enhancement in sorption in F400 for both PFAS and a small decrease (<1 mg/g (10%)) of the 
extent of sorption on CBC was observed for both PFOA and PFOS. In general, a change of pH 
had no significant change in the extent of sorption of PFAS into GAC. 

 
Figure 4.9. The extent of sorption of PFOA and PFOS adsorption onto 15 mg GAC at different 
groundwater conditions pH 4, pH 9, total solids (Fe), 0.1 mg/L DOC (DOC_0.1), 1 mg/L DOC 
(DOC 1) and SO4-2 anion (SO4). Error bars on adjusted values represent the standard errors of 
the mean estimates. 

According to the Figure 4.9, the effect of SO4
−2 anions on the extent of sorption of PFOS is 

negligible (< 1 mg/g (10%)) for both types of GAC. For PFOA, F400 has 4.6 mg/g (43%) and 
CBC has 3.5 mg/g (42%) enhancement in sorption. Most studies in published literature have 
found that inorganic ions compete with PFAS for sorption sites on adsorbents and hindered the 
sorption capacity of PFAS to some degree (Zhang et al., 2011; Wang et al., 2012; Deng et al., 
2012; Du et al., 2014). But, Zhang et al. (2011) indicated that sulfate anions affected the sorption 
rate to some extent but have little effect on sorption capacity. Moreover, the effect of inorganic 
ions on PFAS sorption is complicated and mainly depends on concentrations and types (Du et 
al., 2014). In this experiment, the PFAS to SO4

−2 ion ratio was 1:10 and had varied influence on 
sorption. Natural organic matter (NOM) is commonly present in the natural environment and is a 
main competitor for PFAS sorption (Yu et al., 2012; Bao et al., 2014; Du et al., 2014). The 
presence of dissolved organic carbon (DOC) causes competitive adsorption effects and 
preloading or fouling of GAC (Rahman et al., 2014) and can interact with PFAS through 
hydrophobic and electrostatic interactions (Bao et al., 2014). Also, the concentration limits and 
size of the NOM have an influence on PFAS sorption onto GAC (Qiu et al., 2007; Yu et al., 
2012). In this experiment, two concentrations (0.1 and 1 mg/L) of Suwannee River Natural 
NOM-Humic Acid (HA) standard II were used to determine the DOC effect on sorption of 
PFAS. According to Figure 4.9, the impact of DOC on sorption of PFOS is negligible (<1 mg/g 
(10%)) with a low concentration of DOC (0.1 mg/L) for both types of GAC, whereas sorption 
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decreased by 3.3 mg/g (30%) with a high concentration of DOC (1 mg/L) for CBC. PFOA shows 
a 4.6 mg/g (44%) and 3.3 mg/g (40%) increase in sorption with a low concentration of DOC and 
2.8 mg/g (27 %) and 1.6 (20%) mg/g increase in sorption with high concentration for F400 and 
CBC respectively. It was noted that PFAS adsorption can be increased via hydrophobic 
interactions on the HA to some extent (Bao et al., 2014). Also with a high concentration of DOC, 
the sorption rate can be decreased due to a steric hindrance effect of HA molecule and 
competitive sorption between HA and PFAS (Bao et al., 2014). Moreover, dissociation of 
carboxylic and phenolic functional groups in water make negative charges in the HA molecule, 
resulting in enhancement of electrostatic repulsion between them and PFAS anions. This effect 
could decrease the removal rate of PFAS with increasing DOC concentration (Bao et al., 2014). 
The size of the NOM also plays an important role in sorption of PFAS molecules, because NOM 
has a varied size distribution. It was reported that the smaller molecular weight fraction (<1 kDa 
=1 kg/mol) has a higher effect on sorption than the larger molecular weight (>30 kDa = 30 
kg/mol) fraction (Yu et al., 2012). PFAS (PFOA = 438 g/mol, PFOS= 538 g/mol) mainly occupy 
micropores, and the smaller NOM molecules with a similar size as PFAS, which is a small 
fraction of NOM, may compete with PFAS molecules for the micropores (Qiu et al., 2007; Yu et 
al., 2012). The extent of sorption of PFOA was increased by 4.5 mg/g (46%) and 3.8 mg/g (45%) 
for F400 and CBC respectively with negligible change in PFOS (<1 mg/L (10%)) in the presence 
of iron oxide solids. Because it was reported that PFAS and anionic surfactants can sorb onto 
iron oxide rich materials (Johnson et al., 2007), the influence of it is expected to be minor 
compared to the GAC sorption capacity.   

4.2.6. Comparison of Experimental Results with Other Reported Studies 
Earlier studies on sorption of PFAS onto GAC reported Langmuir and Freundlich isotherm 
constants (Table 4.7). When compared the 𝐾𝐾𝐹𝐹 values in Freundlich model, the study of Ochoa-
Herrera and Sierra-Alvarez (2008) and Yu et al. (2009) have the same order of magnitude. On 
the other hand, 𝐾𝐾𝐹𝐹 values for PFOA sorption from Zhi and Liu, (2015) and sorption of PFOS 
from Senevirathna et al. (2010b) show a vast difference. There are little differences in Langmuir 
isotherm parameters reported in the literature and our study except for Hansen et al. (2010) that 
used contaminated well water with very low initial concentration of PFAS and DOC. The initial 
concentration appears to have an effect on sorption capacities (Coles, 2007). The pH of the 
system also has an effect on sorption because, pHpzc accountable for the interactions between 
PFAS molecules and the surface of GAC (Deng et al., 2012; Du et al., 2014). Also, differences 
in sorption capacities can be attributed to the physical properties of GAC and main factors for 
higher adsorption of PFAS onto GAC relate to the higher surface area, pore size distribution and 
formation of micelles and hemi-micelles (Yu et al., 2009; Deng et al., 2012). Therefore, 
differences in the literature values with our study are likely caused by the different initial 
concentration ranges, experimental conditions, as well as the properties of GAC used in the 
isotherm studies (Table 4.7). 
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Table 4.7. Previous studies on sorption of PFAS on to GAC- Langmuir isotherm constants 𝑄𝑄𝑚𝑚 (mg PFAS/g GAC) and 𝐾𝐾𝐿𝐿 (L/mg) and 
Freundlich isotherm constants 𝐾𝐾𝐹𝐹 [(mg PFAS/g GAC) (mg PFAS/L)-n] 

        Langmuir Isotherm   Freundlich Isotherm       
GAC 
Type 

Amount 
(g) 

[PFAS]initial 
(mg/L) 

PFAS 𝑸𝑸𝒎𝒎 
(mg/g) 

𝑲𝑲𝑳𝑳 
(L/mg) 

 
𝑲𝑲𝑭𝑭 (mg/g) 
(mg/L)-n 

n Experimental 
Conditions 

Properties of GAC References 

F400 0.1 15-150 PFOA 112.1 0.038   11.8 0.443 V=100 mL, pH 7.2,150 
rpm, reaction time= 
48h, T=30 0C 

Size = 0.55-0.75 mm (Ochoa-Herrera 
& Sierra-
Alvarez, 2008) 

PFOS 236.4 0.124   60.9 0.289 

F400 0.01 0.005-5 PFOA  - - 
 

2.5×106 1.96 V=100 mL, 150 rpm, 
T=25 0C 

SA= 947.8 m2/g     
Size = 0.85-1 mm 

(Zhi & Liu, 
2015) PFOS  -  -   116.3 0.61 

F400 0.1 0.01-5 PFOS  -  -   1.13×105 2.2 V=100 mL, pH 6.4, 150 
rpm, reaction time= 
100h, t=250C 

SA = 900-1100 m2/g 
Size = 1-1.4 mm 

(Senevirathna et 
al. 2010b) 

GAC 
(coal) 

0.01 20-250 PFOA 170 0.041   37.4 3.57 V=100 mL, pH 5.0, 
reaction time= 168h  

BET SA = 712 m2/g 
size = 0.9-1 mm 

(Yu et al. 2009) 

PFOS 199.6 0.072   74.6 5.56 
GAC 
(coal) 

0.1 (1.4±0.2) ×10-3       

Well water 
PFOA (1.1±0.15) 

×10-3 
(30±9)×103   1.9 ×10-5 0.29±0.05 V=800 mL, 100 rpm T= 

20 0C, reaction time = 4 
weeks 

SA = 1200 m2/g  
Size = 226 µm 

(M C Hansen et 
al., 2010) 

(1.4±0.13) ×10-4    

Well water 
PFOS (5.3±1.4) 

×10-3 
(8±2 ×104   4.4 ×10-4 0.50±0.03 

F400 0.005-
0.025 

1 PFOA 34.36 29.10  49.29 2.71 
V= 125 mL, 145 rpm, 
pH 7.2, reaction time = 
7 days 

SA= 924 m2/g  
Size = 0.42-1.0 mm 

This study 
PFOS 40.98 48.8 54.52 3.26 

CBC 0.005-
0.025 

1 PFOA 14.58 9.94  13.75 3.91 SA= 908 m2/g  
Size = 0.42-1.0 mm PFOS 16.05 39.50 18.92 4.15 
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4.3. ENHANCEMENT OF PFAS SORPTION ONTO ACTIVATED CARBON 

4.3.1. Sorption of PFAS onto Treated and Untreated Carbon  
The extent of sorption of two types of GAC (F400 and CBC) with four different treatments (HCl, 
NaOH, Persulfate (PS) and H2O2/Fe) is shown in Figure 4.10. Out of all treatment methods, both 
the F400 and CBC GAC treated with HCl showed the increased sorption of both PFHxS and 
PFOA. There is no significant difference in the amount of sorption with reaction time for all 
treated systems tested. Also, PFHxS and PFOA show a similar trend for extent of sorption with 
all modified forms of F400 and CBC GAC.  

The percent difference of sorption on untreated GAC relative to the treated GAC after 2,5, and 
10-day reaction time is summarized in Table 4.8. After 10 days, the system reached the 
equilibrium concentration. The extent of sorption of PFHxS was increased by 8.6% (±0.01%) for 
the HCl treated F400, and 5.1% (±0.6%) HCl treated CBC, after 10 days. The amount of sorbed 
PFOA increased by 7.6% (±0.2 %) and 6.4% (±2.5%) for HCl treated F400 and CBC 
respectively after 10 days. For all other three treatments, the extent of sorption was decreased. 
The highest decrease in amount of sorption was obtained with H2O2/Fe treated GAC followed by 
PS treatment, for all cases. It was around 20% for both PFHxS and PFOA with H2O2/Fe treated 
F400 and around 30% and 25% with H2O2/Fe treated CBC for PFHxS and PFOA respectively. 
NaOH treated F400, the extent of sorption of both PFHxS and PFOA, was around 1% less than 
the control which is the lowest drop obtained after 10 days.  

Table 4.8. Percent difference of sorption on treated GAC relative to untreated GAC. 

Treatment GAC PFOA   PFHxS 
2D 5D 10D  2D 5D 10D 

HCl F400 12% 8% 8%  12% 10% 9% 
CBC 10% 7% 6%  8% 4% 5% 

NaOH F400 -5% -1% -1%  -3% -2% -1% 
CBC -11% -7% -7%  -10% -8% -11% 

H2O2/Fe F400 -30% -25% -18%  -33% -27% -23% 
CBC -35% -33% -25%  -34% -30% -32% 

PS F400 -20% -16% -8%  -15% -11% -6% 
CBC -18% -11% -9%   -15% -15% -14% 

 

Differences in the extent of sorption are mainly attributed to the physical properties of GAC. The 
main factors for adsorption of PFAS onto GAC relate to the surface area and pore size 
distribution (Yu et al., 2009; Deng et al., 2012). According to the results in Table 4.9, treatment 
of both types of GAC resulted in a decrease in the BET surface area, pore volume and pore 
width. This may be a result of pore blockage in the micropores caused during treatment due to 
modification of the textural characteristics of the untreated GAC (Yin et al., 2007). The highest 
decrease of BET surface area was obtained for H2O2/Fe treated GAC followed by PS treated 
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GAC for both F400 and CBC. This was comparable with the reduction in the extent of sorption 
results too (Figure 4.10). The iron precipitates formed as result of activation can accumulate on 
the GAC surface and decrease the active surface area (Huling et al., 2007; Hutson et al., 2012; 
Zhong et al., 2015). An accumulation of sulfur and sodium, which were sodium persulfate 
residuals, and sulfate anions, which was a byproduct of persulfate oxidation, can result the 
blockage of sorption sites and decrease the contaminant sorption (Hutson et al., 2012). 

 

 

 

Figure 4.10. Percent difference in sorption (a) PFHxS (b) PFOA onto hydrochloric acid (HCl), 
sodium hydroxide (NaOH), hydrogen peroxide catalyzed with iron (H2O2/Fe) and persulfate (PS) 

-45%

-35%

-25%

-15%

-5%

5%

15%

F400 CBC F400 CBC F400 CBC F400 CBC

HCl NaOH H2O2/Fe PS

%
 D

iff
er

en
ce

 in
 so

rp
tio

n 
re

la
tiv

e 
to

 
un

tr
ea

te
d

(a)

2D 5D 10D

-45%

-35%

-25%

-15%

-5%

5%

15%

25%

F400 CBC F400 CBC F400 CBC F400 CBC

HCl NaOH H2O2/Fe PS

%
 D

iff
er

en
ce

 in
 so

rp
tio

n 
re

la
tiv

e 
to

 
un

tr
ea

te
d

(b)

2D 5D 10D



 

57 

treated GAC relative to untreated GAC after 2, 5, and 10-day reaction time. Error bars on 
adjusted values represent the standard errors of the mean estimates. 

The pKa values of PFOA and PFHxS are around 2.8 (USEPA, 2016) and 0.14 (Deng et al., 2012; 
Du et al., 2014), both lower than the pH (7.2) controlled in this study. Therefore, PFOA and 
PFHxS mainly exist as anions in the pH of these experiments. The pH of point zero charge 
(pHpzc) of untreated F400 and CBC were found to be 6.1 and 7.5, respectively (Table 4.9). 
Therefore the surface of F400 tends to be more negatively charged resulting in electrostatic 
repulsion between F400 surface and PFAS anions and can decrease the sorption capacity to some 
extent (Deng et al., 2012; Du et al., 2014). On the other hand, CBC has a weakly charged surface 
(pH~pHpzc) with likely negligible electrostatic interactions (Tang et al., 2010). After HCl 
treatment, the pHpzc was slightly less with F400 and it decreased to 5.6 in CBC. Hence the 
electrostatic repulsion should increase. With NaOH treatment, the pHpzc increased for both F400 
and CBC creating more positively charged surfaces with potential for increased electrostatic 
interactions. But, for both HCl and NaOH, treatments show the opposite effect which 
demonstrates that electrostatic interactions have less influence on sorption than hydrophobic 
interactions. For both types of GAC, the pHpzc was decreased to around 2 with H2O2/Fe and PS 
treatment creating negative charge on GAC surfaces. That drastic reduction of pHpzc may 
increase the electrostatic repulsion and have influence on sorption to some extent because 
H2O2/Fe and PS treatments show the higher decreases in the extent of sorption than untreated 
GAC.     

Table 4.9. Characteristics of treated and untreated GAC. 
Conditions BET SA 

(m2/g) 
pore volb 
(cm3/g) 

pore widthc 
(Å) 

pHpzc 

F400 
UT 924 0.135 44.9 6.1 
HCl 899 0.105 53.4 5.8 
NaOH 886 0.101 53.2 7.8 
H2O2/Fe 727 0.116 44.6 2.4 
PS 826 0.103 50.4 2.2 

CBC 
UT 908 0.025 34.0 7.5 
HCl 886 0.023 32.9 5.6 
NaOH 897 0.024 33.4 9.4 
H2O2/Fe 706 0.023 34.3 2.3 
PS 870 0.024 34.3 2.0 

a BJH adsorption SA of pores (m2/g) 
b BJH adsorption pore volume (cm3/g) 
c BJH Adsorption average pore width (4V/A) (Å) 
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4.3.2. Scanning Electron Microscopy (SEM) Analysis 
Figure 4.11 and Figure 4.12 show the SEM of F400 and CBC GAC types before and after 
treatment along the EDX pattern of untreated and H2O2/Fe treated GAC. Table 4.10 and Table 
4.11 present the weight percentage of each element present in treated and untreated F400 and 
CBC GAC, respectively. Appendix A.3 provides additional EDX patterns that support this 
study. The changes in the surface microstructure due to modifications can be directly observed in 
SEM images. A complex pore network including small pores and cracks can be seen over the 
GAC surface. Also, treatment affects surface structures different for F400 and CBC GAC types. 
The treatments do not significantly change the morphology of F400 surface compared to the 
untreated F400. But, CBC surfaces demonstrate some changes due to treatment. In comparison to 
the untreated CBC, pore widening can be seen in the HCl and PS-treated CBC, whereas small 
pore structures can be seen in NaOH and H2O2/Fe treated CBC.  

Elemental analysis provided the complete weight percentage of elemental composition of both 
treated and untreated carbon as shown in Table 4.10 for F400 and in Table 4.11 for CBC. The 
elemental compositions obtained for two points marked in SEM micrographs of treated and 
untreated F400 and CBC were included in Table 4.10 and Table 4.11 accordingly. Chloride 
content was increased in both F400 and CBC HCl treated GAC. This is due to some chlorine that 
remained chemisorbed on the GAC surface and decreased micropore volume and width (Table 
4.9) (Moreno-castilla et al., 1998). Hydroxide ions were expected to react with surface functional 
groups on the GAC surface with NaOH treatment. Oxygen content is increased in both GAC 
types with NaOH treatment and sodium was detected in F400 NaOH treated GAC. Also, sulfur 
content was increased in both PS treated GAC types. Therefore, an accumulation of sulfur and 
sodium may result in blockage of sorption sites and decreased the micropore volume and width 
(Table 4.9). In the H2O2/Fe treated GAC, a high amount of Fe is accumulated in the pores (Point 
1of both H2O2/Fe F400 and CBC micrographs) which is responsible for the pore blockage and 
lower micropore volume and width. Also, oxygen content is increased after H2O2/Fe treatment.   

Table 4.10. Weight % of elements present in each point marked SEM micrographs of F400-
untreated GAC and F400 H2O2/Fe treated. 

F400 Weight Percentage of Elements 
C O Al Si S Cl Fe Na 

UT_1 99.25 0.00 0.12 0.22 0.32 0.05 0.04 - 
UT_2 98.60 0.00 0.38 0.65 0.00 0.06 0.32 - 
HCl_1 95.56 0.00 0.39 0.26 1.64 2.04 0.11 - 
HCl_2 91.68 0.00 0.67 0.80 2.24 2.47 1.73 - 
NaOH_1 97.74 0.00 0.35 0.17 0.75 0.02 0.49 0.47 
NaOH_2 91.65 5.46 0.82 0.92 0.33 0.02 0.37 0.40 
PS_1 98.66 0.00 0.09 0.07 1.04 0.04 0.10 - 
PS_2 98.11 0.00 0.39 0.41 0.82 0.08 0.12 - 
H2O2/Fe_1 47.55 1.85 3.34 0.00 0.67 6.66 39.94 - 
H2O2/Fe_2 84.93 1.53 0.88 1.68 1.22 4.62 5.13 - 
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Figure 4.11. Scanning electron micrographs of F400 (a) untreated (UT), (b) hydrochloric acid 
(HCl), (c) sodium hydroxide (NaOH), (d) persulfate (PS), and (e) hydrogen peroxide catalyzed 
with (H2O2/Fe) treated GAC; EDX patterns of F400 UT and H2O2/Fe treated GAC. 
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Figure 4.12. Scanning electron micrographs of CBC (a) untreated (UT), (b) hydrochloric acid 
(HCl), (c) sodium hydroxide (NaOH), (d) persulfate (PS) and (e) hydrogen peroxide catalyzed 
with (H2O2/Fe) treated GAC; EDX patterns of CBC UT and H2O2/Fe treated GA. 
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Table 4.11. Weight % of elements present in each point marked SEM micrographs of CBC 
H2O2/Fe treated and CBC-untreated GAC.  

CBC Weight Percentage of Elements 
C O Al Si S Cl Fe K 

UT_1 97.91 1.25 0.08 - - - - 0.77 
UT_2 98.67 1.15 0.04 - - - - 0.13 
HCl_1 98.27 0.00 0.13 - - 1.60 - - 
HCl_2 97.09 0.00 0.18 - - 2.73 - - 
NaOH_1 98.15 1.60 0.04 - 0.21 - - - 
NaOH_2 97.44 2.35 0.01 0.10 0.09 - - - 
PS_1 98.60 0.00 0.12 0.63 0.65 - - - 
PS_2 98.15 0.00 0.07 - 1.78 - - - 
H2O2/Fe_1 59.84 1.88 1.89 0.43 - 14.35 21.61 - 
H2O2/Fe_2 85.79 1.64 0.87 - - 7.83 3.87 - 

 

4.3.3. Fourier Transform Infrared (FTIR) Analysis  
FTIR transmission spectra for the F400 and CBC untreated and treated GAC are represented in 
Figure 4.13. Also, possible vibration assignments per band position are included in Table 4.12. 
The peaks or broad bands observed in the spectra are due to the presence of functional groups. In 
the samples, adsorption peaks in between 445-511 cm-1 and 630-688 cm-1 are due to the C-C 
band in alkanes and out of plane C-C band respectively. These can be seen in all the samples 
(Chiang et al., 2002). A new band appears in HCl, NaOH, PS and H2O2/Fe-treated F400 and 
CBC treated GAC in between 1000-1300 cm-1 assigned to C-O bond stretching and O-H bending 
modes of alcohol, phenol, and carboxylic groups (Pradhan & Sandle, 1999). The adsorption 
bands of overlapping aromatic ring bands and C=C vibrations with the band of C=O moieties 
appeared between 1500-1600 cm-1 (Park & Jang, 2002). This band can be observed in all 
samples, with a small intensity of PS treated F400. Also, C-O-C vibration from ether structures 
can be observed in the range of 1000-1250 cm-1 (Park & Jang, 2002; Pradhan & Sandle, 1999). 
The O-H stretching mode of the hydroxyl functional group arises around 3500 cm-1 which can be 
seen in all the samples of CBC with similar intensity and high intensity with broad band in 
NaOH-treated F400 (Pradhan & Sandle, 1999). Also, it was reported that the bond in the region 
of 1600 cm-1 can be a highly conjugated carbonyl groups (C=O) related to the structure of 
acetylacetone (Moreno-castilla et al., 1998; Pradhan & Sandle, 1999). Therefore, the results of 
FTIR analysis confirm that the treatments of GAC increase the surface oxygen complexes 
compared to untreated GAC. 
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Figure 4.13. FTIR patterns of untreated (UT), hydrochloric acid (HCl), sodium hydroxide 
(NaOH), persulfate (PS) and hydrogen peroxide catalyzed with (H2O2/Fe) treated (a) F400 and 
(b) CBC GAC. 

Table 4.12. FTIR frequencies for F400 and CBC GAC types.  
Possible 
assignments 

Adsorption Peaks (cm-1) 
F400 

 
CBC 

UT HCl NaOH PS H2O2/Fe 
 

UT HCl NaOH PS H2O2/Fe 
C-C (alkane) 462 453 464 511 445 

 
464 474 468 445 462 

Out of plane  
-ring C-C 

632 626 620 667 630 
 

676 688 676 676 630 

C-O alcohol 
 

1182 1205 1128 1105 
 

1200 1240 
 

1128 
1240 

1118 
1235 

Aromatic C=C 1558 1562 1550 1546 1575 
 

1565 1569 1563 1577 1575 
C-O-C 

  
1205 1128 1105 

 
1200 1240 

 
1128 1118 

CO2 2358 2385 2358 2358 2358 
 

2360 2364 2364 2366 2372 
O-H 3417 3760 3510 3758 3604 

 
3457 3455 3451 3453 3438 

 

Previous studies reported that increases in surface functional groups are partially responsible for 
reduction of contaminant uptake (Hutson et al., 2012). Carbon surface acidity is an important 
factor on the adsorption of hydrophobic contaminants. Introducing surface oxygen functional 
groups with acidic character including phenols increases the polarity of the surface of GAC and 
reduces the adsorption of hydrophobic contaminants (Karanfil and Kilduff, 1999; Hutson et al., 
2012). Moreover, contaminant access to the graphite basal plane of GAC reduced with polarized 
surfaces due to water clusters attracted onto the polar surface sites resulting in pore blockage. 
Also, that will reduce the interaction between hydrophobic contaminants with the surface and 
reduce the sorption of contaminants (Hutson et al., 2012). 
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4.4. DESTRUCTION OF PFAS USING ACTIVATED PERSULFATE 

4.4.1. Persulfate Decomposition in the Aqueous Phase 
Persulfate decomposition in unbuffered aqueous phase is a function of supplied heat (Liu et al., 
2012). Once persulfate starts decomposing to generate protons, the solution pH falls to the acidic 
region. However, with higher persulfate concentration, pH drops rapidly under heat activation. 
The persulfate (10g/L or 52.1mM) decomposition in the aqueous phase was found to be 90±2% 
within 1 hour under heat activation at 80ºC and 88±2 % at the end of 48 hours in systems without 
heat activation at 30ºC (Figure 4.14). Besides it was found that in the presence of GAC in an 
aqueous system, persulfate decomposition to sulfate under heat activation was around 80% 
within 24 hours compared to less than 70% sulfate recovery in a similar condition with the 
absence of GAC (Figure 4.14 (a)). Also, with the presence of GAC, persulfate decomposition to 
sulfate was observed to be less than 15% at room temperature conditions (without external heat 
supply). As also observed by An et al. (2015), the solution pH dropped more quickly in heat 
activated persulfate systems with GAC than in any other conditions (Figure 4.14 (a)). Johnson et 
al., (2008) noted the increase in persulfate decomposition rates under heat activation with the 
presence of organic and mineral compounds in soil. In the presence of GAC in the aqueous 
phase, pH sharply decreased to less than 2 within 4 hours, while it required around 6 to 8 hours 
for the same pH drop in the aqueous phase system without GAC. The aqueous phase heat-
activated persulfate decomposition was measured to Peyton (1993) (Figure 4.14 (b)), and was 
assumed to follow first order kinetics.  
                                        

 
                    (a)                                                                     (b)        

Figure 4.14. (a) Persulfate decomposition to sulfate in different unbuffered aqueous system 
conditions, and (b) first order kinetics plot of persulfate decomposition in unbuffered aqueous 
phase without GAC at 30ºC and 80ºC. 

4.4.2. Oxidation of PFOA and PFOS in the Aqueous Phase  
4.4.2.1. Use of Single Oxidant Dose: Amongst different unbuffered aqueous phase PFOA 
oxidation and control reaction conditions mentioned in Section 3.6.2, in the condition of single 
dose oxidation at 80°C where persulfate (10g/L or 52.1 mM) was heat activated, the maximum 
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of around 96% of PFOA degradation was observed within the first 8 hours (Figure 4.15 (a)). In 
the control samples, one with no added persulfate and maintained at 80°C (control, 80°C) and 
another with added persulfate and maintained at 30°C (single dose oxidation, 30°C), the PFOA 
concentration remained the same throughout the observation period with minor fluctuations from 
the initial value. This affirmed that persulfate and supplied heat in combined are essential for 
degradation of PFOA. Obtained results of aqueous phase PFOA degradation were similar as 
previous results (Hori et al., 2008; Liu et al., 2012; Park et al., 2016). The fluoride yield and 
shorter chain PFCAs, mainly PFHpA, PFHxA, PFPeA and PFBA, were measured at different 
time intervals of reaction period (Figure 4.15 (b)). Decreasing concentration of PFCAs along 
with increasing fluoride yield was assumed because of sequential unzipping of CF2 ( Lee et al., 
2012;Liu et al., 2012). Yang et al. (2013) attempted PFOS degradation with UV-activated 
persulfate that is similar heat-activated persulfate oxidation, and observed shorter chain PFCAs 
byproducts resulted from PFOS defluorination. However, no observed oxidation byproducts 
including fluoride affirmed the PFOS were unaffected during single dose heat activated 
persulfate oxidation (Figure 4.15 (a)). Park et al. (2016) also confirmed no defluorination of 
PFOS with heat activated persulfate oxidation. About 20±5% losses in PFOS concentration was 
seen in the case of a single dose heat activated persulfate oxidation at 80°C, while PFOS was 
unaffected in control conditions (Figure 4.16). Sundström et al. (2012) observed surface 
adherence of just PFOS molecule, but neither PFOA nor other shorter chain PFCAs and PFSAs, 
onto the wall surface of polypropylene containers. So, the observed PFOS losses in heat-
activated persulfate oxidation were assumed due to sorption onto the walls of containers.     

 

   (a)              (b) 
Figure 4.15. (a) Change in PFOA concentrations along the reaction period in different 
unbuffered aqueous phase conditions, and (b) observed intermediates and byproducts during 
single dose oxidation of PFOA at 80°C. Error bars on adjusted concentration values represent the 
standard errors of the mean estimates. 
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Figure 4.16. Change in PFOS concentrations along the reaction period in different unbuffered 
aqueous phase conditions. Error bars on adjusted concentration values represent the standard 
errors of the mean estimates. 

4.4.2.2. Multiple Oxidant Doses: To avoid rapid sulfate radical scavenging reactions and to make 
maximum utilization of sulfate radicals, multiple small dose concentrations of persulfate was 
spiked into the system to maintain condition with an attempt to improve degradation of PFOA 
and PFOS. Except for the oxidant dosing pattern, all the reaction conditions in the multiple dose 
aqueous phase treatment remained the same as for the single dose aqueous phase treatment. In a 
120-hour reaction period, 2 g/L or 10.4 mM of persulfate was spiked five consecutive times at an 
interval of 24 hours to achieve a total dose of 10 g/L. In the case of PFOA during multiple dose 
aqueous phase oxidation, around 95% of PFOA disappearance was observed within 24 hours, 
just with the first dose, and complete disappearance was seen within 48 hours (Figure 4.17 (a)). 
PFOA defluorination progressed along the reaction period with every addition of a new dose 
(2g/L), unlike in single dose aqueous phase oxidation of PFOA where maximum fluoride yield 
was observed within first 24 hours (Figure 4.17 (b)). Comparing fluoride yields, the highest 
deflorination yield from degradation of PFOA in aqueous phase was recorded with the use of 
multiple dose oxidation. Single dose oxidation produced 83±5% and 89±3% of fluoride (F-) at 24 
and 168 hours, respectively. While with the multiple dose, 69±3% and >99% of fluoride (F-) was 
achieved respectively at 24 and 120 hours. Multiple dose oxidation showed no effects on 
concentration of PFOS, and the results were like the single dose oxidation of PFOS (Figure 
4.18).  

4.4.2.3. Molar Balance Across the Aqueous Phase Batch Oxidation Systems: Referring to the 
molar balance conducted across every aqueous phase oxidation system, complete mineralization 
of PFOA and its shorter chain compounds was seen with multiple dose persulfate oxidation in 
the aqueous phase (Figure 4.19 (a)). Although a higher loss and unrecovered portion was 
observed during PFOA oxidation with multiple persulfate doses (Figure 4.19 (a)), the fluoride 
recovery was relatively high with 98.8% compared to 70.4% from single dose oxidation. In the 
case of PFOS, as seen in Figure 4.19 (b), with no defluorination measured, the PFOS was found 
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unaffected by persulfate oxidation but its disappearance was assumed due to surface sorption 
onto vial surface.  

 

(a)                                  (b) 
Figure 4.17. (a) Comparison of single-dose and multiple-dose aqueous phase persulfate 
oxidation of PFOA, and (b) Observed intermediates and byproducts during multiple-dose 
oxidation of PFOA at 80°C. Error bars on adjusted concentration values represent the standard 
errors of the mean estimates. 

 

Figure 4.18. Comparison of single-dose and multiple-dose aqueous phase persulfate oxidation of 
PFOS. Error bars on adjusted concentration values represent the standard errors of the mean 
estimates
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         (a)                              (b) 
Figure 4.19. Molar balance across batch systems comparing different aqueous phase oxidation and control conditions containing (a) 
PFOA and (b) PFOS. 
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4.4.3. Oxidation of PFOA and PFOS Sorbed onto Activated Carbon 
4.4.3.1. PFAS Sorbed GAC – Surface and Oxidation Chemistry: In general, PFAS have the 
capability to sorb onto the solid surfaces of different surface polarity (Du et al., 2014), but their 
sorption rates are highly influenced by electrostatic and hydrophobic interactions (Zhang et al., 
2011; Merino et al., 2016). The factors that drive sorption are GAC’s surface properties 
(elemental composition, surface acidity or pHpzc) and physical properties (active surface area, 
pore size distribution and pore volume) (Zhi & Liu, 2015). Because both PFOA and PFOS have 
negatively charged functional groups and electronegative carbon-fluoride tail, they tend to sorb 
easily onto a positively charged GAC surface because of electrostatic attraction. Even if the 
GAC surface is neutral or negative in charge, PFOA and PFOS will adhere to the surface 
overcoming electrostatic repulsion because of their hydrophobic and oleophobic nature (Du et 
al., 2014; Yan et al., 2014). The Filtrasorb-400 (F400) GAC used in this experimentation has a 
neutral surface charge with pHpzc value of 6.8±0.7. Thus, PFOA and PFOS uptake during 
sorption step was assumed from their hydrophobic interactions with the GAC.  

Zhi & Liu (2015) analyzes the pore volume distribution in F400 GAC using Density Functional 
Theory (DFT) and confirms F400 GAC as more microporous and mesoporous structure. The 
nature of pore volume distribution was assumed as a dominant reason for the extended PFOA 
and PFOS sorption uptake displayed by F400 GAC (Yu et al., 2009; Zhang et al., 2011; Zhi & 
Liu, 2015). Particularly, PFOA and PFOS, with more hydrophobic nature and comparatively 
lower CMC values than other shorter chain compounds (<C8), show a great tendency to form 
micelles in the porous structure (Yu et al., 2009; Zhang et al., 2011). The concentrations of 
PFOA and PFOS in this study were 19.3 µmol/g (equivalent to 38.6 µM) and 6.8 µmol/g 
(equivalent to 13.6 µM), respectively. The concentrations were found to fall in the range of 0.001 
– 0.01 of their critical micelle concentrations (CMC) (Pabon & Corpart, 2002; Johnson et al., 
2007; Yu et al., 2009; Guelfo & Higgins, 2013). In addition, PFOA and PFOS pore volume 
concentrations calculated as according to Section 4.3.3, around 33.52 mM and 11.72 mM 
respectively, were found to fall within the range of CMC values. Thus, PFOA and PFOS were 
presumed to potentially form hemi-micelles (Figure 4.20 (a)) and micelles (Figure 4.20 (b)) 
following sorption (Du et al., 2014; Yu et al., 2009). According to Du et al. (2014), when the 
perfluorinated tail of one compound encounters a functional head of another compound, they 
tend to stick to each other overcoming electrostatic repulsion. Guelfo & Higgins (2013) state that 
the hemi-micelles and micelles have the potential to support apparent sorption of PFOA and 
PFOS molecules further due to hydrophobic interactions between perfluorinated compounds. 
Also, the formation of micelle or aggregation PFOA or PFOS easily block the pores and prevent 
the inter particle diffusion of molecules (Figure 4.20 (b)) (Yu et al., 2009; Zhang et al., 2011). 

During heat-activated persulfate oxidation of PFOA or PFOS sorbed onto GAC, as the pH of the 
solution drops below the pHpzc value of GAC, the produced large pool of hydrogen cations 
protonate the GAC surface (Yan et al., 2014) and dominate the formation of electrical double 
layer with positively charged inner layer and outer layer complex containing bulk ions (Figure 
4.20 (c) & (d)). Following GAC surface protonation, the PFOA or PFOS compounds that present 
on the GAC individually or through hemi-micelles as a result of hydrophobic and ion exchange 
interactions, rearrange themselves to form an electrostatic bond with protonated GAC surface 
(Yu et al., 2009). The deposits of monovalent and polyvalent cations on the GAC also aid to 
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attract compounds as result of electrostatic interactions. McKenzie et al. (2015) reported an 
increase in PFCAs (PFOA) and PFSAs (PFOS) sorption with the increase in aqueous phase 
polyvalent cation (i.e. Mg2+, Ca2+, H+, Na+) concentration and with acidic pH. Sundström et al. 
(2012) observed a change in solubility and partition coefficient of PFOA and PFOS in the 
presence of organic and inorganic mineral compounds such as chloride, phosphate, and 
bicarbonates. The increase in ionic strength of the solution surpasses the pH effects on GAC. 
However, as noted by Du et al. (2014) and Merino et al. (2016), increasing the ionic strength of 
solution weakens the electrical double layer on GAC and leads to weakened electrostatic 
interaction between charged surface and anionic PFAS. The shorter chain anionic complexes, 
fluoride, and byproducts formed following oxidation get suspended in the aqueous phase during 
aqueous phase oxidation of PFOA as described in Section 4.4.2. Unlike that, in oxidation of 
PFOA sorbed onto GAC, the fluoride (Ravančić & Stanić, 2015) and possible byproduct 
including complex shorter chain PFAS (Du et al., 2014; Zhang et al., 2011), despite being 
anionic, were believed to sorb onto charged GAC surface because of their electrostatic 
interaction with the protonated GAC surface (Figure 4.20 (c)). While PFOA and PFOS 
molecules aggregate to form hemi-micelle or micelle they tend to block pores and prevent the 
diffusion of other molecules (Yu et al., 2009; Zhang et al., 2011). As shown in Figure 4.20 (d), 
the reactive species (sulfate radicals and sulfate ions) diffuse through pores and may break 
micelles and hemi-micelles and promote PFAS molecule’s interaction with the protonated GAC 
surface, and possibly push PFAS further deep into the porous structure.  

 

Figure 4.20. The possible arrangement of PFOA and PFOS on GAC (a) surface and (b) pores 
during control condition; representation of protonated GAC surface with persulfate oxidation 
mechanism and arrangement of molecules on the (c) surface and (d) within the porous structure 
following oxidation. 
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4.4.3.2. Single and Multiple Dosing of Persulfate: Single dose oxidation (heat activated 
persulfate dose 10 g/L) and multiple dose oxidation (heat activated persulfate dose 2g/L × 5 
times) were tested on PFOA and PFOS sorbed onto GAC. In the case of PFOA sorbed onto the 
GAC, about 29.5±9.2% and 40.9±7.3% of PFOA was desorbed to the aqueous phase and 
degraded within 120 hours with a single dose and multiple dose heat activated oxidation, 
respectively (Figure 4.21 (a)). About 10±6% of PFOA was desorbed to the aqueous phase in 
control not dosed with oxidant and maintained at 30°C, and 20±2% of PFOA was desorbed to 
the aqueous phase in control not dosed with oxidant but maintained at 80°C. Detected aqueous 
phase PFOA concentrations during 120h of reaction or control period are shown in Figure 4.21 
(b). In the case of PFOS, under the influence of heat activated persulfate about 40±4% and 
15±2% of PFOS was desorbed from the GAC to the aqueous phase within 120h in a single dose 
and multiple dose systems, respectively (Figure 4.22 (a)). In comparison, 13±1% of PFOS was 
desorbed to the aqueous phase in controls that was not dosed with oxidant and maintained at 
30°C, and 16±1% of PFOS was desorbed to the aqueous phase in 120h in the control that was 
not dosed with oxidant but maintained at 80°C (Figure 4.22 (a)). PFOS was confirmed to resist 
heat-activated persulfate oxidation in Section 4.4.2. The drop in PFOS concentration in aqueous 
phase conditions in both oxidation and controls along the reaction periods with no observed 
byproducts or intermediates was presumed because of losses onto the container wall and sorption 
back onto GAC caused by hydrophobic nature of PFOS (Figure 4.22 (b)). Comparing persulfate 
oxidant dosing patterns, maximum desorption recovery of PFOA from GAC over the reaction 
period was observed with the use of multiple oxidant doses, while it was maximum with the use 
of single dose oxidation in case of PFOS. High system temperature and acidic pH both 
combined, break the biphasic behavior of PFAS, and aid in inter particle diffusion from the 
interior to the exterior of the GAC that increases the contact between PFAS and sulfate radicals 
(Hutson et al., 2012; Lee et al., 2012).  

 

            (a)                   (b) 
Figure 4.21. (a) Differences in total moles of PFOA sorbed onto GAC before and after oxidation 
or control period in different conditions, and (b) PFOA concentrations detected in the aqueous 
phase over the time in various conditions. Error bars on adjusted concentration values represent 
the standard errors of the mean estimates. 
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          (a)                   (b) 
Figure 4.22. (a) Differences in total moles of PFOS sorbed onto GAC before and after oxidation 
or control period in different conditions, and (b) PFOS concentrations detected in the aqueous 
phase over the time in different conditions. Error bars on adjusted concentration values represent 
the standard errors of the mean estimates. 

The PFOA concentrations detected in aqueous phase during 120 hours of oxidation and control 
conditions were in range from 0 to 70 nM, which was very minimal compared to total amount of 
PFOA sorbed onto the GAC (38.6 µM or equivalent to 19.3µmol/g) (Figure 4.21 (a)). PFOA 
detected in the aqueous phase was relatively high during oxidation conditions compared to 
controls (Figure 4.21 (b)). Although the shorter chain PFCAs produced during oxidation were 
assumed to sorb onto GAC (Section 4.4.3.1), their detection in the aqueous phase at low 
concentration range (0-15 nM) in both single and multiple dose oxidation conditions, confirmed 
the possible degradation of PFOA. In an experiment conducted to find influence of pH on 
fluoride sorption onto GAC (Appendix A.6), at pH 2, more than 95% and 69% of fluoride 

sorption was seen with and without the presence of sulfate in the aqueous system, respectively. 
So, fluoride from possible defluorination of PFOA was presumed to sorb onto GAC. To 
determine if PFOA or PFOS remain sorbed onto GAC after 120 hours of reaction period, the 
GAC was solvent extracted as according to the Section 3.2.2.5. Referring to molar balance 
conducted across oxidation systems containing PFOA or PFOS sorbed onto GAC, the highest 
PFOA removal was seen in multiple oxidant dosing system (Figure 4.23 (a)). In the case of 
PFOS sorbed onto GAC (Figure 4.23 (b)), relatively high loss and unrecovered portions were 
seen in both oxidation and control conditions. Under the influence of multiple oxidant doses, 
PFOA was desorbed from GAC to aqueous phase and oxidized under the influence of sulfate 
radicals, while in single dose oxidation of PFOA sorbed onto GAC it was likely that the PFOA 
degradation was limited by scavenging of active sulfate radicals (Figure 4.21 (a)). In PFOS 
systems, large desorption to aqueous phase was observed with a single dose presumably because 
of the immediate pH drop and high temperature conditions (Figure 4.22 (a)). The sulfate radicals 
and ions influence on the weakly GAC bound PFOS molecules, while hydrogen ions seeking to 
protonate on GAC surface, can possibly lead to rearrangement of PFOS micelle. But in the 
multiple dose oxidation condition, the scarcity of active sulfate radicals and hydrogen ions 
resulted from scavenging reactions was assumed to be ineffective in acting on PFOS molecules 
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that were generally more hydrophobic than PFOA. The observed losses of PFOA (Figure 4.21 
(a)) and PFOS (Figure 4.22 (a)) to aqueous phase in controls were assumed because of diffusion 
of weakly bound PFOA or PFOS from the hemi-micelle and micelle formed on the GAC. Under 
the influence of heat in the controls, the diffusion rate from GAC to the aqueous phase was 
presumed to be higher, thus more losses of PFOA (Figure 4.21 (a)) and PFOS (Figure 4.22 (a)) 
to aqueous phase were observed in controls maintained at 80 °C compared to the ones at 30 °C. 
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(a)                       (b) 
Figure 4.23. Molar balance across batch systems comparing different aqueous phase oxidation and control conditions containing (a) 
PFOA sorbed GAC, and (b) PFOS sorbed GAC.
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4.4.4. Sorption of PFOA and PFOS onto Treated GAC 
An analysis of molar balance was conducted after every reaction stage in oxidation and control 
batch systems. The sacrificial vials from reaction stages were solvent extracted to estimate PFAS 
remain sorbed onto GAC. The recovery of PFOA (Figure 4.25) and PFOS (Figure 4.26) during 
solvent extraction was higher from the GAC that was treated with either heat-activated persulfate 
(in oxidation series) or just sulfate oxidation (in control series) compared to other stages. In the 
case of PFOA, around 95.7% and 92.9% of PFOA was recovered by solvent extraction from the 
GAC treated with activated persulfate (Figure 4.25 (a)) and just sulfate (Figure 4.25 (b)), 
respectively. The byproducts of PFOA (Figure 4.24) were observed only during heat activated 
persulfate oxidation (Figure 4.25 (a)). Although PFOA was seen to desorb to the aqueous phase 
during rinse and equilibration stage, no byproducts or intermediates were observed in either of 
their aqueous or extraction phases. Like the phenomenon explained in Figure 4.20 (c) & (d), in 
PFOA oxidation series (Figure 4.25 (a)), the oxidant species resulting from heat activated 
persulfate oxidation were assumed to break hemi-micelle or aggregates of PFOA on GAC, and 
strongly protonate the GAC surface. The persulfate oxidization was assumed to enhance the 
electrostatic attraction between the anionic perfluorinated chain and protonated GAC surface. In 
the PFOA oxidation series (Figure 4.25 (a)), relatively greater amount of PFOA was recovered 
from GAC in stages after persulfate oxidation. In the PFOA control series (Figure 4.25 (b)), the 
extraction recovery yield decreased from around 92.9% (after sulfate treatment stage) to around 
62% (after the rinsing and equilibrium stage), and further to around 32% and 25.6% (after 
sorption II and III, respectively). In the PFOA oxidation series (Figure 4.25 (a)), the PFOA 
extraction recovery was reduced from 95.63% (after the persulfate treatment) to 63.4% (after the 
rinsing and equilibrium stage), but it remained relatively the same until the end of sorption II and 
III. The higher extraction recovery of PFOA from GAC in the PFOA oxidation series represents 
that the GAC had continued to retain its protonated surface resulting from heat-activated 
persulfate oxidation even after multiple rinses, equilibrium, and multiple sorption stages. In the 
case of PFOS, around 80.3% and 86.6% of PFOS was recovered by solvent extraction from the 
GAC treated with activated persulfate (oxidation series, Figure 4.26 (a)) and just sulfate (control 
series, Figure 4.26 (b)), respectively. In both oxidation and control series of PFOS (Figure 21(a) 
& (b)), after rinsing and equilibration of the GAC, extraction recovery dropped to the 20-25% 
range, and remained the same in the following stages. Unlike PFOA oxidation or control series, 
the PFOS extraction recovery was found to be very similar in both the oxidation and control 
series. The activated persulfate or sulfate treatment was assumed to break hemi-micelle or 
aggregates of PFOS, and displace PFOS further deep into pores. But seeing low extraction 
recovery from GAC after the rinsing and equilibration stage in the PFOS oxidation series 
(Figure 4.26 (a)), the GAC surface protonation was assumed to show no effects on hydrophobic 
PFOS molecules. PFOS molecules were assumed not to form electrostatic interaction with 
protonated GAC surface. Like results seen during oxidation of the PFOS sorbed GAC in Section 
4.4.3.2, with no byproducts or intermediates detected in aqueous or extraction phase, PFOS 
remained unaffected by oxidation. 

The sorption equilibrium concentration (Ce) of PFOA (Figure 4.27 (b)) and PFOS (Figure 4.28 
(b)) in the aqueous phase after 5-days of sorption I (1st sorption) was around 250 and 1070 nM, 
respectively. However, Ce values were reduced to less than 10 and 25 nM after treatment, rinsing 
and equilibrium stages in the oxidation and control series of both PFOA (Figure 4.27 (b)) and 
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PFOS (Figure 4.28 (b)). In the case of PFOA, after introducing a new contaminant dose 
concentration, the Ce values after 3-days sorption II (2nd sorption) stage was measured to be 
around 80 and 41 nM for oxidation and control series, respectively. Similarly, the Ce values after 
3-days sorption III (3rd sorption) stage was measured to be around 230 and 30 nM for oxidation 
and control series, respectively. The achieved Ce values after sorption II and sorption III stage 
were seen to be lesser than Ce values from sorption I. In the case of PFOS, Ce values after 
sorption II and III remained lower in value than after sorption I (Figure 4.28 (b)). The total 
amount of PFOA and PFOS sorbed onto GAC against the amount extracted using solvent 
extraction in oxidation and control stages is mentioned in Figure 4.27 (a) and Figure 4.27 (b). 
Although the contaminant dose concentrations during sorption I, II & III were similar, the 
reduction in sorption equilibrium concentration (Ce) in sorption II and III compared to sorption I 
showed potential increase in sorption capacity of the GAC after treatment with persulfate 
oxidation or sulfate. In both oxidation and control series, very minimum number of PFOA 
(Figure 4.27) and PFOS (Figure 4.28) got desorbed to aqueous phase during persulfate or 
sulfate treatment, rinse and equilibrium reaction stages. Seeing less than 1% desorption of PFOA 
or PFOS from the GAC to aqueous phase during oxidation stage, it was asserted that destruction 
of compounds cannot be achieved with heat activated persulfate. Instead, heat activated 
persulfate oxidation treatment can be effectively used to increase the PFAS sorption onto GAC 
by breaking the aggregates of micelles and hemi-micelles that block active surface area and 
pores. 

 

 
Figure 4.24. Byproducts detected in the aqueous phase after 3-days heat activated persulfate 
oxidation of PFOA. Error bars on adjusted concentration values represent the standard errors of 
the mean estimates. 
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                                         (a)                                                                                                         (b) 
Figure 2.25. Molar balance across (a) oxidation series and (b) control series of PFOA batch systems after every reaction stage. (*) 
PFOA remaining sorbed onto GAC after reaction period were solvent extracted. [(Recovered + Unrecovered) = (Total PFOA sorbed 
onto GAC)]. 
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           (a)                                                                                                         (b) 
Figure 3.26. Molar balance across (a) oxidation series and (b) control series of PFOS batch systems after every reaction stage. (*) 
PFOS remaining sorbed onto GAC after reaction period were solvent extracted. [(Recovered + Unrecovered) = (Total PFOS sorbed 
onto GAC)]. 
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Figure 4.27. (a) PFOA remain sorbed onto GAC and (b) PFOA aqueous phase concentration, after each stage in PFOA oxidation and 
control series. Error bars on adjusted values represent the standard errors of the mean estimates. 
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Figure 4.28. (a) PFOS remain sorbed onto GAC and (b) PFOS aqueous phase concentration, after each stage in oxidation and control 
series. Error bars on adjusted values represent the standard errors of the mean estimates. 
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4.5. TREATMENT OF FIELD GAC WITH ACTIVATED PERSULFATE 

4.5.1. Pre-Oxidation 
Figure 4.29 shows the initial mass of PFAS extracted from GAC prior to persulfate treatment. 
Extraction results showed that the mass of PFHxS and PFOS extracted from spent GAC was 
greater than all other PFAS measured/detected in both field GAC (F400 and virgin coconut shell-
based). This is not surprising as the sulfonates are known to sorb more onto GAC than the 
carboxylates due to their high hydrophobicity of their sulfonic group and their fluorocarbon 
chain length (Higgins & Luthy, 2006; Ochoa-Herrera & Sierra-Alvarez, 2008; Hansen et al., 
2010; Deng et al., 2012).  

 
Figure 4.29. Initial mass of PFAS extracted from GAC prior to persulfate treatment per 100 g of 
GAC. Error bars on adjusted concentration values represent the standard errors of the mean 
estimates.  

4.5.2. Persulfate Treatment 
4.5.2.1. Persulfate Decomposition: During saturation of GAC with synthetic groundwater (10 
pore volumes), the initial pH value measured in all columns was between 6.0 and 7.0. Upon the 
introduction of heat activated persulfate (10 g/L or 52.1 mM, 80℃) into the treatment columns, 
the solution pH measured in column effluents was found to drop to an acidic level in treated 
columns, whereas there was no significant change in effluent pH in the control columns (Figure 
4.30) indicating that persulfate was decomposed. This change in pH results in generation of more 
sulfate radicals and sulfate ions via acid catalysis in an acidic environment, which might lead to 
an increase in contaminant degradation. However, Hori et al. (2005, 2008) and Liu et al. (2014) 
have reported the insignificant effect of pH on PFAS degradation in the aqueous phase. Effluent 
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sulfate (persulfate byproduct) concentrations measured in the treatment columns decreased with 
reaction time (Figure 4.30) indicating persulfate decomposition. The same effect was observed 
for the virgin coconut GAC oxidation tests. 

 

 
Figure 4.30. (a) Change in effluent pH upon introduction of heat activated persulfate, and (b) 
change in effluent sulfate concentrations in treated columns for F400 GAC and virgin coconut 
GAC. GAC upon introduction of heat activated persulfate into columns (initial persulfate 
concentration 10 g/L, there was no injection of heat activated persulfate in treated columns, so 
effluent sulfate concentrations were not reported). 

(a) 

(b) 
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4.5.2.2. Aqueous Phase PFAS: The concentration of PFAS lost in the aqueous phase prior to 
persulfate treatment and after persulfate treatment were measured periodically (Figure 4.31). 
Effluent PFAS concentrations detected in the treated columns after persulfate treatment were 
found to be slightly lower than those initially detected prior to treatment. As the reaction period 
progressed, the PFAS effluent concentrations were seen to be slightly decreasing. PFCAs have 
been reported in literature to be amenable to heat activated persulfate (Lee et al., 2012; Park et 
al., 2016; Yin et al., 2016), so PFOA was used as a reference here to determine the reason for 
decreased effluent concentrations. Studies on the PFOA degradation pathway by heat activated 
persulfate have proposed that upon PFOA attack by the formed sulfate radical, PFOA 
decomposes via a stepwise pathway to form shorter chain PFCAs as intermediates by losing CF2 
units as like in Section 4.4.2.1. It was assumed that PFHpA and PFHxA were first formed as 
degradation intermediates, with their concentrations first increasing and later decreasing with 
reaction time, followed by the formation of further shorter PFCAs (Liu et al., 2012). However, 
this is in contrast with this study. The concentration of PFHpA and PFHxA measured in the 
treated column effluent was not found to increase after oxidation (Figure 4.31) nor did the 
concentrations of PFPeA and PFBA increase. In the control (Figure 4.31), there was no 
observed difference in the PFAS concentration measured in the control column prior to and after 
treatment indicating desorption of PFAS into solution, which suggests that there was still 
available mass associated with the GAC. McKenzie et al. (2015) investigated the effect of 
chemical oxidants on PFAS transport in 1-D porous media columns and found no increase in 
effluent PFAS concentrations after oxidant (persulfate) application to columns containing PFAS 
contaminated sand. 

4.5.2.3. PFAS Defluorination: Low defluorination efficiency, expressed as moles of 
F− formed/moles of fluorine content in initial PFAS was measured in columns after treatment 
with heat activated persulfate which led to a lack of fluorine mass balance. This was probably 
due to released fluoride adsorbing to GAC. Fluoride adsorption onto GAC was tested at different 
pH levels to confirm this, and results showed that greater adsorption occurred at low pH levels 
when compared to high pH levels. A test was also conducted to determine if sulfate interference 
played a role in the low fluoride detected in the effluent. Results showed that sulfate does not 
interfere with fluoride analysis in the presence of GAC (Appendix A.6). The low fluoride 
detection may also be due to low/no transformation of PFAS into fluoride, indicating that little or 
no degradation/oxidation by heat activated persulfate occurred. 

4.5.2.4. Post Oxidation: After oxidation, extraction was conducted to account for the change in 
mass of PFAS sorbed onto GAC by subtracting the measured PFAS masses on GAC after 
oxidation (post-treatment) from the measured masses before persulfate oxidation (pre-treatment). 
The results show that there was a mass difference between treated and untreated GAC, especially 
for the PFSAs, when compared to the PFCAs. The mass reduction in PFHxS and PFOS was 
more pronounced than other PFAS in the treated column. Figure 4.32 shows the mass difference 
between untreated GAC, persulfate-treated GAC (post-treatment), and control GAC (control) for 
F400 GAC and virgin coconut shell-based GAC, respectively. 
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Figure 4.31. PFAS concentration measured in (a) treated and (b) control effluent. 
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Figure 4.32. Mass difference between untreated GAC (pre-treatment), persulfate treated GAC 
(post-treatment), and control GAC (post-control) for (a) F400 GAC and (b) virgin coconut shell-
based GAC. Error bars on adjusted concentration values represent the standard errors of the 
mean estimates. 
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4.5.2.5. Mass Balance: A mass balance calculation was conducted for both field GAC types 
(F400 and coconut-based GAC) to determine the change in mass of PFAS on GAC (pre-
treatment and post-treatment extractions). The summed mass of PFAS recovered in the aqueous 
phase was also considered in the mass balance calculations. There was a mass reduction of PFAS 
between treated and untreated GAC, especially for the sulfonates. This significant mass 
reduction (fewer recoveries) in PFAS implies that heat activated persulfate treatment had an 
impact on PFAS sorbed onto GAC, especially on the sulfonates compared to the carboxylates. 
This is however surprising as it has been reported that PFSAs are not susceptible to heat 
activated persulfate treatment (Park et al., 2016). The observed mass reduction may be due to 
sulfate (persulfate byproduct) altering the partitioning behavior of the sulfonates PFAS, as the 
sulfonates are known to sorb more on GAC than the carboxylates due to their high 
hydrophobicity. It is possible that during desorption with heat activated persulfate, the GAC 
surface was reconfigured so PFOS diffused from GAC surface into the larger interior pores of 
GAC surface (becoming physically entrapped) which led to their less desorption from GAC into 
the aqueous phase. This physical entrapment of PFOS within GAC pores has been reported in 
Senevirathna et al. (2010b) and Zhao et al. (2012). Also, it is possible that PFAS bound in the 
GAC interior pores also contributed to the resistance of persulfate treatment on GAC by 
preventing the diffusion of the formed sulfate radicals into GAC pores. According to Zhang et al. 
(2011), PFAS molecules tend to form aggregates which may block pores of porous media and 
prevent diffusion of other molecules, Figure 4.33 show the mass balance calculation results 
showing the mass of PFAS recovered and unrecovered from GAC prior to and after persulfate 
oxidation. The total recovery results suggest that decomposition of PFAS by heat activated 
persulfate was minimal for the carboxylates as much difference was not observed for the treated 
and control GAC, while a big difference was seen in the PFSAs.  

4.5.2.6. Regeneration Test: In support of the study, the ability of chemically oxidized GAC to 
continue to sorb PFAS after being treated with activated persulfate was tested. Results from the 
batch test (Figure 4.34) with the F400 GAC demonstrated that the extent of sorption and 
removal of the model PFAS (PFBA, PFPeA, PFBS, PFHxA, PFHpA, PFHxS, PFOA, and PFOS) 
was greater in treated columns when compared to control columns with no persulfate treatment. 
Similar results have been reported by McKenzie et al. (2015), where sorption of PFAS increased 
in persulfate treated columns which was attributed to changes in water quality (pH, presence of 
polyvalent cations). 

For the virgin coconut shell-based GAC sorption test in the columns, the extent of sorption and 
removal of the PFAS was increased in the first 24 h. However, PFAS removal decreased as 
reaction time progressed further, and lowest removal was observed with PFBS and PFOS 
(Figure 4.35). The results of the column GAC re-adsorption test suggest that adsorption and 
desorption of PFAS occurred mainly on GAC surface, as PFAS are known to be controlled 
mostly by electrostatic interaction and hydrophobic interactions on GAC surface (Ochoa-Herrera 
& Sierra-Alvarez, 2008; Zhao et al., 2012; Du et al., 2014). The solution pH change, which was 
measured in the column effluent may have led to increased protonation of the GAC surface, 
resulting in the potential to enhance sorption of PFAS through electrostatic interactions (Higgins 
& Luthy, 2006; McKenzie et al., 2015) by the creation of more sorption sites on the GAC 
surface. 
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Figure 4.33. Mass of PFAS recovered and unrecovered prior to and after persulfate treatment for 
(a) F400 GAC and (b) virgin coconut shell-based GAC. Bar height represents initial mass of 
PFAS extracted from GAC before treatment and first bar for each compound represents treated 
GAC while the second bar represents the control GAC. 
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Figure 4.34. Percentage removal of PFAS in mixture with persulfate treated F400 GAC, initial 
concentration 1 mg/L, pH 7.2. Error bars on adjusted values represent the standard errors of the 
mean estimates.  

 

Figure 4.35. Percentage removal of PFAS in mixture with persulfate treated virgin coconut 
shell-based GAC; (-T) = post-treatment, (-C) = post-control. 
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Also, the cations (Na+, K+, Ca2+, Mg2+) present in the PFAS contaminated synthetic groundwater 
which may have bound to GAC surface during oxidation may have also helped improve sorption 
by forming aggregates at the liquid-solid interface thereby causing PFAS to partition into them 
resulting in increased sorption (McKenzie et al., 2015). However, You et al. (2010) and Zhao et 
al. (2012) reported an increase in PFOS sorption onto adsorbents with increasing solution pH in 
the presence of Ca2+ which was assumed to be due to the bridging and electrostatic effect 
between the anionic PFAS in solution and the divalent cations because of formation of basic sites 
on the adsorbent surface. The low re-adsorption exhibited by PFOS with time progression might 
be a result of pore diffusion limitations, where entrapped PFOS slowly moved to the GAC 
surface from the interior pores of GAC. The effect of PFOS critical micelle concentration cannot 
also be ruled out, the concentration of PFAS (1 mg/L) used in the regeneration test is orders of 
magnitude less than that of the CMC of PFOS (4573 mg/L)(Yu et al., 2009). It is potentially 
possible that hemi-micelles and micelle might have formed in the interior pores of GAC after 
adsorbing on its porous surface limiting the adsorption of more PFOS by blocking the passage of 
other PFOS molecules. 

4.6. META-PC FOR CHARECTERIZATION OF PFOS DEGRADATION  
Meta-PC was used to evaluate degradation of PFOS under aerobic and anaerobic conditions as 
well as mainly via photo-degradation and mammalian metabolism conditions. Results were 
presented as the probable reaction mechanism and the priority (relative reaction speed and thus 
probability of occurrence). As shown in Table 4.13, the aerobic and anaerobic degradation of 
PFOS was not predicted. However, photo-degradation and mammalian metabolism degradation 
were predicted, primarily at low priority values (indicating more rapid reaction speed).  

Table 4.13. Results of PFOS degradation as predicted in Meta-PC databases.  
Reaction 
database 

Metabolite(s) 
possible 

        Reaction description Priority* 

Aerobic No - - 
Anaerobic No - - 
Mammalian Yes| 2 Reductases 9 
Photodegradation Yes| 32, 2 soluble Russel mechanism 

Alpha-scission in sulfones 
Alkyl fluorides 
Photohydrolysis 
Sulfonic acid oxidation  
Alkyl fluorides reduction 
Defluorination 

4 
1 
2 
2 
6 

* Priority values represent speed of the corresponding reaction. Value of 0 represents 
spontaneous reaction, 1 represents very fast reaction, and scale from 2 to 9 fall to range of 
reactions that are progressively slow.  
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4.6.1. Aerobic and Anaerobic Metabolism 
The software database dictionary assessed results of reacting the chemical species entered with 
bacterially mediated reactions under aerobic and anaerobic conditions. Meta-PC defines 
anaerobic conditions as those occurring in sludge but did not specify temperature or sludge 
composition. Aerobic conditions were suggested to be those matching the general definition of 
aerobic (Klopman et al., 1994). Additionally, Howard et al. (1992) was referenced for aerobic 
dictionary development for Meta-PC. The specific mechanism depends on how closely the 
entered species matched with reactants in the dictionary. Thus, the disclaimer for results 
generated is that the dictionary is not able to predict all possible reactions and may predict 
reactions that are very unlikely to occur. Under anaerobic and aerobic conditions no metabolites 
of PFOS were predicted. The same result was found for PFOS when the terminal CF3 and 
various CF2 groups were removed sequentially starting at the CF3. The photo-degradation and 
mammalian metabolism pathways did predict degradation, including soluble compounds and 
carcinogenic compounds.  

4.6.2. Photo-degradation 
Photo-degradation was assumed to be those in the natural conditions like upper layers of a lake 
exposed to sunlight (Sedykh et al., 2001). Biotransformation occurred due to photo-
dehalogenation, which produced 32 metabolites with 2 metabolites produced multiple times. 
Photo-dehalogenation is the reaction in which photons provide the energy for removal of 
halogens from a molecule. Predicted reaction speed, given the priority number ‘n’ values varied 
from 1 (very rapid reaction) to 6 (moderately slow reaction). Of the metabolites produced so-
called ‘S9’ was soluble and was the result of a priority 1 reaction of sulfone degradation (alpha 
scission in sulfones). That reaction produces methyl radical intermediates leading to further 
degradation of the original compound. S23 was the result of the Russell mechanism where a C-C 
bond is cleaved. The reaction is characterized by formation and subsequent reaction by peroxy 
radicals. The peroxy radical reacts cyclically with itself to produce a tetraoxide intermediate. The 
proposed products are a ketone and an alcohol plus O2 or an excited ketone and an alcohol plus 
O2 (Miyamoto et al., 2003).  

4.6.3. Mammalian Metabolism 
Mammalian metabolism measurements were largely based on rat (or rodent) metabolism. In 
some cases, Meta-PC developers used metabolism data from other mammals when rodent data 
was unavailable. Differences in species sex were not considered in the model nor were genetic 
variations (Talafous et al., 1994). However, those differences (and others) may inherently appear 
in the results as there was no indication in the supporting papers that differences were 
normalized. Degradation of PFOS by mammalian metabolism was predicted to occur by 
reductases. The specific reaction was related to work by L.M. Sayre and the output statement 
was “biotransformed by reductases by reduction of terminal aliphatic trihalides.” However, the 
reaction was assigned priority 9, meaning it would be very slow to occur and may not occur at 
all. Results for degradation of compounds related to PFOS or differing greatly may be based on 
very different mechanisms. When a CF2 group was removed from the SMILES for PFOS, the 
output appeared as in Figure 4.36. In Figure 4.36, the observed resulting metabolites were F- 

and (CF2)8SOOOH. By further selecting a metabolite, the references and rules were viewed. The 
priority assigned, as shown in Table 4.13, was 9 given a general mechanism of action by 
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reductases. After removing four CF2 groups from the metabolite in Figure 4.36, metabolites in 
Figure 4.37 were obtained. This method of arriving at Figure 4.37 from Figure 4.36 is 
illustrated here. Neither the mammalian metabolism dictionary nor the program itself had a 
continuity feature or allowed multiple molecule inputs. To understand what daughter compound 
of PFOS or PFOA would be readily degraded under any dictionary a CF2 or CF3 group was 
removed before the SMILES was entered and the program was run. Figure 4.38 was obtained 
after additional manual removal of CF2 groups. At this point assigned priority was consistent as 
was the probable mechanism.  

Figure 4.39 results when the molecule SMILES were entered but no metabolites were produced 
under mammalian metabolism, while Figures 4.36 to Figure 4.38 demonstrate defluorination by 
mammalian metabolism, which was the only metabolite option offered for the given SMILES 
input. The Meta-PC description includes the mammalian metabolism dictionary which contains 
1467 transformations, 505 aerobic transformation, 344 anaerobic transformations, 1193 photo-
degradation transformations. Thus, variation in probable degradation reactions is likely to occur 
for compounds other than PFOS. The results from Meta-PC indicate that probable degradation 
pathways exist for photo-degradation and mammalian metabolism. The specific mechanisms 
were found via referenced literature with the rule result. A specific method to produce the 
Russell mechanism was not found in the literature. However, methods to produce characteristics 
of the mechanism (i.e. application of significant energy) were found and future research will be 
based on refining these methods. Mammalian metabolism degradation pathways using reductase 
provided sufficient information to determine an enzyme-based solution may be viable. Enzymes 
are employed in natural and engineered systems to overcome reaction energy barriers and thus 
may be a promising solution. For example, laccase was used to treat PFOA in one study with 
approximately 50% reduction observed (Luo et al., 2015). Using additional literature, specific 
reaction conditions will be determined for high-energy and enzymatic systems.  
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Figure 4.36. PFOS through mammalian metabolism dictionary- step 1 where 1 F- is removed 
through reaction likely facilitated by reductases.  

 
Figure 4.37. After removing multiple CF2 groups when CF3(CF2)3SOOOH is the starting point 
again a single F- is removed. This result was also obtained using the mammalian metabolism 
dictionary. 
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Figure 4.38. When the starting molecule is CF3SOOOH again a F- is removed resulting in 
products F- and SOOOHCF2. This result was also obtained using the mammalian metabolism 
dictionary.  

 
Figure 4.39. The result if it is assumed the final CF2 group was previously removed. Mammalian 
metabolism was not predicted to further degrade this compound.  
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5.0 CONCLUSIONS AND IMPLICATIONS FOR FUTURE 
RESEARCH/IMPLEMENTATION 

Validation of HRX WellTM laboratory scale physical model:  

• Experimental results indicated that the HRX WellTM concept is valid and potentially 
feasible for field implementation. The physical model has proven to be a valuable tool in 
exploring the performance of a horizontal well installed in the direction of groundwater 
flow. 

• A horizontally drilled well installed in the direction of groundwater flow will passively 
focus the flow of groundwater into the well and the capture zones behaves in a 
predictable manner with a linear correspondence to the ratio of hydraulic conductivity 
(𝐾𝐾𝑟𝑟𝑟𝑟𝑡𝑡𝑟𝑟𝑐𝑐) values of the reactive media in the well and the surrounding aquifer.  

• The velocity of water captured in the well can be significantly higher than the 
surrounding aquifer with a greater value of  𝐾𝐾𝑟𝑟𝑟𝑟𝑡𝑡𝑟𝑟𝑐𝑐.  

• The percentage of water captured by the well and capture zone areas were determined. A 
wide range of ratios of hydraulic conductivities was tested by varying the in-well media.   

• Tracer tests were successfully performed to measure the water velocity in the well and 
aquifer, and to confirm the treatment by GAC of the reactive solute (i.e., model 
contaminant) relative to the conservative solute. 
 

Characterization of PFAS and co-contaminants sorption onto GAC and measure of influence of 
groundwater conditions on sorption of PFAS: 

• Sorption characteristics of different carbon adsorbent sources were analyzed. The 
sorption capacity of coal-based GAC (F400) and coconut-based GAC (CBC) for 
compounds PFOA and PFOS as individual compounds and as a mixture were 
investigated through the Freundlich and Langmuir isotherm study.  

• A higher sorption capacity was obtained for individual compounds compared to those in 
the mixture for both PFOA and PFOS. F400 showed higher sorption than the CBC in all 
the combinations evaluated. 

• PFOS showed higher sorption than PFOA individually and in mixture due to the higher 
hydrophobicity of the sulfonate head group, high polarizability and presence of more C-F 
bonds than PFOA.  

• Hydrophobic interactions were mainly involved in the sorption process and electrostatic 
interactions were less influential.  

• The physical properties of GAC such as surface area, pore size distribution and formation 
of micelles and hemi-micelles also influence the sorption capacities in different GACs.  

• Multilayer sorption can occur and hemi-micelles and micelles can form in the porous 
structure of the GAC regardless of the concentrations. In this study, it was found that the 
presence of non-PFAS co-contaminants (Kerosene, TCE and ethanol), and different 
groundwater conditions (pH, presence of SO4

−2 anions, NOM and iron oxides) had little 
impact on the extent of sorption of PFASs onto GAC under the experimental conditions 
tested.  
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• The experimental results have the same order of magnitude for Freundlich parameters 
and little difference with Langmuir parameters compared to similar previous studies. On 
the other hand, results were vastly different than some other studies, and these differences 
are likely due to different initial concentration ranges, as well as the properties of GAC 
used in the isotherm studies. 

 
Enhancement of PFAS sorption onto activated carbon: 

• The extent of sorption of PFOA and PFHxS increased with HCl treatment for both F400 
(8% and 9%) and CBC (6% and 5%), respectively, due to increase in positive charge 
density of GAC with treatment. The extent of sorption decreased with treatment using 
persulfate, and H2O2/Fe, and remained unchanged using NaOH.  

• Treatment of F400 and CBC types of GAC resulted in a decrease in the BET surface 
area, pore volume and pore width which are the main physical characters related to the 
sorption. This decrease was likely due to pore blockage in the micropores caused during 
treatment due to modification of the textural characteristics of the untreated GAC as was 
shown in elemental analysis.  

• An accumulation of chloride, sodium, sulfur, and iron may result in blockage of sorption 
sites, decreasing the micropore volume and width with HCl, NaOH, PS and H2O2/Fe 
treatments respectively. pHpzc results revealed that for both HCl and NaOH treatments, 
electrostatic interactions have less influence on sorption than hydrophobic interactions. 

• For F400 and CBC types of GAC, H2O2/Fe and PS treatment created negative charge on 
GAC surfaces and resulted in drastic reduction of pHpzc. This effect increased the 
electrostatic repulsion and influenced sorption to some extent because those two 
treatments show the higher decreases in the extent of sorption than untreated GAC.  

• The treatment of GAC introduced more surface oxygen functional groups like alcohol, 
phenol and carboxylic which were detected in FTIR spectra. pHpzc decreases as the 
oxygen content increases which reflects increase in surface acidity. Moreover, surface 
oxygen functional groups increase the polarity of the carbon surface, which can result in 
decreased sorption of hydrophobic PFAS.  
 

Measurement of destruction of PFAS sorbed GAC, extension of GAC life using activated 
persulfate, and treatment of field GAC: 

• The degradation efficiencies achieved by activated persulfate oxidation were observed to 
be a function of oxidant concentration and number of doses. 

• During aqueous phase oxidation, PFOA degradation was confirmed by generation of 
fluoride and shorter chain byproducts. However, partial degradation of PFOA was seen 
during oxidation of PFOA sorbed onto GAC.  

• PFOS was not degraded by heat-activated persulfate treatment.   
• Although mineralization of PFOA was achieved within a shorter reaction period by 

increasing persulfate oxidant dose, multiple oxidant doses of lower concentration were 
found to achieve degradation with maximum defluorination yield through maximum 
utilization of oxidant species and minimum scavenging reactions.  
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• Activated persulfate treatment does not effectively treat PFOA and PFOS sorbed onto 
GAC, however persulfate treatment can extend the sorption capacity of GAC by breaking 
the aggregates of micelle or hemi-micelle that influence sorption. 

• Heat activated persulfate treatment alters the partitioning behavior of PFAS sorbed onto 
GAC. Specifically, sorption of PFSAs is enhanced. 
 

Evaluation of potential natural degradation of PFOS using META-PC simulation software: 

• PFOS is susceptible to degradation under photo-degradation and mammalian metabolism 
reaction conditions; metabolites are not produced under simulated aerobic and anaerobic 
microbial conditions. 

• Radical based reactions under Russell mechanism in photo-degradation and reductase 
enzyme based mammalian metabolism reactions both commonly supported the cleavage 
of C-C bond and sequential breakdown of CF2 in PFOS molecule. No possible 
biodegradation pathways were seen for sulfonate head group.  
 

Implications for Future Research/Implementation: 

• The HRX WellTM is currently being demonstrated and validated under ESTCP project 
ER-201631, Demonstration and Validation of the Horizontal Reactive Media Treatment 
(HRX) Well for Managing Contaminant Plumes in Complex Geological Environments. 

• Continued research into low-cost sorbents for managing PFAS sites is recommended.  
Ideal sorbents will have greater sorption capacity, faster rates of sorption, and will allow 
for effective and low-cost regeneration.   

• Continued research into extending longevity of GAC through simple, low-cost treatments 
is recommended.  Longevity may be extended by disrupting micelles or hemi-micelles 
that form in GAC pores, or by anion flushes that may drive PFAS deeper into GAC 
pores. 

• Additional research into aggressive treatment approaches, such as sonolysis or plasma 
treatment, for their potential to regenerate GAC is recommended. 
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APPENDIX A. SUPORTING DATA 

APPENDIX A.1. SORPTION ISOTHERM OF PFAS ONTO DIFFERENT GAC TYPES 
(500 MG/L INITIAL CONCENTRATION, 7-DAY REACTION TIME, PH =7.2) 

 

Figure A.1. Adsorbability of PFAS onto F400 GAC. 

 

 

Figure A.2. Freundlich isotherm of PFAS onto F400 GAC. 

 



 

 

108 

 

Figure A.3. Langmuir isotherm of PFAS onto F400 GAC. 

 

 

Figure A.4. Adsorbability of PFAS onto F300 GAC. 
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Figure A.5. Freundlich isotherm of PFAS onto F300 GAC. 

 

 

Figure A.6. Langmuir isotherm of PFAS onto F300 GAC. 
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Figure A.7. Adsorbability of PFAS onto Jacobi GAC. 

 

 

Figure A.8. Freundlich isotherm of PFAS onto Jacobi GAC. 
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Figure A.9. Langmuir isotherm of PFAS onto Jacobi GAC. 

 

 

Figure A.10. Adsorbability of PFAS onto CBC GAC. 
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Figure A.11. Freundlich isotherm of PFAS onto CBC GAC. 

 

 

Figure A.12. Langmuir isotherm of PFAS onto CBC GAC. 
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APPENDIX A.2. SORPTION ISOTHERM OF PFAS ONTO F400 AND CBC GAC (1 
MG/L INITIAL CONCENTRATION, 7-DAY REACTION TIME, PH =7.2) 

 

Figure A.13. Adsorbability of PFOA onto F400 and CBC GAC-as an individual compound and 
in mixture. 

 

 

Figure A.14. Freundlich isotherm of PFOA onto F400 and CBC GAC-as an individual 
compound and in mixture.  
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Figure A.15. Langmuir isotherm of PFOA onto F400 and CBC GAC-as an individual compound 
and in mixture. 

 

 

Figure A.16. Adsorbability of PFOS onto F400 and CBC GAC-as an individual compound and 
in mixture. 
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Figure A.17. Freundlich isotherm of PFOS onto F400 and CBC GAC-as an individual 
compound and in mixture. 

 

 

Figure A.18. Langmuir isotherm of PFOS onto F400 and CBC GAC-as an individual compound 
and in mixture. 
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APPENDIX A.3. EDX PATTERNS OF GAC 

 

    

     

    
Figure A.19. EDX patterns F400 hydrochloric acid (HCl), sodium hydroxide (NaOH) and 
persulfate (PS) treated GAC. 
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Figure A.20. EDX patterns CBC hydrochloric acid (HCl), sodium hydroxide (NaOH) and 
persulfate (PS) treated GAC. 
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APPENDIX A.4. PRELIMINARY OXIDATION EXPERIMENTS 

Table A.1. Aqueous PFOA and PFOS degradation with oxidant-activator combinations. 
 Final 

pH PFOA PFOS 

 Oxidation conditions    % Removed* 
Persulfate (10000 mg/L) + hydrogen peroxide (200 mg/L) 1.1 70 43 

Heat-activated persulfate (1000 mg/L) (80 °C) 1.5  98 54 
Persulfate (1000 mg/L) + Iron activation (200 mg/L)  1.8 < 5 46 
Persulfate (1000 mg/L) + Iron activation (200 mg/L) + heat (80 °C) 1.8 46 23 
Alkaline pH (> 11) activated persulfate (1000 mg/L) 10.7 < 5 13 
Alkaline pH (>11) + Fe-activated persulfate (200 mg/L) 7.8 < 10 21 

Control conditions  Final 
Concentration** 

Control - no oxidant, no activator 4.1 10.9 8.9 
Control - no oxidant, alkaline pH >11 10.9 11.6 11.2 
Control - no oxidant, heat 80 °C 3.4 12.3 10.0 
*% Difference from control (no-oxidant and no-activator) 
**Initial concentration as 10 mg/L 
All samples including controls were collected and analyzed at end of 1 week (slow reaction systems) 

APPENDIX A.5. EVALUATION OF PH EFFECTS ON PFOA, PFOS, AND FLUORIDE 
MEASURMEMENTS 

Table A.2. Changes in aqueous PFOA and PFOS concentration measurements along the changes 
in pH of the solution.  

PFOA, 
µM 

pH* 4.66 4 3 2 1.71 
average 25.8 25.7 25.7 25.5 25.4 
stdev 0.3 0.4 0.3 0.2 0.5 

PFOS, 
µM 

pH* 4.89 4 3 2 1.84 
average 28.5 28.9 28.1 28.5 28.2 
stdev 0.4 0.5 0.4 0.3 0.4 

* pH was adjusted using 0.1M HCl and 0.1M NaOH buffer solutions 

Table A.3. Changes in fluoride (F-) concentration measurements along the changes in pH of the 
solution. 

pH* 5 4.3 4 3.5 3 2.5 2 
F-, mM ** average 5.28 5.26 5.27 5.18 5.02 4.97 4.78 

stdev 0.48 0.3 0.28 0.2 0.32 0.45 0.58 
* pH was adjusted using 0.1M HCl and 0.1M NaOH buffer solutions 
** The standard solution was prepared as 5.26mM (100ppm) of F- as NaF with measured initial 
pH as 4.3; before measuring the concentration using fluoride selective electrode, the sample 
solution was added with equal volume of TISAB (total ionic strength adjuster buffer) 
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Figure A.21. Effects of pH on PFOA, PFOS and F- concentration measurements. Error bars on 
adjusted concentration values represent the standard errors of the mean estimates. 

APPENDIX A.6. FLUORIDE ADSORPTION ONTO GAC 

 
Figure A.22. Fluoride adsorption onto GAC at different pH values, initial fluoride concentration 
5 mg/L, 2 g of GAC. 
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Table A.4. Fluoride adsorption onto GAC at different aqueous pH values. 
pH GAC 

 (20h*) 
No GAC  
(20h*) 

GAC  
(2h*) 

No GAC 
(2h*) 

GAC  
(0.5h*) 

No GAC 
 (0.5h*) 

GAC 
 (0.25h*) 

No GAC 
(0.25h*) 

2 74.99 10.66 40.13 3.92 10.66 0.36 7.35 3.92 
3 37.91 0.36 30.75 0.36 10.66 0.36 7.35 0.36 
4 22.76 0.36 19.90 0.36 7.35 0.36 10.66 0.36 
5 25.25 0.36 19.90 0.36 0.36 0.36 0.36 0.36 
6 30.75 0.36 13.86 0.36 0.36 0.36 0.36 0.36 
7 28.18 0.36 13.86 0.36 7.35 0.36 0.36 0.36 
8 30.75 0.36 22.76 0.36 3.92 0.36 0.36 0.36 
9 30.75 0.36 13.86 0.36 0.36 0.36 0.36 0.36 
10 33.22 0.36 28.18 0.36 16.93 0.36 22.76 0.36 

*Contact period of fluoride solution (initial – 5 mg/L) with GAC (2g) were 0.25, 0.5, 2, 20 hours 

  

(a)                                                 (b) 
Figure A.22. (a) Percentage removal of fluoride (5 mg/L), and (b) fluoride adsorption capacity 
of GAC (at 2 hours) in conditions with and without the presence of sulfate (20 g/L). 

 

Table A.5. Effects of sulfate presence on the fluoride sorption onto GAC in different aqueous 
pH conditions. 

pH 2 3 4 5 
% removal 
of fluoride  

GAC+ Sulfate 49.65 19.15 13.04 9.82 
GAC + No sulfate 40.12 30.75 19.90 19.90 

Adsorption 
capacity of 
fluoride  

GAC+ Sulfate 69.50 20.60 16.69 12.38 
GAC + No sulfate 98.48 49.78 29.89 40.39 
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APPENDIX A.7. COLUMN DESIGN SPECIFICATIONS 

 
Figure A.23. Picture of the column experiment 

Height of column = 24 cm; Inner diameter = 3.5 cm; Area = 9.62 cm
2
; Amount of GAC used = 

100 g of GAC in each column; Assumed porosity for column design = 0.3. 

Pore volume:  Volume of reactor × assumed porosity = 100 cm3 × 0.3 = 30 cm3 

Flow rate, 𝑄𝑄: Area of column * typical groundwater flow = 9.62cm
2
×1.27cm/h = 12.25 cm3/h 

Packed bed contact time = 𝑉𝑉/ 𝑄𝑄  

For 10 pore volumes = (300 cm3) ∕ (12.25 cm3/h) = 24.48 h 

Synthetic Groundwater Composition: 200 mg/L CaCO3, 272 mg/L CaSO4, 252 mg/L NaHCO3, 
194 mg/L 4MgCO3.Mg(OH2).5H2O, 750 mg/L KCl and pH will be adjusted to 7 using 0.1 M 
HCl and 0.1 M NaOH. 
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