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ABSTRACT

Per- and polyfluoroalkyl substances (PFAS) have emerged as a significant global environmental

concern due to their persistence, ubiquitous presence, and associated human health hazards. As a result,

regulatory agencies worldwide have enacted stringent drinking water standards to mitigate human

exposure to PFAS. Traditional adsorption-based treatment technologies like granular activated carbon

(GAC) and anion-exchange resins have been used extensively, but often see diminished performance with

“challenging” waters that contain competitive adsorbates such as dissolved organic matter (DOM) and/ or

total dissolved solids (TDS). This study evaluated a relatively new selective adsorbent (Fluoro-Sorb®) in

combination with lead-lag column configurations to improve the treatment of challenging waters. A rapid

small-scale column test (RSSCT) system was used to assess the performance of Filtrasorb 400 (GAC),

Fluoro-Sorb® 200 (FS), and CalRes2301 (IX) with three different source waters: PFAS spiked tap water,

stormwater; and brackish groundwater. Additionally, this study evaluated three lead-lag systems (GAC-

IX, FS-IX, and GAC-FS) and developed a costing approach to compare the cost-effectiveness of these

configurations.

Based on PFAS removal, usage rate, and cost, FS was the most cost-effective for brackish

groundwater, followed by IX and GAC. However, FS’s cost savings diminished for stormwater and PFAS

spiked tap water, where IX consistently performed better, and short-chain perfluorocarboxylic acids

(PFCAs) remained challenging for GAC and FS to remove. The lead-lag column study demonstrated that

hybrid configurations were more cost-effective for brackish groundwater and short-chain PFCA removal

when compared to a standalone IX column. Lastly, GAC-IX was the most cost-effective configuration for

treating brackish groundwater, offering moderate to high performance and at a lower overall media cost

than FS-IX.
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CHAPTER 1 INTRODUCTION

Per- and polyfluoroalkyl substances (PFAS) have emerged as a significant global environmental

concern due to their ubiquitous presence and persistence in the environment and health hazards posed to

humans and wildlife (Peritore et al., 2023; Sims et al., 2022; T. Cousins et al., 2020). These recalcitrant

anthropogenic compounds are characterized by their carbon-fluorine covalent bonds, chemical and

thermal stability, and amphiphilic behavior (soluble in both water and non-polar solvents). Since the

1940’s, PFAS have been added into a variety of industrial and consumer applications such as fire

extinguishers known as aqueous-film forming foams (AFFF), electronics, textiles and apparel, and food

packaging (Garg et al., 2020; Kotthoff et al., 2015). Due to their recalcitrant nature and widespread use,

certain PFAS have been found to accumulate in environmental matrices (e.g., biota, water, sediments) and

have subsequently been detected worldwide (Kurwadkar et al., 2022). One study estimated that about

45% of US drinking-waters had detectable concentrations of at least one type of PFAS (Smalling et al.,

2023).

Detrimental health-effects were initially linked to PFAS through observing the impacts of PFOA on

rodents and subsequent studies later identified widespread occurrence of PFAS within the blood of

humans and animals (Olsen et al., 2017; Peritore et al., 2023). Further studies have linked human

exposure to PFAS to health impacts such as prostate, kidney, testicular cancer (Barry et al., 2013; Vieira

et al., 2013), immunotoxic effects (DeWitt et al., 2012), dyslipidemia (Sunderland et al., 2019), and lower

birth weights (Shoaff et al., 2018). In response to this evidence, regulatory bodies like the United States

Environmental Protection Agency (US EPA) have enacted guidelines and health advisory limits, and

most recently added six PFAS (PFOA, PFOS, PFHxS, PFNA, HFPO-DA, PFBS) to the National Primary

Drinking Water Regulation (NPDWR) list of regulated compounds (US EPA, 2024a). The proposed

maximum contaminant level goals (MCLG) under this ruling sets PFOA and PFOS at zero and individual

maximum contaminant levels (MCLs) to 4.0 nanograms per liter (ng/L). Nine PFAS (PFOA, PFOS,

PFBS, HFPO-DA, PFNA, PFHxS, PFDA, PFHxA, and PFBA) were also proposed to be added to the list

of hazardous constituents under the Resource Conservation and Recovery Act (RCRA) (US EPA, 2024b).

These standards and rulings underscore the need for advancements in new and existing water treatment

technologies to sustainably mitigate human exposure to PFAS.

Adsorption-based treatment technologies such as granular activated carbon (GAC) and anion-

exchange (IX) resins have been used extensively for the removal of PFAS from water (Kucharzyk et al.,

2017). GAC is categorized as a non-selective adsorbent, while certain IX resins, such as CalRes2301, are

categorized as PFAS selective adsorbents. These technologies benefit from ease of operation and cost

when compared to alternative separation technologies such as high-pressure membrane systems and



2

PFAS destructive technologies (Lei et al., 2023). However, GAC and IX adsorbents exhibit early PFAS

breakthrough and subsequent frequent media changeouts when treating “challenging” source water

leading to higher operation and maintenance costs (Chow et al., 2022; Franke et al., 2021; Vu and Wu,

2022). These source waters (henceforth termed “challenging” waters) contain elevated concentrations of

co-contaminants (e.g., fuel hydrocarbons, halogenated solvents), dissolved organic material (DOM),

and/or elevated concentration of dissolved ions (Deng et al., 2015; Lenka et al., 2021; Murray et al., 2021;

Vatankhah et al., 2022). While adsorbent-based treatment systems have been found to be effective for

groundwater with low dissolved organic carbon (DOC) and dissolved ions, treatment of challenging

waters may become more common as more PFAS impacted water streams are discovered. This trend

could be driven by factors such as increasingly stringent regulations, increased saltwater intrusion in

coastal areas leading to higher TDS in groundwater (Mueller et al., 2024), and continued urbanization,

which contributes to higher DOC levels in streams and rivers (Kaushal et al., 2014).

To evaluate the performance of adsorbent-based treatment systems, pilot scale or rapid small-scale

column tests (RSSCTs) are often used to determine the best treatment configuration before a full-scale

system is implemented onto a site. The benefit of utilizing RSSCTs is that the operational times are often

between days to weeks (Crittenden, 1986), whereas pilot scale tests may take months to a year to

complete (Liu et al., 2022). The volume of water required for testing is also reduced, allowing different

operational conditions to be tested in a shorter amount of time. For IX and GAC, several studies have

been performed to refine the scale-up factors from RSSCTs to pilot-scale systems (Cheng and Knappe,

2024; Schumann et al., 2023), while developing scale-up approaches for FS is still in the beginning stages

(Nguyen and Schaefer, 2023; Pannu et al., 2023). More research is needed to evaluate the accuracy of

RSSCT scale-up approaches for predicting large-scale adsorbent system performance, particularly for

challenging waters containing elevated concentrations of TDS and DOC.

Technological advances have led to more selective and higher capacity adsorptive medias, such as

surface modified clays (SMC), to help improve adsorbent effectiveness and decrease overall costs in

removing PFAS from impacted water resources (Ateia et al., 2019). Fluoro-Sorb® 200 (FS; CETCO,

Hoffman Estates, IL), is a relatively new adsorbent in which exchangeable sodium cations are replaced by

functionalized quaternary ammonium compounds (Najm et al., 2021). In past research, FS has been found

to be effective in removing diverse types of anionic and neutral PFAS and is less impacted by organic co-

contaminants than GAC (Najm et al., 2021; Yan et al., 2020). One study assessed adsorbent performance

and levelized costs of GAC, IX, and SMC to treat five different source waters that included municipal and

industrial wastewater, membrane concentrate, and landfill leachate. The study concluded that

pretreatment technologies should be implemented for membrane concentrates and landfill leachates

because the direct adsorption costs increased dramatically (3 to 4 times more expensive than wastewater)
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due to the presence of high concentrations of perfluoroalkyl acids (PFAA), DOC, and anions (Murray et

al., 2023).

Improvements in PFAS adsorption performance have also been documented utilizing pretreatment

steps such as coagulation and flocculation for soil washing water (Hubert et al., 2024) and ozone and

biologically active filtration for wastewater effluent (Vatankhah et al., 2022). Similar to pretreatment,

reconfiguring an adsorber system (e.g., standalone, lead-lag, or parallel) may improve overall

performance and operational cost as well. Lead-lag series systems consist of two adsorption columns,

where the water flows through the first lead column, then through the lag. A parallel system consists of

single columns placed in parallel and receive the same influent, the effluent from the parallel columns are

blended prior to discharge. A lead-lag system is preferred when the treatment goal is set at a low effluent

concentration (C) to influent concentration (Co) ratio (C/Co) at or below 0.05, whereas a parallel system is

preferred for designs where the target C/Co is greater than approximately 0.3 (Crittenden et al., 1987).

The lead-lag configuration has also been reported to perform better than parallel configuration when

competitive adsorption such as natural organic matter (NOM) was present in the influent water (Denning

and Dvorak, 2009). A study that looked at arsenic removal using adsorption systems concluded that the

lead-lag configuration has the lowest annual replacement cost when compared to parallel and standalone

systems at low target C/Co, high mass transfer zone fraction, and high cycle replacement cost

(combination of the fresh media cost and replacement service cost) (Bausk and Dvorak, 2016). Lastly,

one pilot study comparing regenerable and single-use IX resins in a lead-lag configuration for the removal

of PFAS from groundwater impacted by AFFF demonstrated that perfluorosulfonic acids (PFSAs) and

long-chain perfluorocarboxylic acids (PFCAs) were primarily adsorbed in an earlier section of the column

(Ellis et al., 2022). The same study also found that short-chain PFCAs were competitively displaced

toward the later section of the column. Their findings supported the use of multiple smaller resin vessels

to maximize the uptake of long-chain PFSAs which could increase the total mass loading, while

minimizing the competitive displacement of short-chain PFCAs in the lag vessel. Overall, these studies

show that a lead-lag configuration may be a suitable approach for improving the longevity and lowering

costs of adsorptive PFAS treatment approach due to stringent treatment goals.

To date, RSSCTs have not been studied in a hybrid lead-lag configuration to evaluate the potential

cost and performance improvements for PFAS removal from different water matrices. For this study,

three objectives were developed to assess the potential benefits (quantified based on media use and costs)

of employing FS in lieu of established adsorbents (e.g. GAC, IX) and in lead-lag column configurations

for PFAS removal from different source waters:
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1. Develop an RSSCT system to assess FS in a standalone and lead-lag adsorption system and

compare FS performance for PFAS removal to one GAC product and one IX product;

2. Develop and apply an approach to compare performance of adsorbents in standalone and lead-lag

configurations based on media use costs; and

3. Assess the impact of challenging waters on adsorptive treatment, and the advantages of lead-lag

adsorption systems using the developed costing approach.

To achieve these objectives, three adsorbents were chosen to represent GAC, IX, and FS, respectively:

1) Filtrasorb 400, a bituminous coal-based GAC product (Calgon Carbon Corp., Pittsburg, PA); 2)

CalRes2301, a strong-base anion exchange resin (Calgon Carbon Corp., Pittsburg, PA); and 3) Fluoro-

Sorb® 200, a SMC adsorbent (Colloid Environmental Technologies Company (CETCO), Hoffman

Estates, IL). A custom RSSCT system was constructed and incorporated both lead and lag columns in

series allowing for simultaneous collection of treatability data from a standalone adsorbent and a lead-lag

staged adsorbent configuration. Using this RSSCT system, experiments were performed using the

selected GAC, IX and FS products as the lead column and three different lead-lag configurations

consisting of GAC-IX, GAC-FS and FS-IX.

To evaluate the impact of challenging waters on adsorbent system performance, three source waters

were chosen for this study: 1) PFAS spiked tap water; 2) stormwater; and 3) brackish groundwater, where

the latter two represent challenging waters. RSSCTs were used in this study to generate PFAS

breakthrough curves to evaluate PFAS removal performance for GAC, IX, and FS. An approach was

developed to convert PFAS breakthrough data to a levelized media cost (based only on media cost) for

each treatment scenario (i.e., water and adsorbent evaluated). This approach was then implemented to

determine improvement factors which helped identify the breakeven point in which the cost to operate a

lead-lag configuration is equivalent to a standalone configuration based on media usage rate (MUR) and

media cost.



5

CHAPTER 2 MATERIALS AND METHODS

2.1 Source Water Selection and Characterization

Three source waters were used for this experiment which included PFAS spiked City of Golden,

Colorado potable (tap) water, stormwater, and brackish groundwater. The stormwater and

groundwater were collected from sites impacted by PFAS due to historical use of AFFF in the area.

These two waters were chosen for containing elevated levels of “challenging” constituents including

DOC and/or TDS that may negatively affect adsorbent PFAS treatment performance. The third

source water, PFAS spiked tap water, was used as the benchmark for the experiment where the

challenging properties that were present in the stormwater and groundwater are at lower levels. Refer to

Table 2.1 for the background water quality parameters, Table 2.2 for the PFAS concentrations, and Tables

2.3 and 2.4 for the cation and anion concentrations, respectively for all three source waters.

Table 2.1 Summary of background water quality parameters

Water Matrix Stormwater Groundwater Spiked Tap
Water

Date Collected 4/7/2023 11/2/2023 2/27/2024

Parameters Units
pH 7.8 8.0 7.9
Conductivity μS 545 5,750 411
TDS mg/L 380 4,090 305
TOC mg/L 4.90 4.32 1.02
DOC mg/L 4.56 3.89 0.88
TN mg/L 0.45 7.73 <0.17
Alkalinity mg/L as CaCO3 87.6 291 27.9
UV254 cm-1 0.099 0.042 0.023
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Table 2.2 Investigated PFAS concentrations

Stormwater Groundwater Spiked Tap Water
Compound (ng/L) (ng/L) (ng/L)

PFPrS LOQ 100 ± 23.3 LOQ
PFBS 6.3 ± 2.1 202 ± 31 667.1 ± 15.2
PFPeS 4.1 ± 0.2 454 ± 29.4 12.1 ± 0.6
PFHxS 32.1 ± 1.2 2,443 ± 236 3,957 ± 166
PFHpS 2.5 ± 0.1 64.1 ± 16.3 57.9 ± 4.4
PFOS 85 ± 16.6 795 ± 209 1,129 ± 65.1
PFPeA 93.7 ± 22.1 475 ± 79.4 1,401 ± 34.5
PFHxA 36.1 ± 2.9 2,443 ± 100 5,481 ± 155
PFHpA 9.9 ± 0.3 603 ± 32 5.14 ± 0.3
PFOA 16.6 ± 0.8 7,446 ± 598 8,657 ± 283
PFDS LOQ LOQ LOQ
PFDA LOQ LOQ LOQ
PFDoA 0.2 ± 0.1 LOQ LOQ
PFNS LOQ LOQ LOQ
PFNA 0.7 ± 0.1 LOQ LOQ
FBSA 7.5 ± 1.4 188 ± 35.9 LOQ
FHxSA 84.8 ± 3.3 520 ± 66.5 LOQ
EtFOSA LOQ LOQ LOQ
FOSA LOQ LOQ LOQ
MeFOSA LOQ LOQ LOQ
4:2 FTS LOQ LOQ 2.46 ± 0.8
6:2 FTS 85.3 ± 4.3 937 ± 70.8 1,178 ± 38.8
8:2 FTS 1.5 ± 0.1 LOQ 16.7 ± 1.1
10:2 FTS LOQ LOQ 109 ± 13.6

Note:

LOQ = Limit of quantitation
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Table 2.3 Cation concentration using inductively coupled plasma (ICP) analysis

Stormwater Groundwater Spiked Tap Water
Cation (mg/L) (mg/L) (mg/L)

B 0.05 ± 0.012 1.36 ± 0.015 0.01 ± 0.002
Ca 34.2 ± 0 221 ± 1.15 11.28 ± 0.1
Fe 0.011 ± 0 0.0016 ± 0.001 0.004 ± 0
Mg 8.66 ± 0.04 246 ± 2.85 2.622 ± 0.002
Mn 0.0001 ± 0 0.95 ± 0.008 0.001 ± 0
Na 64.4 ± 0.3 774 ± 6.06 16.93 ± 0.039

Table 2.4 Anion concentration using ion chromatography (IC) analysis

Stormwater Groundwater Spiked Tap Water
Anion (mg/L) (mg/L) (mg/L)

F 0.37 ± 0.001 1.05 ± 0.1 0.53 ± 0.01
Cl 99.7 ± 0.02 285 ± 5.4 13.0 ± 0.09
NO2 <0.1 <0.1 <0.1
Br <0.1 2.32 ± 0.1 <0.1
NO3 0.22 ± 0.09 30 ± 1 0.71 ± 0.19
PO4 <0.1 <0.1 <0.1
SO4 73.5 ± 0.002 2455 ± 39 42.0 ± 0.67

2.1.1 Groundwater

AFFF-impacted groundwater was collected from a former military base near the coast of Southern

California. Two existing pump-and-treat facilities operate on-site and utilize GAC vessels to treat

groundwater pumped from the extraction wells. In November 2023, groundwater was collected from the

influent of the south treatment system and shipped to Colorado School of Mines (CSM) to be used for the

RSSCT experiments. Water quality analyses indicated that the groundwater was likely impacted by

saltwater intrusion, containing high levels of total dissolved solids (TDS) at 4,090 mg/L and high

concentrations of anions such as Cl-, Br- and SO4
2- and cations such as Ca2+, Mn2+, and Mg2+ as shown in

Tables 2.3 and 2.4. The PFAS concentration was 10 to 100-times greater than the stormwater used in this

experiment, with PFOA and PFOS concentrations of 7,950 and 763 ng/L, respectively.
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2.1.2 Stormwater

Stormwater was collected from a large stormwater catchment pond (3-acres) and a smaller connected

pond (1.8-acres) located on an operating military base with historical use of AFFF located in Colorado. A

full-scale treatment system was previously deployed on-site at the larger pond from 2016 to 2023 to

irrigate an adjacent golf course. The treatment system was reconfigured multiple times due to biofouling

issues. Considering the challenges that were encountered by the full-scale system, we visited the site

several times between March 2023 to April 2024 to collect water from both ponds. Due to the large

fluctuations of water levels that were dependent on seasonal storms, it was expected that the water quality

would change as well depending on the month that the water was collected in.

Stormwater, collected in April 2023, is characterized by high DOC concentrations at 4.56 mg/L.

Major anions and cations in the water were within the usual levels for typical stormwater runoff. PFAS

found at the smaller pond had concentrations of PFOA and PFOS at 16.8 and 37.1 ng/L, respectively. At

the larger pond, water collected in June and August 2023 contained visible organic matter and a green

cloudy tint, signifying signs of an algal bloom occurring at the time. Based on this information, it was

decided that the RSSCT experiment would utilize water collected from the smaller pond. Tables 2.1 to 2.4

show the water quality parameters of the smaller pond.

2.1.3 PFAS Spiked Tap Water

The third source water, PFAS spiked tap water, contained low concentration of DOC, TDS, and

cations and anions. The tap water originated from the Golden Water Treatment Plant located in Golden,

Colorado and was spiked with seven PFAS (PFPeA, PFHxA, PFOA, PFBS, PFHxS, PFOS, and 6:2 FTS)

in the lab at concentrations that matched the levels of PFAS concentration found in the groundwater as

shown in Table 2.2.

2.2 Adsorptive Media Evaluated and Adsorption Experiments Employing RSSCTs

2.2.1 Media Selection.

Filtrasorb 400, or F400, a bituminous coal-based GAC product was selected as a representative GAC

for this study due to its common use in PFAS treatment applications for various impacted water sources

within the industry (Kucharzyk et al., 2017). CalRes2301, a strong-base IX resin has been used as a viable

alternative to GAC due its documented higher PFAS adsorption capacity and faster adsorption kinetics

(Gagliano et al., 2020; Liu et al., 2022; Zhang et al., 2019). CalRes2301 is a macroporous IX resin with a

polystyrene backbone crosslinked with divinyl benzene and functionalized by amino groups. Fluoro-Sorb

200® (FS), is a SMC, where exchangeable sodium cations are replaced by quaternary ammonium
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functional groups and have been shown to be less affected by competitive adsorption when compared to

GAC and IX (Grieco et al., 2021; Najm et al., 2021; Pannu et al., 2023). The cost of each media is

provided in Table 2.8 (Nguyen, personal communications, 2023). Specifications of the adsorbents

provided by the manufacturers are shown in Tables 2.5 to 2.7.

Table 2.5 GAC (F400) Properties

Parameter Unit  Value

BET Surface Area m2/g 785
Total pore volume cm3/g 0.27
Micropore volume cm3/g 0.05
Mesopore volume cm3/g 0.17
Macropore volume cm3/g 0.05
Iodine number mg/g 1,000
Effective size mm 0.55-0.75
Bulk density g/mL 0.54
Mesh size 12 x 40

Table 2.6 IX (CalRes2301) Properties

Parameter Unit Description/Value

Resin type Strong base anion
Matrix Styrene-divinylbenzene
Structure Macroporous
Ionic form Cl-

Functional group N-Tri-butyl amine
Total anion exchange capacity eq./L >0.51
Bulk density g/mL 0.69
Media size range mm 0.36-1.18
Regenerability Single-use
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Table 2.7 FS (FS200) Properties

Parameter Unit Description/Value
Base adsorbent Wyoming sodium bentonite clay

PFAS removal mechanism
Chemically modified surface with
Organophilic functional group

Mean diameter µm 630

Bulk density g/L 750-850

Regenerability Single-use

Table 2.8 Selected Media Cost

Media Unit Value

GAC (F400) USD/kg 4.90

IX (CalRes2301) USD/kg 20.8

FS (FS200) USD/kg 10.6
Source: (Nguyen, personal communications, 2023)

2.2.2 RSSCT Design Parameters

A scaling factor (equation 2.1) was used to calculate the RSSCT small-scale column (SC) parameters

that mimic a large-scale column (LC) test. The parameters of this scaling factor include empty bed

contact time (EBCT), particle diameter of the adsorbent (d), and a diffusivity factor (x) where the value is

set to zero for constant diffusivity (CD) and one for proportional diffusivity (PD). The CD approach

assumes that intraparticle diffusivity is independent of media particle size, while the PD approach

considers it dependent. In this study, the diffusivity factor was set to zero for CD as a more conservative

approach, as PD can overestimate the system’s performance (Zeng et al., 2020)

𝐸𝐵𝐶𝑇𝑆𝐶
𝐸𝐵𝐶𝑇𝐿𝐶

= ൤
𝑑𝑆𝐶
𝑑𝐿𝐶

൨
2−𝑋 (2.1)

To obtain the required particle size diameter, GAC, IX, and FS were ground, wet sieved with

deionized water and stored in a sterile vacuum desiccator. The ground media was then loaded to the

stainless-steel column constrained by porous 40 μm stainless-steel discs above and below the ground

media. Mesh sizes of 100x140 and 170x270 were used to obtain average particle diameters of 68 and 125

µm, respectively. RSSCT design specifications for each media and lead-lag column configuration are

summarized in Table 2.9. EBCT and hydraulic loading rates (HLR) for each adsorbent were chosen to
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best simulate pilot- and full-scale conditions for PFAS treatment. These values were chosen based on

prior studies (Chow et al., 2022; Liu et al., 2022; Woodard et al., 2017) and consultation with vendors

(Calgon Carbon Corp for CalRes2301 and F400, and CETCO for FS).

The design parameters also affected the specifications of the lead-lag configuration columns because

each media’s recommended EBCT varies (GAC, 10 minutes; IX and FS, 1.5 to 5 minutes), while the flow

rate through both the lead and the lag column must remain constant. To address this, a larger column was

constructed for the lead column and a smaller one for the lag column to maintain the recommended EBCT

for each media, as summarized in Table 2.9. The results described herein will denote the lag IX or FS

column within the lead-lag column configuration as either GAC-IX, FS-IX, or GAC-FS. The lead column

results will be denoted by either GAC, FS, or IX.

Table 2.9 RSSCT Column Specifications

Group
Column
Name Media

Column
Dia. EBCT

Simula
-ted
EBCT

Bed
Length dP Flow vf

(-) (-) (-) (cm) (s) (min) (cm) (μm) (mL/min) (m/hr)

Lead 1-GAC F400 0.94 6.98 10 1.0 125 6.0 5.2

Lag 2-GAC-IX Calres
2301 0.40 0.90 1.5 0.6 68 6.0 22.4

Lead 3-FS FS200 0.94 7.10 3.0 1.0 125 6.0 5.6

Lag 4-FS-IX Calres
2301 0.40 0.90 1.5 0.6 68 6.0 22.4

Lead 5-GAC F400 0.94 6.98 10 1.0 125 6.0 5.2

Lag 6-GAC-FS FS200 0.40 1.05 1.5 0.7 68 6.0 22.4

Stand-
alone 7-IX Calres

2301 0.40 0.90 1.5 0.6 68 6.0 22.4

2.2.3 RSSCT Materials

A multi-channel RSSCT system with 2.54 cm-tall stainless-steel columns and an inner diameter of

0.40 cm (for lag and standalone FS and IX) and 0.94 cm (for lead GAC and FS) was implemented for this

study to test the performance of different adsorbents for the removal of PFAS from varying source waters

based on constant diffusivity (CD) approach. Columns #1 through #6 were placed in a lead-lag

configuration, while column #7 is a standalone column that was used as the control for the experiment.

Figure 2.1 presents the RSSCT flow diagram of the lead-lag RSSCT setup, Figure 2.2 shows the actual
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experimental setup and Table 2.9 provides the column specifications used for this experiment. CD-

RSSCTs aimed to replicate a full-scale EBCT of 10 min for lead-GAC, 3 min for lead-FS, and 1.5 min for

lag GAC-FS, GAC-IX, FS-IX, and IX, with a hydraulic loading rate (vf) varying between 5.2 to 22.4

m/hr. The RSSCT specifications (EBCT and vf) were designed to represent full-scale operational

conditions rather than provide a uniform comparison between adsorbents under the exact same conditions.

Figure 2.1  RSSCT Flow Schematic
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Figure 2.2  RSSCT Experiment Setup

2.2.4 RSSCT Experimental and Sampling Method

Each source water (stormwater, groundwater, and PFAS spiked tap water) was collected into a 55-gal

high-density polyethylene drum at ambient temperature (approximately 20°C) and filtered through a 0.2

μm cartridge filter to remove particulates prior to use. The tap water was spiked with seven different

PFAS to approximately match the average PFAS concentrations detected within the groundwater. Prior to

starting the experiments, the high-performance liquid chromatography (HPLC) pumps were purged with

50:50 methanol and Milli-Q water for 30 minutes, followed by Milli-Q water for 30 minutes to establish a

thorough cleaning. All RSSCT column parts were sonicated in 50:50 methanol and Milli-Q water for 30

minutes followed by a tap water rinse. The RSSCT columns were assembled and the corresponding

medias were placed into the seven columns. A 40 μm porous stainless-steel disc was placed at the top and

bottom of the chamber to contain the media within the column. A media bed is then established within

each column via an up-flow direction by flushing Milli-Q water at 3 ml/min for two hours to establish a

stable mass transfer zone for the media. One sample from each column is then collected at the end of the

Milli-Q water flush to determine if any contamination is present prior to the start of the experiment.
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Four HPLC pumps were used for the three lead-lag and one standalone column configurations. An

average flow rate of 6 ml/min was established for each set of columns. At predetermined time steps, a

sample was collected first at the lag column followed by the lead column by using the three-way valve

located on the lead column. The flow was then redirected back to the lag column once the lead column

sample is collected. This process was repeated until the lead column reached approximately 60,000 bed

volumes (BVs)d the lag column to 450,000 BVs. The duration of each experiment elapsed for

approximately five days.

2.3 Analytical Methods

2.3.1 Water Quality Analysis

UV-vis spectra ranging from 240 to 900 nm were quantified employing a DU 800 spectrophotometer

(Beckman Coulter, CA). DOC concentrations were measured using a carbon analyzer (Shimazu ion TOC-

L, Columbia, MD). Anions were analyzed using ion chromatography (IC; ICS-900, Dionex, Sunnyvale,

CA), while cations/metals were measured via inductively coupled plasma optical emission spectroscopy

(ICPOES; optima 5300 DV, PerkinElmer, Fremont, CA).

2.3.2 PFAS Analysis

The investigated analytes (PFOS, PFHxS, PFBS, 6:2 FTS, PFOA, PFHxA, PFPeA) were quantified

using at least six data points for each analyte’s calibration curve with concentrations ranging from 0.1

ng/L to 10,000 ng/L and a correlation coefficient (R)2 value of > 0.98. After every 20 samples, a

laboratory blank as well as a quality control sample (concentration 300 ng/L) were analyzed to ensure the

instrument sensitivity. Chromatography: samples were injected onto a SCIEX ExionLCTM high-pressure

liquid chromatograph (HPLC) connected to a Gemini C18 analytical column (3 mm × 100 mm × 5 µm;

Phenomenex, Torrance, CA), a SecurityGuardTM C18 guard cartridge (4 mm × 2 mm I.D.; Phenomenex,

Torrance, CA), and two Zorbax DIOL guard columns (4.6 mm × 12.5 mm × 6 µm; Agilent, Santa Clara,

CA). The temperature in column oven was set to 40 °C. 20 mM ammonium acetate (Fischer Scientific,

Waltham, MA) in Optima® LCMS-grade water was employed as the mobile phase (A) while 100%

Optima® LCMS-grade methanol was the organic mobile phase (B). Total eluent flow rate was set to 0.60

mL/min, which was ramped from 90% A to 50% A within the first 0.5 minutes, then reduced to 10% A at

8 minutes and remain steady until 13 minutes, then ramped to 90% A again at 13.5 minutes and remain

constant till the end of sample acquisition time (20 minutes). Mass Spectrometry: PFAS were analyzed

employing a SCIEX X500R Quadrupole Time-of-Flight Mass Spectrometer (QTOF-MS) system

(Framingham, MA) using electrospray ionization in negative mode (ESI-) with SWATH® Data-

Independent Acquisition for both TOF-MS and MS/MS mode. Precursor ion data was collected for m/z
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100-1200 for 1283 cycles with a total scan time of 842 ms and accumulation time of 20 ms.  The ion

spray voltage and temperature were set at – 4500 V and 550 °C, respectively. The ion source, curtain, and

collision (CAD) gas were set to 60 psi, 35 psi, and 10 psi, respectively. The collision energy was set to –5

V with spread of 0 V and the declustering potential to –20 V with spread of 0V. Product ion (MS/MS)

scanning was conducted for m/z 50-1200 Da. The accumulation time for each SWATH window was 50

ms and collision energy was –35 V with 30 V spread. The instrument performed autocalibration with

every 5 injections using SCIEX ESI Negative calibrant solution.

2.4 Adsorbent Performance Evaluation and Metrics

2.4.1 Media Usage Rates

The PFAS removal performance of investigated adsorbents was characterized using two main

parameters: 1) bed volumes to 10% breakthrough and 2) media usage rate (MUR). PFAS breakthrough at

a given time/number of processed bed volumes was calculated by normalizing the detected concentration

of a specific compound in RSSCT effluent by its influent concentration (C/C0). Bed volumes (BVs) were

used to characterize the throughput of each column using equation 2.2,

𝐵𝑉 =
∑𝑄 ∙ 𝑡
𝑉𝑚𝑒𝑑𝑖𝑎

(unitless)
(2.2)

where, Q is flow rate, t is the duration of the experiment and Vmedia is the empty bed volume that the

media occupies within the column, calculated as the cross-sectional area of the column multiplied by the

height of the media bed. BV50 (number of processed bed volumes at C/C0 =50%) is an indicator of

apparent adsorption capacity (Corwin and Summers, 2010; Park et al., 2020) whereas BV10 (number of

processed bed volumes at C/C0 =10%) characterizes early breakthrough. The BV10 values were calculated

by interpolating between the measured data points.

MUR is the mass of adsorbent required to treat a certain volume of water to reach a specific

breakthrough percentage or effluent concentration value (Kempisty et al., 2022). In this study, BV10 , an

indicator of early breakthrough, was chosen as the threshold for media changeout due to the stringent

MCLs added to the NPDWR (US EPA, 2024a). The BV10 value was used in lieu of a MCL of either 4 or

10 ppt due to the varying magnitude of PFAS concentrations within the three source waters. A selected

group of six PFAAs comprised of short- and long-chain PFCAs and PFSAs (PFPeA, PFHxA, PFOA,

PFBS, PFHxS, and PFOS) and one fluorotelomer sulfonic acid (6:2-FTS) was included in this

performance and levelized cost assessment. Based on six compounds regulated by the MCLs, PFOA and

GenX are two compounds that could drive the overall cost of the system as one of the first compounds to
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breakthrough (Heidari et al., 2021). GenX was not considered for this study due to limited analytical

capabilities.  Breakthrough data were used to interpolate the BV at which this threshold of BV10 was

reached. MUR was calculated using equations 2.3 and 2.4.

𝑡𝑏𝑘 =
# of BV ∗ V𝑚𝑒𝑑𝑖𝑎

Q
(min)

(2.3)

𝑀𝑈𝑅 =
𝐸𝐵𝐶𝑇𝑆𝐶 ∗ 𝜌𝑚𝑒𝑑𝑖𝑎

t𝑏𝑘
(

𝑘𝑔 𝑚𝑒𝑑𝑖𝑎
𝑚3 𝑤𝑎𝑡𝑒𝑟 𝑡𝑟𝑒𝑎𝑡𝑒𝑑

)
(2.4)

Time to breakthrough, tbk was calculated using the number of BV, in this case was BV10, along with

volume of the media bed, Vmedia and Q, the flow rate of water through the column. The tbk value was then

used to calculate MUR using the RSSCT EBCTSC and density of media, ρmedia.

2.4.2 Cost and Performance Comparison

Several values such as the improvement factor (IF) value, the cost per volume of water treated, and

percent change in cost were used to compare the overall performance and cost of GAC, IX, and FS in a

standalone and lead-lag column configuration. Equation 2.5 calculated an IF-value between a standalone

column to a lag column to evaluate the magnitude in which BV10 increased by having a lead column at the

front of the configuration.

𝐵𝑉10 Improvement Factor (IF) =
𝐵𝑉10,𝑙𝑎𝑔

𝐵𝑉10,𝑠𝑡𝑎𝑛𝑑𝑎𝑙𝑜𝑛𝑒
(unitless)

(2.5)

Equation 2.6 calculated the cost per volume of water treated for a standalone column and equation 2.7

calculated the same value but for a lead and lag column configuration. EBCTSC is the empty bed contact

time RSSCT column, ρmedia is the density of media and tbk is the time to breakthrough calculated in

equation 2.3 for each corresponding column. For the lead-lag configuration, tbk from the lag column was

used to determine the cost for the lead column as well as both the lead and lag columns are treated as one

unit. This experiment assumes that the lead column’s media is not changed out until breakthrough is

reached within the lag column. The cost of GAC, IX, and FS are shown in Table 2.8. Fluctuations in the

unit cost of the media (+/- 25%) were not considered in this study as a previous study found that PFAA

use rate was more influential in dictating the levelized media cost (Murray et al., 2023).

𝐶𝑜𝑠𝑡⬚
𝑉𝑤𝑎𝑡𝑒𝑟 𝑡𝑟𝑒𝑎𝑡𝑒𝑑

=
𝐸𝐵𝐶𝑇𝑆𝐶 ∗ 𝜌𝑚𝑒𝑑𝑖𝑎

t𝑏𝑘
∗ 𝐶𝑜𝑠𝑡𝑚𝑒𝑑𝑖𝑎 (

𝑈𝑆𝐷
𝑚3 𝑤𝑎𝑡𝑒𝑟 𝑡𝑟𝑒𝑎𝑡𝑒𝑑

) (2.6)



17

𝐶𝑜𝑠𝑡𝐿𝑒𝑎𝑑 ,𝐿𝑎𝑔

𝑉𝑤𝑎𝑡𝑒𝑟 𝑡𝑟𝑒𝑎𝑡𝑒𝑑
=
𝐸𝐵𝐶𝑇𝑆𝐶,𝑙𝑒𝑎𝑑 ∗ 𝜌𝑚𝑒𝑑𝑖𝑎,𝑙𝑒𝑎𝑑

t𝑏𝑘,𝑙𝑎𝑔
∗ 𝐶𝑜𝑠𝑡𝑚𝑒𝑑𝑖𝑎,𝑙𝑒𝑎𝑑

+
𝐸𝐵𝐶𝑇𝑆𝐶 ,𝑙𝑎𝑔 ∗ 𝜌𝑚𝑒𝑑𝑖𝑎,𝑙𝑎𝑔

t𝑏𝑘,𝑙𝑎𝑔
∗ 𝐶𝑜𝑠𝑡𝑚𝑒𝑑𝑖𝑎,𝑙𝑎𝑔

(
𝑈𝑆𝐷

𝑚3 𝑤𝑎𝑡𝑒𝑟 𝑡𝑟𝑒𝑎𝑡𝑒𝑑
)

(2.7)

Lastly, the percent change in cost for of FS versus GAC or IX was calculated using equation 2.8a and

standalone versus the lead-lag column configuration was calculated using equation 2.8b. A positive

percent change in cost indicated that it was more expensive to utilize GAC or IX versus FS or lead-lag

versus standalone, whereas a negative percent change meant that it was less expensive.

% 𝑐ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑐𝑜𝑠𝑡
(𝐹𝑟𝑜𝑚 𝐹𝑆200 𝑡𝑜 𝐺𝐴𝐶 𝑜𝑟 𝐼𝑋) =

𝐶𝑜𝑠𝑡𝐺𝐴𝐶 𝑜𝑟 𝐼𝑋 − 𝐶𝑜𝑠𝑡𝐹𝑆200
𝐶𝑜𝑠𝑡𝐹𝑆200

(%) (2.8a)

% 𝑐ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑐𝑜𝑠𝑡
(𝐹𝑟𝑜𝑚 𝑠𝑡𝑎𝑛𝑑𝑎𝑙𝑜𝑛𝑒 𝑡𝑜 𝑙𝑒𝑎𝑑, 𝑙𝑎𝑔) ⬚

=
𝐶𝑜𝑠𝑡𝑙𝑒𝑎𝑑,𝑙𝑎𝑔 − 𝐶𝑜𝑠𝑡𝑠𝑡𝑎𝑛𝑑𝑎𝑙𝑜𝑛𝑒

𝐶𝑜𝑠𝑡𝑆𝑡𝑎𝑛𝑑𝑎𝑙𝑜𝑛𝑒
(%)

(2.8b)

It should be noted that this analysis is only based on RSSCT experiments. Currently, studies are still in

progress regarding the scale-up prediction from RSSCT to pilot and full-scale treatment systems. The

general consensus thus far is that the CD-RSSCT approach is applicable to GAC for most studied

compounds and provides a conservative prediction of breakthrough  (Schumann et al., 2023). For FS, the

consensus is mixed where one study showed RSSCT to predict a larger media life than what was

observed at their pilot-scale system (Pannu et al., 2023) and another study determined that CD-RSSCT

should be appropriate by comparing ground and unground FS columns (Nguyen and Schaefer, 2023).

Lastly, for IX, a study has shown that CD-RSSCT can predict pilot scale PFAS breakthrough data by

multiplying a ratio that includes the Sherwood number and particle shape factor to the BV value obtained

in the CD-RSSCT (Cheng and Knappe, 2024). While this study only focused on the results generated

from CD-RSSCTs, as of the time of writing, a pilot-scale is deployed and operating at the site where the

brackish groundwater was collected from. The system will then be moved and operated at the stormwater

site.  At the end of the pilot-scale study, it will shed further light on the use of RSSCTs to predict

performance at a larger scale.
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CHAPTER 3 RESULTS AND DISCUSSION

3.1 Quantifying Adsorbent Performance through Standalone RSSCTs

3.1.1 Baseline Condition – PFAS Spike Tap Water

To evaluate the performance of the GAC, FS, and IX, RSSCTs were used to generate PFAS

breakthrough curves (C/C0 vs. BV) and generate MURs at a specific and predetermined number of BVs.

RSSCTs were first performed on PFAS spiked tap water which contained relatively high PFAS

concentrations (5 to 8,600 ng/L), low DOC (1.1 mg/L), and low TDS (305 mg/L) to provide baseline

performance data for each media. Breakthrough curves for standalone GAC, FS, and IX and the resulting

breakthrough curves treating PFAS spiked tap water are presented in Figure 3.1 for a selected group of six

PFAAs comprised of short- and long-chain PFCAs and PFSAs (PFPeA, PFHxA, PFOA, PFBS, PFHxS,

and PFOS) and one fluorotelomer sulfonic acid (6:2-FTS). The simulated EBCT for the GAC, FS, and IX

columns were 10 minutes, 3.0 minutes, and 1.5 minutes, and an average particle diameter size of 125 µm,

125 µm, and 68 µm, respectively. Dotted reference lines for BV10 and BV50 are provided for comparison

between different breakthrough curves and the corresponding BV10 values are shown in Table 3.1.

Figure 3.1 Breakthrough curves of investigated PFAS for (left) F400, (middle) FS, and (right) IX
using PFAS spiked tap water.

Based on the breakthrough curves in Figure 3.1 and the BV10 values shown on Table 3.1, GAC

exhibited quick breakthrough to BV10 and BV50 was reached by 40,000 BVs for most PFAS. FS exhibited

shallow breakthrough curves for most PFAS with BV10 values significantly higher for PFOS, PFOA,

PFBS, and 6:2-FTS when compared to GAC. For IX, the breakthrough curves resulted in a typical

sigmoidal shape with significantly higher BV10 values than GAC and FS. Neither PFOS nor PFHxS

reached BV10 for FS and IX in the duration of the test. This trend similarly matched previous studies that

have shown that GAC, IX and FS preferentially remove long chain PFAAs (e.g. PFOS, PFHxS, PFOA),
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but have lower short chain PFAA (e.g. PFHxA, PFPeA) removal performance (Ateia et al., 2019; Dixit et

al., 2021; Zeng et al., 2020). Although all three columns were operated within the same duration (5 days),

the range of bed volumes reached was lower for GAC and FS (61,000) compared to IX (410,000) because

GAC and FS utilized a larger column (0.94 cm in diameter) whereas IX used a smaller column (0.40 cm

in diameter). This resulted in a larger bed volume for GAC and FS (0.69 cm3 and 0.71 cm3) whereas IX

had a smaller bed volume (0.09 cm3). Therefore, calculation of MUR (kg of media per cubic meter of

water treated) was performed to consider not only the total number of bed volumes processed to 10

percent breakthrough BV10), but also the mass of media so that levelized comparison could be made

between the adsorbents evaluated (see equation 2.3 and 2.4). Table 3.1 shows the resulting MUR for each

adsorbent treating spiked tap water. Based on the MUR, IX yielded the lowest range of MURs, followed

by FS (except for short-chain PFCAs), and then followed by GAC.

Table 3.1 Comparison of BV10 (left), and MUR (right) values for GAC, SMC and IX for PFAS
spiked tap water

BV10
MUR
(kg/m3)

F400 (GAC) FS (FS) 2301 (IX) F400 (GAC) FS (FS) 2301 (IX)

PFOS 2,116 >61,100 >483,600 0.256 <0.136 <0.001
PFHxS 2,053 >61,100 >483,600 0.264 <0.136 <0.001
PFBS 1,629 44,885 >483,600 0.332 0.019 <0.001
6:2 FTS 1,395 34,410 167,667 0.388 0.024 0.004
PFOA 1,566 55,388 329,480 0.346 0.015 0.002
PFHxA 1,094 966 111,243 0.495 0.864 0.006

PFPeA 786 326 36,208 0.689 2.56 0.019

Because MUR does not factor in media costs, the next step of this analysis was to calculate levelized

media costs ($ per unit volume of water treated, $/m3) from MUR values using bulk media costs obtained

from a collaborator that works with vendors of adsorbent media (Nguyen, 2024). Table 2.8 summarizes

the media cost for GAC, IX, and FS used in the calculations. IX was approximately four times as

expensive as GAC ($20.80 versus $4.90, respectively), whereas FS was about twice as expensive as GAC

($10.60 versus $4.90) per kilogram of media. This indicates that the MUR at BV10 would need to be four

times lower for IX and two times lower for FS when compared to GAC’s MUR for all three media to

have the same overall cost to treat the same unit of water. The resulting levelized media cost for each

media and the percent change in cost compared FS are shown in Table 3.2. The overall cost followed a

similar trend to the MUR and BV10 results where IX had the lowest cost (between 84% to 99% less than
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FS) and GAC had the highest overall cost (between 729% to 964% higher than FS, except for short-chain

PFCAs where cost savings were between 73% and 88%).

Table 3.2 Comparison of cost and percent change in cost between GAC, FS and IX for PFAS
spiked tap water

Cost
($/m3)

Percent change in cost from FS
(%)

GAC FS IX GAC FS IX
PFOS 1.26 <0.14 <0.03 -b -a -b

PFHxS 1.29 <0.14 <0.03 - - -
PFBS 1.63 0.20 <0.03 729% - < -84%
6:2 FTS 1.90 0.26 0.09 642% - -67%
PFOA 1.70 0.16 0.04 964% - -73%
PFHxA 2.43 9.14 0.13 -73% - -99%
PFPeA 3.38 27.08 0.39 -88% - -99%

Note:
aShown as a placeholder indicating that the percent change is based on the FS column.
bNot determined, BV10 was not reached for the FS column.

3.1.2 Challenging Waters Condition – Stormwater and Brackish Groundwater

RSSCTs were performed to further investigate the performance of GAC, IX, and FS in removing

PFAS from challenging waters that included stormwater with low PFAS concentrations (see Table 2.2),

high DOC (3.9 mg/L), and low TDS (380 mg/L) and brackish groundwater with high PFAS

concentrations (60 to 7,500 ng/L), high DOC (3.9 mg/L), and high TDS (4,090 mg/L). Figure 3.3 and

Table 3.3 show the resulting breakthrough curves and BV10 values, respectively, from the RSSCT

experiments for the two challenging waters and PFAS spiked tap water. For GAC RSSCTs with

stormwater and groundwater, near immediate breakthrough occurred for most PFAS where BV10 occurred

in less than 500 bed volumes and BV50 was reached by 7,000 and 12,000, respectively. This observed

decrease in GAC BV10 and BV50 values when comparing spike tap water to challenging waters (Table

3.3) is presumably due to elevated concentrations of DOC which has been reported in previous studies

(Murray et al., 2023; Tajdini et al., 2023).

Breakthrough curves for FS appeared somewhat similar between all waters tested where the overall

rate of change in C/Co was relatively constant throughout RSSCTs, with exception of PFPeA and PFHxA

for groundwater experiments. Similar to GAC, a decrease in performance was observed when comparing

the FS BV10 values for spiked tap water to the challenging waters (e.g., PFOA BV10 decreased from

55,388 in spiked tap water to 11,805 for surface water and 29,073 for groundwater [Table 3.3]),
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presumably due to elevated concentrations of DOC (Grieco et al., 2021). However it is worth noting, that

an increase in BV10 was observed for PFHxA (966 to 5,387 and 2,241), and PFPeA (326 to 729 and 738)

once the water was switched from PFAS spiked tap water to stormwater and groundwater, respectively.

Triplicate RSSCT data would be required to test the significance of this increase, however.

For IX, the classic sigmoidal breakthrough curve shape was not observed with the challenging waters,

instead, performance of all seven PFAS decreased, where spiked tap water’s PFOA BV10 decreased from

329,480 to 49,977 for stormwater and decreased significantly to 17,651 for groundwater. This indicated

that both elevated DOC and TDS concentrations negatively impacted the overall performance of IX as

observed in other studies (Boyer et al., 2021).

Figure 3.2 Breakthrough curves of investigated PFAS for GAC (top row), FS (middle row), and
(bottom row) IX using PFAS spiked tap water, stormwater, and groundwater.
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Table 3.3 Comparison of BV10 values for GAC, FS and IX for PFAS spiked tap water, stormwater,
and groundwater

Tap SW GW
Column GAC FS IX GAC FS IX GAC FS IX
PFOS 2,116 >61,100 >483,600 487 32,364 185,222 301 >49,600 57,370
PFHxS 2,053 >61,100 >483,600 302 29,430 144,588 268 35,133 56,472
PFBS 1,629 44,885 >483,600 1,541 22,708 69,949 71 >49,600 45,952
6:2 FTS 1,395 34,410 167,667 426 10,474 35,526 253 21,740 14,678
PFOA 1,566 55,388 329,480 437 11,805 49,977 228 29,073 17,651
PFHxA 1,094 966 111,243 443 5,387 40,398 138 2,241 4,288
PFPeA 786 326 36,208 429 729 12,142 454 738 2,592

3.1.3 Cost comparison Between GAC, FS, and IX for the Three Investigated Waters

Further comparisons between the studied media were made by calculating the MUR for GAC, FS, and

IX for the three investigated waters (Table 3.4), followed by the levelized media cost (Table 3.5) and

percent change in cost (Table 3.6). For GAC, a trend of increasing costs was observed for all seven PFAS

compounds as the water shifted from clean to challenging waters. This increase in cost was the result of

the decrease in BV10 performance as discussed in the previous section. The costs (USD/m3 of water

treated) started at a range between 1.26 to 3.38 for PFAS spiked tap water and increased to 5.45 to 6.19

for stormwater and further increased to 8.82 to 19.2 for groundwater. Figure 3.3 summarizes the cost

comparison between the three investigated waters with GAC, FS, and IX for a long-chain PFCA (PFOA)

and one short-chain PFCA (PFHxA). Based on the figure, the trend in increasing cost is reflected by both

PFOA and PFHxA for GAC, with PFHxA’s cost increasing by a greater factor between stormwater and

groundwater (5.99 to 19.22 USD/m3) than PFOA (6.08 to 11.65 USD/m3). The trend is less clear for FS,

where PFOA yielded the highest cost with stormwater (0.75 USD/m3), whereas PFHxA was the highest

with the PFAS spiked tap water (9.14 USD/m3). For IX, an increase in levelized media cost was also

observed for both PFOA and PFHxA comparing tap water, stormwater, and groundwater, but at a lower

magnitude compared to GAC.

To understand the overall cost difference between the seven PFAS compounds, the percent change in

cost was calculated (Table 3.6). With PFAS spiked tap water, IX was the cheapest option and FS fared

slightly better for PFSAs and long-chain PFCAs than GAC. With stormwater, IX was again the cheapest

(although the cost difference to FS was slightly less in this case), followed by FS, and GAC. With

groundwater, FS became the cheapest option for most compounds (except for short chain PFCAs),

followed by IX and GAC. When comparing these findings to other studies, one study estimated that the

treatment cost for nanofiltration concentrate using GAC varied between 0.1 to 15 euro/m3 depending on
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the treatment goals (Franke et al., 2021). Similarly, another study reported costs based on MUR values for

PFOA using BV50 as the benchmark across five different source waters. They estimated the treatment

costs (USD/m3) to range from 0.02 to 3.0 for GAC, 0.01 to 0.7 for FS, and 0.03 to 2.0 for IX (Murray et

al., 2023). These findings highlight the variability in treatment costs depending on the source water

quality, treatment goals, and the type of media used.

Table 3.4 Comparison of MUR (kg/m3) values for GAC, FS and IX for PFAS spiked tap water,
stormwater, and groundwater

Tap SW GW
Column GAC FS IX GAC FS IX GAC FS IX
PFOS 0.256 <0.014 <0.001 1.11 0.026 0.004 1.80 <0.017 0.012
PFHxS 0.264 <0.014 <0.001 1.79 0.028 0.005 2.02 0.024 0.012
PFBS 0.332 0.019 <0.001 0.351 0.037 0.010 7.67 <0.017 0.015
6:2 FTS 0.388 0.024 0.004 1.27 0.080 0.019 2.14 0.038 0.047
PFOA 0.346 0.015 0.002 1.24 0.071 0.014 2.38 0.029 0.039
PFHxA 0.495 0.864 0.006 1.22 0.155 0.017 3.92 0.373 0.160
PFPeA 0.689 2.56 0.019 1.26 1.15 0.057 1.19 1.13 0.265

Table 3.5 Comparison of cost (USD/m3 water treated) for GAC, FS and IX for PFAS spiked tap
water, stormwater, and groundwater

Tap SW GW
Column GAC FS IX GAC FS IX GAC FS IX
PFOS 1.26 <0.14 <0.03 5.45 0.27 0.08 8.82 <0.18 0.25
PFHxS 1.29 <0.14 <0.03 8.79 0.30 0.10 9.91 0.25 0.25
PFBS 1.63 0.20 <0.03 1.72 0.39 0.20 37.6 <0.18 0.31
6:2 FTS 1.90 0.26 0.09 6.24 0.84 0.40 10.5 0.41 0.97
PFOA 1.70 0.16 0.04 6.08 0.75 0.29 11.7 0.30 0.81
PFHxA 2.43 9.14 0.13 5.99 1.64 0.35 19.2 3.94 3.33
PFPeA 3.38 27.08 0.39 6.19 12.12 1.18 5.85 12.0 5.51
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Table 3.6 Comparison of percent change in cost between GAC, FS and IX for PFAS spiked tap
water, stormwater, and groundwater

Tap SW GW
Column GAC FS IX GAC FS IX GAC FS IX
PFOS -b -a -b 1898% - -72% - - -
PFHxS - - - 2831% - -67% 3842% - 1%
PFBS 729% - < -85% 343% - -47% - - -
6:2 FTS 642% - -67% 640% - -52% 2489% - 140%
PFOA 964% - -73% 713% - -62% 3738% - 167%
PFHxA -73% - -99% 266% - -78% 388% - -15%
PFPeA -88% - -99% -49% - -90% -51% - -54%

Note:
aShown as a placeholder indicating that the percent change is based on the FS column.
bNot determined, BV10 was not reached for the FS column.

Figure 3.3 Levelized media cost comparison between GAC, FS, and IX for PFAS spiked tap water
(Tap), stormwater (SW), and groundwater (GW) for a long-chain PFCA (PFOA) and a short-chain PFCA
(PFHxA)
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Comparing adsorption metrics (BV10, MUR, and cost) calculated through RSSCTs on three different

waters demonstrated that the water matrix composition significantly impacted PFAS removal

performance for GAC, FS, and IX. Compared to PFAS spiked tap water with low concentrations of DOC

and TDS, treatment of groundwater with high DOC (3.9 mg/L) and high TDS (4,090 mg/L) resulted in

lower BV10 values for FS and significantly lower values for GAC and IX, which led to increased MURs

and levelized media costs. The performance of GAC, FS, and IX fared slightly better with higher DOC

(4.9 mg/L) but lower TDS (380 mg/L) that was present in the stormwater. IX and FS rely on electrostatic

interactions (exchange reactions for removal of anionic PFAS which may be disrupted in the presence of

high concentration of ions (Du et al., 2014). Whereas GAC relies mainly on hydrophobic interactions for

PFAS adsorption and its performance can be disrupted by the presence of DOC and the types of DOM

that is present within the water (Kothawala et al., 2017). Although this study did not identify the type of

DOM that was present within the stormwater and groundwater, it could be observed that DOC had a

significant effect on the performance of GAC as shown by the decrease in BV10 performance and increase

in cost. It was also shown that IX performance was hampered by the presence of DOC and TDS, leading

FS to become the most cost-effective media for treating the brackish groundwater. However, removing

short-chain PFCAs remained a challenge for all three medias, as indicated by their lowest performance

among the seven selected PFAS and the high associated treatment cost. Given these findings on the

impact of water matrix on PFAS removal performance, further investigation into optimizing treatment

configuration and improving overall treatment was needed.

3.2 Quantifying Adsorbent Performance through Lead-Lag RSSCTs

3.2.1 Quantifying and Comparing Adsorbent Performance for Treatment of Three Investigated
Waters

Lead-lag RSSCT configurations utilizing GAC, FS, and IX were investigated as a potential solution to

extend treatment times and reduce costs in adsorbent-based PFAS treatment systems. Seven RSSCT

columns were implemented for this study: three sets in a lead-lag configuration (GAC-IX, FS-IX, and

GAC-FS), and one standalone IX column (IX). The standalone IX column was chosen because it was the

overall best performing adsorbent when compared to GAC and FS. It was also useful for evaluating how

well GAC-FS performs relative to IX and assess the potential synergistic effects of placing a lead column

before IX in the GAC-IX and FS-IX configurations. Results described herein refer to the lag IX or FS

column within the lead-lag configuration as GAC-IX, FS-IX, or GAC-FS, with a lead column of GAC,

FS, or GAC, respectively. The RSSCT design parameters for the lead-lag systems are presented in Table

2.9.



26

Breakthrough curves generated with the lead-lag and standalone IX RSSCTs for PFOA, PFOS, and

PFPeA are presented in Figure 3.4, and 6:2 FTS, PFHxS, and PFHxA in Figure 3.5, for spiked tap water,

stormwater, and groundwater. Based on the breakthrough curves, GAC-IX and FS-IX configurations

showed improved performance compared to the standalone IX column, while GAC-FS performance

varied depending on the specific PFAS and water type. BV10 values obtained from the breakthrough

curves (Table 3.7) were converted into BV10 IF-values (Table 3.8 and Figure 3.6) to evaluate the

magnitude of performance improvement in a lead-lag configuration versus a standalone IX column. The

highest average IF-values were observed for GAC-IX and FS-IX with groundwater, averaging 8.0 and

8.3, respectively. The lowest average IF-values were for PFAS spiked tap water with GAC-FS at 0.6,

followed by GAC-IX and FS-IX at 2.0 and 2.4, respectively. This finding indicates that the water matrix

had a significant impact on the performance between lead-lag and standalone configurations. Greater

performance improvements were observed in groundwater for PFCAs and PFSAs, with average IF-values

of 2.8 to 9.4 for PFCAs and 0.9 to >7.5 for PFSAs. A similar trend was noted for stormwater, though less

pronounced. This suggests that PFCA removal is enhanced with a lead-lag vessel, supporting the theory

that multiple smaller resin vessels can optimize the uptake of long-chain PFSAs to minimize

displacement of short-chain PFCAs in the lag vessel (Ellis et al., 2022). With this performance data, the

overall cost of each lead-lag configuration was then assessed.
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Figure 3.4 Breakthrough curves of PFOA (top row), PFOS (middle row), and PFPeA (bottom row)
for GAC-IX, FS-IX, GAC-FS, and standalone IX using PFAS spiked tap water, stormwater, and
groundwater.
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Figure 3.5 Breakthrough curves of 6:2 FTS (top row), PFHxS (middle row), and PFHxA (bottom
row) for GAC-IX, FS-IX, GAC-FS, and standalone IX using PFAS spiked tap water, stormwater, and
groundwater.
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Table 3.7 Comparison of BV10 and IF-value comparing a lead-lag configuration to a standalone IX column using PFAS spiked tap water
(tap), stormwater (SW), and groundwater (GW)

Tap SW
Column GAC-IX FS-IX GAC-FS IX GAC-IX FS-IX GAC-FS IX
PFOS >383,600 >483,600 294,094 >483,600 >282,100 >282,100 196,393 185,222
PFHxS 63,765 95,965 173,854 >483,600 >282,100 >282,100 123,561 144,588
PFBS >383,600 >483,600 128,000 >483,600 >282,100 >282,100 137,337 69,949
6:2 FTS 327,998 >483,600 125,673 167,667 93,343 143,921 77,641 35,526
PFOA >383,600 >483,600 142,189 329,480 151,183 260,091 91,561 49,977
PFHxA 182,053 253,151 49,995 111,243 67,588 71,573 33,182 40,398
PFPeA 84,365 88,710 25,952 36,208 41,282 38,751 79,363 12,142

GW
Column GAC-IX FS-IX GAC-FS IX
PFOS >392,900 >332,900 54,866 57,370
PFHxS >392,900 330,770 46,245 56,472
PFBS >392,900 313,760 41,359 45,952
6:2 FTS 76,438 133,102 43,713 14,678
PFOA 135,047 159,543 36,493 17,651
PFHxA 45,321 51,194 8,824 4,288
PFPeA 22,381 18,649 11,048 2,592
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Table 3.8 Comparison of BV10 IF-value comparing a lead-lag configuration to a standalone IX column using PFAS spiked tap water (tap),
stormwater (SW), and groundwater (GW)

Tap SW GW

Column GAC-IX FS-IX GAC-FS GAC-IX FS-IX GAC-FS GAC-IX FS-IX GAC-FS

PFOS - - - >1.5 >1.5 1.1 >6.8 >5.8 1.0

PFHxS - - - >1.4 >1.4 0.9 >7.0 5.9 0.8

PFBS - - - >4.0 >4.0 2.0 >8.6 6.8 0.9

6:2 FTS 2.0 >2.9 0.7 2.6 4.1 2.2 5.2 9.1 3.0

PFOA >1.2 >1.5 0.4 3.0 5.2 1.8 7.7 9.0 2.1

PFHxA 1.6 2.3 0.4 1.7 1.8 0.8 10.6 11.9 2.1

PFPeA 2.3 2.4 0.7 3.4 3.2 6.5 8.6 7.2 4.3

Overall
Average 2.0 2.4 0.6 2.7 3.6 2.2 8.0 8.3 2.0

PFSAs - - - >2.3 >2.3 1.3 >7.5 6.4 0.9

PFCAs 2.0 2.4 0.5 2.7 3.4 3.0 9.0 9.4 2.8
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Figure 3.6 BV10 IF-values with a lead-lag configuration versus a standalone IX column using PFAS
spiked tap water (tap), stormwater (SW), and groundwater (GW).

3.2.2 Cost Comparison Between Different Lead-Lag Configurations and Water Types

To more comprehensively evaluate potential benefits of a lead-lag adsorption system configuration,

MUR values obtained through RSSCTs were converted to levelized media costs. Table 3.4 summarizes

the MUR results for each scenario, with the associated levelized media costs detailed in Table 3.5. The

treatment of groundwater yielded the highest costs across all three lead-lag and the standalone IX

configurations, ranging from 0.8 and 1.6 USD/m3 of water treated. In contrast, PFAS spiked tap water had

the lowest cost range, between 0.2 and 0.7 USD/m3 of water treated. These results indicate that treatment

costs increased as the water became more difficult to treat, even with the evaluated lead-lag systems. To

further understand the relationship between column performance based on BV10 and the cost of each lead-

lag configuration, a breakeven IF-value was determined, as summarized in Figure 3.7. It was found that

an IF-value of 2.5 or greater was required for GAC-IX, 5.9 or greater for FS-IX, and 2.1 or greater for

GAC-FS compared to a standalone IX column to justify the additional media costs of a lead-lag

configuration. This finding highlighted the importance of balancing performance and cost when designing

this type of adsorbent system.
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Table 3.9 Comparison of MUR (kg of media/m3 of water treated) between a lead-lag configuration to a standalone IX column using PFAS
spiked tap water (tap), stormwater (SW), and groundwater (GW)

Tap SW GW

Column GAC-IX FS-IX GAC-FS IX GAC-IX FS-IX GAC-FS IX GAC-IX FS-IX
GAC-
FS IX

PFOS <0.002 <0.001 0.003 <0.001 <0.002 <0.002 0.226 0.004 <0.002 <0.002 0.015 0.012
PFHxS 0.011 0.007 0.005 <0.001 <0.002 <0.002 0.007 0.005 <0.002 0.002 0.018 0.012
PFBS <0.002 <0.001 0.006 <0.001 <0.002 <0.002 0.006 0.010 <0.002 0.002 0.020 0.015
6:2 FTS 0.002 <0.001 0.006 0.004 0.007 0.005 0.051 0.019 0.009 0.005 0.019 0.047
PFOA <0.002 <0.001 0.006 0.002 0.005 0.003 0.051 0.014 0.005 0.004 0.022 0.039
PFHxA 0.004 0.003 0.016 0.006 0.010 0.010 0.060 0.017 0.015 0.013 0.092 0.160

PFPeA 0.008 0.008 0.031 0.019 0.017 0.018 0.058 0.057 0.031 0.037 0.073 0.265

Table 3.10 Comparison of levelized media cost (USD/m3 of water treated) between a lead-lag configuration to a standalone IX column using
PFAS spiked tap water (tap), stormwater (SW), and groundwater (GW)

Tap SW GW

Column GAC-IX FS-IX GAC-FS IX GAC-IX FS-IX GAC-FS IX GAC-IX FS-IX
GAC-
FS IX

PFOS <0.09 <0.17 0.09 <0.03 <0.12 <0.30 0.13 0.08 <0.09 <0.25 0.48 0.25
PFHxS 0.55 0.88 0.15 <0.03 <0.12 <0.30 0.21 0.10 <0.09 0.26 0.57 0.25
PFBS <0.09 <0.17 0.20 <0.03 <0.12 <0.30 0.19 0.20 <0.09 0.27 0.63 0.31
6:2 FTS 0.11 <0.17 0.21 0.09 0.37 0.59 0.34 0.40 0.46 0.63 0.60 0.97
PFOA <0.09 <0.17 0.18 0.04 0.23 0.32 0.29 0.29 0.26 0.53 0.72 0.81
PFHxA 0.19 0.33 0.52 0.13 0.52 1.18 0.79 0.35 0.77 1.65 2.96 3.33

PFPeA 0.41 0.95 1.01 0.39 0.85 2.18 0.33 1.18 1.56 4.53 2.37 5.51

Total 1.3 2.2 2.4 0.9 2.0 4.3 2.3 2.6 3.1 7.9 8.3 11.4

Average 0.3 0.7 0.3 0.2 0.5 1.1 0.3 0.4 0.8 1.3 1.2 1.6
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Figure 3.7 BV10 improvement and levelized media cost breakeven point at which a lead-lag
configuration costs less to operate than a standalone IX column based on column specifications of this
experiment. The breakeven point with an IF-value of 2.5 for GAC-IX, 5.9 for FS-IX, and 2.1 for GAC-
FS.
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Figure 3.8 presents a side-by-side comparison of the levelized media cost associated with the four

different column configurations and three different water types for the treatment of PFOA and PFHxA.

Overall, GAC-IX had the lowest cost for stormwater and groundwater for PFOA and PFHxA, while the

standalone IX was the most cost-effective for PFAS spiked tap water. A trend similar to the decreased

BV10 performance can be observed in this figure as the water transitions from PFAS spiked tap water to

stormwater, and then to groundwater across all four column configurations.

Figure 3.8 Levelized media cost comparison between GAC, FS, and IX for PFAS spiked tap water
(Tap), stormwater (SW), and groundwater (GW) for one long-chain PFCA (PFOA) and one short-chain
PFCA (PFHxA).

To further quantify the difference in levelized media costs, the percent change in costs are presented in

Table 3.11 and Figure 3.9. The results indicated that most of the lead-lag scenarios tested (six out of nine)

had a lower average cost saving than the standalone IX column for the seven selected PFAS compounds.

The highest average cost saving was 68% with GAC-IX and groundwater, followed by 25% with FS-IX

and groundwater, and 2% with GAC-IX and stormwater. Further analysis of the groundwater results

revealed that higher cost savings were encountered for PFCAs than PFSAs for all three lead-lag

configurations: 1) GAC-IX (68% to 77% versus 64% to 71%); 2) FS-IX (18% to 50% versus 13%); and
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GAC-FS (11% to 57% versus no cost savings). These results highlight the interplay between media

performance and cost, where expensive lead-lag configuration (e.g. FS-IX) must also perform well to

compete with other cheaper configurations like GAC-IX and GAC-FS. GAC-IX balanced medium to high

performance with medium cost, resulting in the highest cost savings among the three lead-lag

configurations. The water matrix also greatly impacted the overall treatment cost and performance, where

a decrease in standalone IX column performance must be matched with a sufficient increase in lead-lag

column performance beyond the IF-value breakeven point. GAC-FS is a notable example of this.

Although it was the cheapest lead-lag configuration (15.50 USD/kg total) compared to the standalone IX

(20.8 USD/kg), its overall performance did not reach the required IF-value breakeven point for most

scenarios, except for treating PFCAs in groundwater, and was subsequently ranked as the lowest cost-

effective lead-lag configuration. Lastly, the results emphasized the importance of treatment goals, as the

cost and effectiveness of treating short- versus long-chain PFCAs and PFSAs varied, influencing whether

a lead-lag column or a standalone column with GAC, FS, or IX is suitable for the project.

Figure 3.9 Cost savings with a lead-lag configuration versus a standalone IX column using PFAS
spiked tap water (tap), stormwater (SW), and groundwater (GW).
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Using this costing approach, GAC-IX and FS-IX configurations were found to be cost-effective in

scenarios when the water matrix contained high DOC and high TDS, which can compete and/or hinder

the adsorption of PFAS, particularly for short-chain PFCAs (Zhang et al., 2023). This finding also

supported the viability of lead-lag as an alternative to standalone configurations, especially as competitive

adsorption increases (Denning and Dvorak, 2009). It was also shown to be an cost-effective solution for

removing short-chain PFCAs as predicted by other studies (Ellis et al., 2022; Murray et al., 2021).

Regarding this study’s performance benchmark, a BV10 value was used to compare the results across

all three investigated waters due to different magnitudes of PFAS concentrations. To meet the MCL as the

treatment goal, such as 4 ppt for PFOA, costs are expected to rise significantly. For instance, one study

comparing the performance of GAC filters at a full-scale drinking water treatment plant estimated a 314%

increase in annual operational costs if regulatory limits for a sum of 11 PFAS decrease from 90 ng/L to 10

ng/L (Belkouteb et al., 2020).  With an MCL of 4 ppt for PFOA, the resulting benchmark would be 0.05%

instead of 10% for C/Co for spiked tap water and brackish groundwater with 7,446 to 8,657 ng/L of

PFOA, respectively. In this scenario, additional lag-columns or larger bed volumes are recommended.

Additionally, while RSSCTs are effective for predicting column performance over a large time scale, it is

difficult to capture early breakthroughs at very low benchmarks. In such cases, pilot-scale testing may be

more suitable than RSSCTs.
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Table 3.11 Comparison of percent change in levelized media cost comparing a lead-lag configuration to a standalone IX column using PFAS
spiked tap water (tap), stormwater (SW), and groundwater (GW)

Tap           SW                        GW
Column GAC-IX FS-IX GAC-FS GAC-IX FS-IX GAC-FS GAC-IX FS-IX GAC-FS
PFOS -a - a - a <61% <288% 73% <-64% <2% 91%
PFHxS - - - <20% <200% 110% <-65% 1% 123%
PFBS - - - <-39% <47% -7% <-71% -13% 103%
6:2 FTS 25% <88% 144% -7% 46% -16% -53% -35% -39%
PFOA <55% <-5% 324% -19% 14% 0% -68% -35% -12%
PFHxA 50% 160% 307% 46% 234% 123% -77% -50% -11%
PFPeA 5% 141% 155% -28% 85% -72% -72% -18% -57%
Average 47% 179% 177% -2% 95% 30% -68% -25% 28%

Note:
aNot determined, BV10 was not reached for the standalone IX column.
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CHAPTER 4 CONCLUSION

This study developed an RSSCT system and media performance comparison approach to assess the

performance of GAC (F400), FS (Fluoro-Sorb® 200), and IX (CalRes2301) with three different source

waters: 1) PFAS spiked tap water; 2) stormwater; and 3) brackish groundwater to assess the impact of

challenging waters on adsorbent performance. In addition, the performance of three hybrid lead-lag

adsorption systems (GAC-IX, FS-IX, and GAC-FS) was evaluated to determine possible advantages that

lead-lag adsorbent configurations may have on challenging waters when compared to a standalone

column. A costing approach was then developed to compare the percent cost difference between GAC

and IX to FS, and the three lead-lag configurations.

The results demonstrated that challenging water matrices with elevated DOC and/or TDS levels

negatively impacted adsorbent performance and overall treatment cost. GAC, FS and IX each showed

varying effectiveness based on the type of water that was being treated. GAC exhibited near immediate

breakthrough with challenging waters for all seven selected PFAS that were studied. FS exhibited a

smaller performance decrease between the clean and challenging waters. IX showed the highest PFAS

removal performance for PFAS spiked tap water, but was less effective with challenging waters,

especially with brackish groundwater. BV10, an indicator of early breakthrough, was then converted to a

MUR and a levelized media cost for each scenario. This comparison showed that for PFAS spiked tap

water, IX was the most cost effective and GAC and FS were similar to one another. With the challenging

waters, FS was the most cost effective for groundwater and second most cost effective for stormwater.

One caveat was that short-chain PFCAs remained a challenging group of compounds for FS to remove

effectively and IX was shown to perform better for this set of compounds.

For the lead-lag column study, the findings showed enhanced removal performance of PFAS from

challenging waters when compared to a standalone IX column. The magnitude of the performance

increase varied and the greatest increase was observed with challenging waters, where FS-IX performed

the best, followed by GAC-IX and GAC-FS. The removal of short-chain PFCAs also showed a higher

increase in performance than long-chain PFCA and PFSAs when a lead-lag column was used. A costing

approach was then developed and revealed that GAC-IX was the most cost-effective lead-lag combination

for groundwater as it provided medium to high performance at a moderate media cost. This study also

showed how this hybrid lead-lag system may not be suitable for all situations, especially in less

challenging water conditions where the cost benefits of additional columns do not justify the performance

gains.

In summary, this study performed RSSCTs with stormwater and groundwater collected from two

AFFF-impacted sites to assess potential technological improvements such as using a relatively new
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adsorbent, Fluoro-Sorb® 200, and three different lead-lag column configurations. A costing framework

was created to compare the performance and cost of standalone and lead-lag column adsorbent-based

treatment systems. The study highlighted the need to consider factors such as media cost, media

performance, EBCT, water matrix, and overall treatment goals to determine the most cost-effective PFAS

removal method. Future research should explore the synergistic effects within lead-lag systems for

challenging waters and replicate this study at a pilot-scale level to verify this study’s applicability at a

larger scale.
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